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Summary

1. MOLTEN-SALT REACTOR PROCESSING

1.1 Molten-Salt Breeder Reactor Flowsheet Analysis

We have developed an improved protactinium isola
tion method in which the 233Pa is held for decay in a
secondary fluoride salt that is physically and chemically
isolated from the reactor. Representative operating
conditions and partial fuel cycle costs are given for this
system. Calculations that show the effects of important
process parameters for the metal transfer process for
rare-earth removal were made. A flowsheet that uses the

improved protactinium isolation method and the metal
transfer process was devised. A method for combining
and fluorinating the waste streams from the two parts
of the flowsheet was developed, thus eliminating several
potential routes for loss of fissile material from the
system.

Oxide precipitation is being studied as an alternative
to the fluorination-reductive extraction method for

isolating protactinium and for subsequently removing
uranium from the fuel salt of an MSBR. Two possible
flowsheets based on oxide precipitation have been
developed, and the effects of several parameters on the
operation of the process have been investigated.

The importance of the uranium inventory in the
processing plant was evaluated. It was concluded that a
processing plant uranium inventory as high as 5 to 10%
of the reactor uranium inventory should not rule out an
otherwise attractive processing system.

1.2 Measurement of Distribution Coefficients

in Molten-Salt—Metal Systems

The distribution of selected lanthanide and actinide

elements between liquid bismuth solutions and molten
lithium halide salts was studied in support of the
development of a metal transfer process for removing
rare-earth fission products from MSBR fuel salt. Data
obtained with LiCl as the salt phase confirmed earlier
indications that the distribution behavior of the di- and

trivalent elements was not markedly affected by

temperature changes. It was found that the californium
species in the LiCl was primarily in the 2+ oxidation
state both at 640 and at 700°C. Results of studies with
LiCl-LiF solutions as the salt phase at 640°C showed
that the distribution behavior of the di- and trivalent

elements was relatively insensitive to variations in the
LiF concentration between 0 and 4 mole %. On the

other hand, distribution coefficients for thorium de
creased by about a factor of 100 as the LiF concen
tration was increased from 0 to 4 mole %.

1.3 Estimated Free Energies of Formation
of Some Lanthanide and Actinide Halides Using

Distribution Coefficient Data

Distribution coefficient data were used in conjunction
with published thermochemical data to estimate
standard free energies of formation (AG?) for several
lanthanide and actinide chlorides and bromides. The

M?f values obtained for LaCl3, ThCl4, ThBr4, UC13,
UBr3, and PuCl3 generally were in reasonable agree
ment with values reported in the recent literature.
However, our AG? values for LaBr3, NdCl3, and NdBr3
were not in accord with estimates made by others.

1.4 Solubilities of Thorium and Neodymium
in Lithium-Bismuth Solutions

Measurements of the solubilities, both individual and
mutual, of thorium and rare earths in lithium-bismuth
solutions were made in support of the development of
the metal transfer process. At 450 to 700°C, the
solubilities of both thorium and neodymium increased
as the lithium concentration in the solution increased

from 0 to 25 at. %. The mutual solubilities of thorium

and neodymium were measured in lithium-bismuth
solutions at 640°C. The solubilities obtained were much
higher than those required in the stripping of rare earths
from the LiCl acceptor salt into lithium-bismuth solu
tions.



1.5 Protactinium Oxide Precipitation Studies

Isolation of protactinium from MSBR fuel salt by
oxide precipitation is being studied. Two methods were
used to estimate the solubilities, at various tempera
tures, of Pa2Os inLiF-BeF2-ThF4-UF4 (71.8-16-12-0.2
mole %) that was also saturated with U02. These
solubilities define the lowest protactinium concentra
tions attainable without attendant precipitation of
uranium and thorium oxides. Our preliminary results at
about 600°Cindicate that most of the protactiniumcan
be precipitated from the salt without precipitation of
U02.

1.6 Reductive Extraction Engineering Studies

Experimental work in the flow-through reductive
extraction facility was continued after the original
packed column had been replaced with a modified
column packedwith V4-in. Raschig rings.

A set of pressure drop measurements was made with
only salt flowing through the column; these measure
ments will be used in future comparisons to detect
possible iron deposition in the column. Uranium was
added to the LiF-BeF2-ThF4 salt in the form of an
LiF-UF4 eutectic in preparation for mass transfer
experiments with uranium. The first mass transfer
experiment resulted in essentially no transfer of
uranium as the result of an error in adding thorium
reductant to the bismuth prior to the run. The second
experiment, UTR-2, was the first successful demonstra
tion of the reductive extraction of uranium into

bismuth in a flowing system. Greater than 95% of the
uranium was extracted into the bismuth phase, which
initially contained a 140% stoichiometric excess of
reductant. The next two runs for study of uranium
extraction included six periods of steady-state opera
tion covering metal-to-salt flow ratios ranging from 0.75
to 2.05.

The data could be correlated by an HTU model based
on the assumption that the uranium transfer rate was
controlled entirely by the diffusive resistance in the salt
phase. The observed HTU values ranged from 0.77 to
2.1 ft and were inversely proportional to the metal-
to-salt flow rate ratio. Flooding data obtained during
the countercurrent flow of salt and bismuth in the

packed column were in good agreement with pre
dictions based on studies with a mercury-water system.

Preparations were begun for mass transfer experi
ments in which the rate of exchange of zirconium
isotopes will be measured between salt and bismuth
phases otherwise at equilibrium in a packed column.

1.7 Development of the Metal Transfer Process
for Removing Rare Earths

The first two engineering experiments involving the
metal transfer process for the removal of rare earths
from a single-fluidMSBR fuel salt have been completed.
In the first experiment, approximately 50% of the
lanthanum and 25% of the neodymium originally in the
fluoride salt were extracted; however, the rare earths
did not collect in the lithium-bismuth stripping solution
as expected. The distribution coefficients for lan
thanum and neodymium between the fluoride salt and
the thorium-saturated bismuth were relatively constant
and were in agreement with expected values. The
distribution coefficients for lanthanum and neodymium
between the chloride salt and the thorium-saturated

bismuth were higher than anticipated initially but
approached the expected values toward the end of the
experiment.

The second experiment operated satisfactorily for
about three months before it was shut down for

inspection. During that period, more than 85% of the
lanthanum and more than 50% of the neodymium
originally in the fuel carrier salt were removed and
deposited in a lithium-bismuth solution. There was no
measurable accumulation of thorium (<10 ppm) in the
lithium-bismuth solution, thus demonstrating that the
rare earths can be removed without significant removal
of thorium. The thorium-lanthanum decontamination

factor was about 105. The distribution coefficients for

lanthanum and neodymium between the fluoride salt
and the thorium-saturated bismuth were relatively
constant and in agreement with expected values. The
distribution coefficients for lanthanum and neodymium
between LiCl and thorium-saturated bismuth were

somewhat higher than expected. When the vessel was
disassembled for inspection after the run, the condition
of the interior of the vessel was generally good;
however, the components made of thin carbon steel
(the lithium-bismuth container and the sparge tubes)
showed some evidence of corrosion.

The third engineering experiment for development of
the metal transfer process is presently being designed.
This experiment will use flow rates that are 1% of the
estimated flow rates for a 1000-MW(e) reactor. Me
chanical agitators will be used to promote efficient
contacting of the salt and metal phases. The three
vessels required for the experiment will be made of
carbon steel; one of the vessels has already been
fabricated.



IX

1.8 Contactor Studies of a Simulated Molten-Salt-

Liquid-Bismuth System

Studies of hydrodynamics in packed columns during
the countercurrent flow of high-density liquids are
being made in order to evaluate and design contactors
for processing systems based on reductive extraction.
Data obtained by an MIT Practice School group show
that the slip velocity with nonwetted packing is
dependent on the -0.167 power of the continuous-
phase viscosity rather than independent as was pre
viously assumed. Knowledge of the dependence of slip
velocity on the continuous-phase viscosity allowed
calculation of the power dependence of the difference
in densities of the phases on slip velocity. A power
dependence of 0.5 was calculated rather than the
previously assumed dependence of 1.0. Studies with
packing wet by the metal phase indicate a substantial
reduction in interfacial area between the phases and an
increase in the slip velocity.

A program has been initiated for the development of
mechanically agitated salt-metal contactors as an al
ternative to packed columns presently considered for
the MSBR processing system. Studies to date have been
concerned primarily with selection of a contactor
design for the third metal transfer experiment. Tests
with mercury and water using a four-bladed flat-paddle
agitator located in the mercury-water interface fre
quently resulted in a stable dispersion of very small
mercury droplets and entrainment of water in the
mercury. We have begun studies of a contactor which
has a paddle operating in each phase, well away from
the interface, at a speed that does not result in the
dispersion of either phase.

1.9 Axial Dispersion in Simulated Continuous
Fluorinators

Studies of the effect of column diameter on axial

dispersion in open bubble columns were extended to
include a 6-in.-diam column, and additional data were
obtained on the effect of the viscosity of the liquid.
The dispersion coefficient values obtained with a
6-in.-diam, 72-in.-long column were about three times
the values measured at the same superficial gas velocity
in a 3-in.-diam column; the data show little dependence
on superficial gas velocity at low gas velocities. The
dispersion coefficient in a 6-in.-diam column is not
noticeably affected by changing the viscosity of the
liquid from 0.9 to 12 cP. The same change in viscosity
in a 1.5- or a 2-in.-diam column results in a 20%

decrease in dispersion coefficient. However, since the
diameter of continuous fluorinators will be 6 in. or

larger, the viscosity of the liquid will not affect the
dispersion coefficient.

1.10 Development of a Frozen-Wall Continuous
Fluorinator

Twenty-eight runs have been made with the simulated
continuous fluorinator to determine heat generation
rates in nitric acid (used as a stand-in for molten salt),
in the pipe surrounding the acid column (representing
the fluorinator wall), and in four different induction
coils. Air was also bubbled through the nitric acid at
rates up to 2.16 scfm, producing bubble volume
fractions up to 18%, to determine the effect of bubbles
on heat generation rate in the acid. Efficiencies pre
dicted for heating molten salt in a fluorinator using the
best coil design ranged from 31.1% with no bubbles to
27.6% with 15% bubbles in the salt. These efficiencies
are sufficiently high to operate a fluorinator having a
4.5-in.-diam molten zone and a 1.5-in.-thick frozen salt

layer using an available generator.
Rate constants for the corrosion of Ni-200 and

Ni-201 in gaseous fluorine at 1 atm pressure were
calculated from literature data, assuming that the
reaction follows a parabolic rate law; the calculated rate
constants were correlated with temperature, assuming
an Arrhenius temperature dependence. The resulting
data were then used to estimate average corrosion rates
when the NiF2 protective film is periodically destroyed.
Average corrosion rates of 2.9 mils/year and 0.97
mil/year for Ni-200 and Ni-201, respectively, were
estimated at 450°C (a typical fluorinator wall tempera
ture) when the NiF2 film was assumed to be destroyed
52 times annually. These corrosion rates are acceptable
for long-term fluorinator operation.

1.11 Design of a Processing Materials Test Stand
and the First Molybdenum Reductive

Extraction Equipment

A cooperative project is in progress between the
Chemical Technology and the Metals and Ceramics
Divisions to develop molybdenum fabrication tech
niques and build a small packed-column system. Fabri
cation methods have been selected and are now being
developed for molybdenum. A plastic flow-test model
of part of the system has been tested. The final design
of the system will be started in the near future.

1.12 Removal of Uranium from Molten Salt

by Oxide Precipitation

We are presently designing an engineering-scale experi
ment to study the precipitation of uranium oxide from



MSBR fuel salt from which the protactinium has been
previously removed. In this experiment, uranium will be
precipitated from 2 liters of fuel salt in a single-stage
batch operation by contact with an argon-steam mix
ture. The design of the precipitator vessel is described.

1.13 Reduction of Iron Fluoride in Molten Salt

by Countercurrent Contact with Hydrogen
in a Packed Column

Equipment to study the continuous purification of
molten-salt mixtures in a packed column was put into
operation. Ten flooding runs were made with argon or
hydrogen and LiF-BeF2 (66-34 mole %). Iron fluoride
was added to the system, and two hydrogen reduction
runs were made. Accumulated oxide was removed from

the salt and equipment by H2-HF treatment. After
thorium had been added to the salt to form LiF-

BeF2-ThF4 (72.0-14.4-13.6 mole %), nine additional
runs were made.

2. DEVELOPMENT OF AQUEOUS PROCESSES

FOR FAST REACTOR FUELS

2.1 Shipping

Impact tests made with model casks of all-steel
construction have shown that seals can be installed in

such a way that deformation of the cask body will not
bring about deformation of the critical sealing surfaces.
This leads us to believe that satisfactory mechanical
sealing systems can be devised. Two large-scale heat
transport tests have been operated to demonstrate
exceptionally low temperature variations both within
the fuel subassembly boundary and within the spaces
between the subassembly and the cask fuel cavity
boundary. Much lower heat dissipation capacities were
shown to be available when gaseous heat transport
media were used.

2.2 Head-End Processing

A comparison of the decay heat generation rates for a
typical PWR fuel (Diablo Canyon) assembly and several
LMFBR assemblies was made using the computer code
OR1GEN, and the center-rod temperatures were com
pared as a function of decay time using the computer
code HEX.

The thermal conductivity of sheared stainless-steel-
clad porcelain (simulating sheared LMFBR fuel) was
measured in air and in argon, and the thermal con
ductivity of sheared stainless steel rod was measured in
argon. The validity of using stainless-steel-clad porcelain
as a stand-in for stainless-steel-clad urania is being

checked by measuring and comparing the conductivities
of the two systems.

A plasma torch with a sensing-probe tracking device
and carriage is currently being considered as the most
favorable instrument for deshrouding LMFBR fuel
assemblies. The torch successfully cut a prototype
shroud corner (longitudinally) without damaging the
prototype fuel rod array.

Material for thermal conductivity measurements was
produced by shearing AI reference prototype core rods
(porcelain filled), V4 in. OD by 15-mil wall, into V2-in.
lengths. Measurements showed that the packing density,
void fraction, and quantity of dislodged core were 1.66
g/cc, 55%, and 11.5% respectively.

Shearing forces of 11,607 and 14,171 psi were
measured on unclad prototype (porcelain) fuel rods (AI
reference) having cross-sectional areas of 0.036 and
0.078 in.2 respectively.

In a series of tests with the single-rod hot-cell shear,
little difference was observed in the force required to
shear single rods of empty, porcelain-filled, or irradiated
(U,Pu)02 -filled stainless steel tubing.

A program proposal was written for the study of the
removal, deactivation, and disposal of sodium present
with spent LMFBR fuels. In addition, a state-of-the-art
literature review was made, and scoping-type experi
ments were performed.

2.3 Removal of Volatile Fission Products

Small samples of unirradiated LMFBR (U,Pu)02
pellets containing 20 and 25 mole % Pu02 were
oxidized isothermally and by programmed heating in a
thermal-gravimetric balance. The final O/M ratio was
deduced from the observed weight gain. The oxidation
kinetics are very rapid at about 400°C up to an O/M
ratio between 2.3 and 2.4; however, further oxidation
appears to be very dependent on temperature and
composition. Pulverization of the fuel occurs only
during the second stage of oxidation, in which the
U308 phase is formed.

In voloxidation experiments with sieved fractions of
20% PuO2-80% U02 fuel that had been irradiated to
1800 MWd/ton, larger particles (>30 mesh) of fuel
released 8sKr more readily and completely (up to
about 60% at 550°C) than did <100-mesh particles.
More than 98% of the tritium in the fuel samples was
released by the voloxidation treatments. Only 2 to 4%
of the calculated yield of tritium was found, however,
indicating that most of the tritium escaped from the
fuel during irradiation.

A 4-hr oxidation at 450°C removed more than 99% of
the tritium but only about 12% of the 8sKr from pellet
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fragments from a U02 blanket rod from the Shipping-
port PWR. The low release of 85Kr is attributed to the
lack of significant restructuring of the fuel during
irradiation.

A rotary calciner, which has been obtained for
voloxidation studies, was operated with sheared proto
type LMFBR fuel (porcelain-filled stainless steel tubes)
to determine the solids holdup under steady-state
operating conditions. For a slope of V8 in./ft and a
rotational speed of 4 rpm, the residence time is about
50 min and is independent of the feed rate for bulk
holdup volumes up to 25% of the calciner volume.

2.4 Dissolution and Feed Preparation

Leaching of unirradiated FTR-type pellets for 18 hr
with boiling 8 M HN03 left about 1.5% of the uranium
and 15% of the plutonium undissolved. Oxidizing the
fuel at 450 or 750°C or heating the fuel at 1450°C in
argon—4% H2 did not affect the amounts dissolved. In
dissolution tests with irradiated coprecipitated fuel,
about 0.2% of the plutonium did not dissolve. The rate
of dissolution and the quantity of plutonium dissolved
increased as the burnup of irradiated sol-gel micro
spheres was increased; 106Ru became more insoluble as
the burnup was increased.

Studies of the volatilization of iodine from nitric acid

solutions showed a large decrease in volatility as the
concentration of iodine in the solution was decreased.

The residual 131I in the solution does not exchange
readily with fresh nonradioactive iodine added to the
system. Isotopic exchange was achieved by autoclaving
the solution at 135 to 150°C.

A state-of-the-art study was made of existing equip
ment and concepts for the dissolution of sheared
nuclear power fuels. As part of the study some new
dissolver concepts were developed.

2.5 Solvent Extraction with TBP

Coefficients for the extraction of Pu(IV) with TBP
from 3 to 4 M HN03 were essentially independent of
temperature; however, in extractions from 0.3 M
HN03, the coefficient decreased by a factor of 4 as the
temperature was increased from 30 to 60°C. At acid
concentrations from 0.3 to 3 M, uranium coefficients
were about a factor of 2 lower at 60°C than at 30°C.
The efficiency of stripping plutonium with 0.3 M
HN03 was appreciably improved by increasing the
temperature, apparently because this favored dispropor-
tionation of the Pu(IV). Hydroxylamine nitrate was the
most effective of several reductants examined as aids in

stripping plutonium.

2.6 Off-Gas Treatment

Calculations and preliminary tests indicate that cold
trapping at -75 to -125°C offers a potentially at
tractive method for collecting into a small volume most
of the iodine and tritium (as tritiated water) that are
released during shearing and voloxidation of LMFBR
fuel.

Efficient trapping of methyl iodide from air streams
was obtained by passing the air through a column of
refluxing 16 M HN03, which decomposes the methyl
iodide and oxidizes the iodine to the nonvolatile iodate

form. Although optimum operating conditions for the
system have not yet been established, decontamination
factors of 104 and higherwereconsistently obtained at
air flow rates through a l-in.-diam column of 1.5
liters/min or less.

Studies of catalytic oxidation of organic compounds
that may be present in off-gas streams showed the
importance of the gas residence time in the catalyst
bed. Prolonged heating of Hopcalite catalyst appre
ciably decreased its catalytic efficiency in the oxidation
of butane and methane in air.

Highly efficient trapping of methyl iodide and I2 was
obtained with silver zeolites and alumina sorbents

treated with silver nitrate at temperatures of about
200°C. Long-term tests were started to determine if
these sorbents will maintain high iodine trapping
efficiency on prolonged exposure to air containing
organic (and other) potential sorbent bed poisons.

Studies with macroreticular resins continued to show

that these materials have high capability for absorbing
I2 from dry air streams; sorption is much less efficient
from wet air. One of the resins, Amberlite XAD-12,
sorbed methyl iodide efficiently from dry air. This resin
also sorbed iodine effectively from water.

Recent tests indicate that the appreciable volatili
zation of iodine from I2-caustic solutions reported
previously was apparently due to organic iodides that
are formed by reaction of highly reactive hypoiodite
with organic impurities in the system.

An iodine removal system, consisting of a catalytic
oxidation step to destroy organics, followed by
charcoal beds for iodine removal, was installed and
operated on the combined TRU vessel and cubicle
off-gas (~400-cfm) stream. Iodine-131 decontamination
factors approaching 104 were demonstrated during the
first month of operation, consistent with previous
experiences with small-scale systems of this design.
Removal efficiencies were, however, decreased by
factors of 10 to 100 after three months of continuous

operation. This loss of efficiency with time had been
observed for previous small-scale systems. The charcoal



beds will be replaced by silver zeolite during the coming
year, and a significant improvement in both initial
efficiency and bed life is expected.

2.7 Radiation, Shielding, and Criticality Studies

The objective of this series of studies is to provide
basic nuclear data to support the design and develop
ment of the LMFBR fuel cycle. The studies of radiation
properties and shielding requirements of LMFBR fuels
involve correlation of basic nuclear data, including
decay schemes, neutron cross sections, energy spectra
of radiation sources, and thermal power; development
of computer programs for the calculation of transient
concentrations of radionuclides; calculation of attenu

ation kerma of shield materials of interest; and appli
cation of these data to LMFBR fuel cycle processes.
The criticality studies involve compilation and correla
tion of basic data, liaison with experimental groups,
development and verification of computational tech
niques, and development of criticality parameters and
control techniques for specific process applications.

During the past year, we have been evaluating the
accuracy of the ORIGEN program and developing
parametric data for use in the design of radiation
shields. We have also been developing parametric data
for heterogeneous systems of (U + Pu)02 in water and
fissile solutions to complement the data for homoge
neous systems that were reported previously.

2.8 Engineering Studies

A study was made of the feasibility of the interim
reprocessing of fuels from the Fast Test Reactor (FTR
or FFTF) and other conceptual Follow-On LMFBR's in
the Nuclear Fuel Services (NFS) plant, West Valley,
New York. The study showed that the present NFS
head-end equipment and facilities (including plant
alterations planned for 1973) are inadequate for the
reprocessing of LMFBR fuels. The downstream aqueous
Purex facilities and equipment are capable of handling
LMFBR fuels, although some of the steps (e.g., plu
tonium isolation and packaging) and the waste effluents
limit the reprocessing rates.

Some mechanical modifications and other develop
ment work must be accomplished before long-decayed
(one year or more) LMFBR fuels may be reprocessed.
The reprocessing of short-decayed fuel in the existing
system, even with the most extensive modifications
envisioned as being reasonable, would result in excessive
radioactive emissions as well as lead to other problems.

The NFS facilities would require only minimal modi
fications if the fuel supplied to the plant were long-

decayed and could be guaranteed to be free of sodium.
For example, a new fuel receiving and cleaning facility
would not be required. Sodium-free fuel of a post-
irradiation time of 365 days or longer could be
processed if a disassembly capability was added to the
process mechanical cell or if the bundle shear was
suitably altered to ensure that the shroud of each
subassembly was cut into small discrete pieces that
would pass through the restricted throat of the shear.
However, the reprocessing of sodium-activated spent
fuel after a long decay period would not permit the
overall demonstration of the technology required for
shorter-decayed fuels.

Overall, it could be concluded that the processing
limitations at NFS and the modifications that would be

required are of such a magnitude that, for the shorter-
decayed fuels, the addition of a new reprocessing
head-end facility (for receiving and cleaning the fuel
and for carrying out all the process steps through feed
adjustment) would probably be more desirable than
renovation of the existing facilities.

3. DEVELOPMENT OF METHODS FOR

REPROCESSING HTGR FUELS

3.1 Head-End Reprocessing Studies with
Unirradiated Fuel

In small-scale tests, simulated TRISO-TRISO fuel was
crushed in the hammer mill set to produce either —3/4-
or —3/8-in. product. Breakage of the fissile particle
coatings was less than 1% in the -3/4-in. product and
3.4% in the —3/8-in. product.

Pitch-bonded BISO-TR1SO fuel was crushed to -3/8
in. in the hammer mill and burned in the fluidized-bed

reactor. All of the BISO-coated ThC2 kernels were
converted to a fine Th02 powder. Leaching tests
showed an average breakage of 2.6% of the TRISO-
coated particles in the crushing and burning steps.

Tests were carried out in the 2-in.-diam fluidized-bed

burner to determine the maximum burning rate as a
function of oxygen partial pressure and superficial gas
velocity. The reagent gas composition was held constant
at 70% oxygen-30% diluent; the wall temperature was
held at 750 ± 25°C. The highest burning rate obtained
by holding the superficial gas velocity at 1.25 fps was
30.1 kg of carbon per square foot per hour at a bed
overpressure of 18 psig. When the superficial velocity
was increased to 1.75 fps, the burning rate increased to
47.5 kg ft-2 hr"1 at a bed overpressure of 22 psig.

Detailed process chemical flowsheets were prepared
for the head-end and Acid-Thorex pilot plants for



TURF. Calculations were based on the assumption that
all the bred 233U needed to produce 12 kg of
(Th,U)02 microspheres per day would be recovered
from spent Fort St. Vrain reactor fuel.

The major problem in off-gas decontamination is
removal of the very large volume of carbon dioxide
from the relatively minor amounts of other gases to
permit safe disposal of the carbon dioxide. The ratio of
volumes and the physical similarity of carbon dioxide,
krypton, and xenon practically preclude the use of
possible separation processes such as sorption on
charcoal, absorption in Freon, and preferential perme
ation through membranes. The following more
promising processes are being studied: (1) liquefaction
of the C02 fraction, coupled with gas rectification; (2)
reversible sorption of C02 in hot K2C03-KHC03
solution; and (3) solidification of the C02.

3.2 Head-End Reprocessing Studies with
Irradiated Fuels

Head-end methods are being developed for the re
processing of HTGR fuels. Both the Fort St. Vrain and
the HOO-MW(e) reference reactor fuels are included in
the development program. An important programmatic
change that occurred in the past year is the firm
decision by Gulf General Atomic (GGA) to use bonded
graphite fuel sticks rather than loose fuel particles in
the graphite elements. Fort St. Vrain fuel sticks contain
TRISO-coated (i.e., an SiC layer sandwiched between
two isotropic carbon layers) (U,Th)C2 and ThC2
particles. The SiC coating remains intact during the
burning step, and methods are being developed to
physically separate the particles. The HOO-MW(e)
reference fuel consists of TRISO-coated fissile particles
(235UC2) and BISO-coated (i.e., two pyrocarbon
layers) ThC2 and fertile (233U,Th)02 particles. The
basic concept remains the same; that is, for minimum
power cost, the driver 235U fuel should be maintained
separate from the bred 233U and thorium in the fuel
cycle. Burning the BISO-coated (U,Th)C2 particles in a
fluidized bed may convert them into a finely divided
oxide powder; the (233U,Th)02 particles may retain
their shape. Methods are being developed to separate
the fissile particles, the alumina used in the fluidized-
bed burner, and the fertile particles (or residue).

Seven types of unirradiated and irradiated fuel com
pacts have been received from the Dragon Project for
use in hot-cell studies of HTGR head-end reprocessing.
Four of the unirradiated compacts have been studied,
and work has started on two of the irradiated compacts.

A flowsheet in which the fuel is sawed into several

pieces, the pieces are crushed and burned, and the
particles are separated and then finally leached was
tested on compact 14719, type 19M, a TRISO
UCio-TRISO ThC2 compact. Sawing broke essentially
all the coated particles in the path of the blade.
Crushing to ~Vg-in. feed and burning in the fluidized-
bed burner broke about 6 to 9% of the TRISO-coated

UC10 particles and 20 to 24% of the TRISO-coated
ThC2 particles. No handling problems were experi
enced.

The saw-crush-burn-separate-leach flowsheet was also
tested on compact 22396, a BISO-coated (U,Th)02
compact. The breakage due to the saw and the crusher
was 1.2%. There were no operating problems; however,
the oxide kernels (which contained large voids) frac
tured on burning such that about 15 to 17.5% collected
in the alumina fraction.

On crushing compacts 14397 (TRISO UC20) and
14158 [BISO (5Th/U)C2 4], we found the breakage of
the fuel particles to be <0.1 and 4% respectively. The
middle-size crusher fractions of each compact were
divided equally, and the two compacts were combined
by mixing the appropriate crushed samples to give
duplicate samples for burn-separate-leach tests. Break
age of the TRISO particle, leading to crossover of
uranium from that particle into the oxide burner
product from the BISO particle, was less than 1.7%.
Results of leaching the sieved burner products showed
that 3 to 11% of the leachable heavy metals stayed with
the SiC-coated particles (fissile fraction), 52 to 58%
with the oxide produced by burning the BISO particle,
and 32 to 45% with the alumina used in the fluidized-

bed burner. Losses to insoluble residues were less than

0.1%.

3.3 Procurement of HTGR Fuel for Head-End Studies

We are negotiating with Gulf General Atomic to ob
tain some reject Fort St. Vrain reactor fuel elements for
use in small-scale head-end engineering studies.

Two irradiation programs to provide irradiated ma
terials for head-end studies and for evaluating coated-
particle fuel are under way: (1) Two capsules con
taining several combinations of candidate coated-
particle 1100-MW(e) HTGR fuel were placed in the
ETR during the third quarter of FY 1971. They are
scheduled for discharge late in the first quarter of FY
1972. (2) Seven recycle test elements (RTEs) have been
inserted in the Peach Bottom reactor. RTE 7 will be

discharged in April 1971. It contains particle combi
nations typical of Fort St. Vrain fuel and will provide
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the earliest determination of the behavior of such fuel

during head-end reprocessing.

3.4 Design Support for Head-End Studies

Design support for HTGR head-end studies has been
limited to three efforts: (1) evaluation of scale-up
potential of burners being considered for development
to industrial capacity, (2) design of a whole-element
burner and a C02 sorption column, and (3) planning of
schedules and of manpower requirements to meet the
needs of the National HTGR Fuel Recycle Program
Plan.

4. WASTE TREATMENT AND DISPOSAL

4.1 Radioactive Waste Repository

We have been involved in a rather substantial effort

leading to the establishment of a national repository for
radioactive wastes in a bedded salt formation near

Lyons, Kansas. While the Chemical Technology Division
has participated to some extent in virtually all phases of
this project, our major responsibilities have been
centered in the conceptual design and safety analysis of
the repository, in a survey of the sources and charac
teristics of transuranium-contaminated solid ("alpha")
wastes, and in experimental investigations needed to
establish criteria for packaging those alpha wastes to be
stored in the repository.

4.2 Engineering, Economic, and Safety Evaluations

During the past year, we have extended our studies of
the economics of high-level waste management to
include consideration of fluidized-bed calcination as a

method for solidifying the wastes, and we have revised
an earlier study on shipment of solidified wastes to
include provisions for neutron shielding. Also, a theo
retical analysis was made of the leaching of the
radionuclides from solid wastes.

4.3 High-Level Radioactive Waste

As a part of our program to measure and evaluate the
properties of high-level aqueous wastes and the so
lidified products made from these wastes, we continued
to study the thermal conductivity of waste solids and
the solubility of boron in aqueous waste. We also
initiated studies on energy storage and buildup of
electric charges in waste solids.

4.4 Combustion of Plutonium-Bearing Solid Wastes

Pressurized aqueous combustion is a promising
method for converting burnable contaminated waste to
a noncombustible solid residue suitable for shipment
and final storage. A process based on this method can
provide a high degree of containment and achieve large
reductions in both the volume and the weight of waste
to be stored. The most common constituents of

contaminated waste, cellulosic materials and poly
ethylene, are sufficiently oxidized by treatment for
about 1 hr at 217°C. Rubber, Bakelite, and epoxy
required higher temperatures. For a continuous or
semicontinuous process at 235°C, the pressure couldbe
as low as about 460 psig. Titanium is promising as a
material of construction.

An engineering design survey showed that the con
tinuous method of operation would be the most
practical for a full-scale plant handling 1 ton or more of
waste per day. However, such a plant will require
development of some components. It is therefore
recommended that a semicontinuous pilot plant be
built to handle 0.1 ton of waste per day to demonstrate
feasibility of the process and to provide design data for
the full-scale plant. This work would proceed con
currently with the development of components re
quired for the continuous plant.

4.5 Incorporation of Intermediate-Level Wastes
in Polyethylene

The incorporation of intermediate-level wastes in
polyethylene was successfully demonstrated in five
~2-hr pilot plant tests. The nonradioactive pilot plant
used for incorporation of wastes in asphalt was
modified to accept molten polyethylene. A 20 wt %
sodium borate solution was used to simulate power
reactor wastes. Wastes were processed at rates of 35 to
65 lb/hr to produce products containing 19 to 32 wt %
waste solids at evaporator temperatures of 185 to
200°C. A product composition of ~20% solids and a
temperature of 200°C were found to be the best
conditions. Low-melting polyethylene (DYDT, soft
ening point ~100°C) was used. Material balances ranged
from 95 to 105%, and product leach rates after nine
weeks were as low as 6 X 10~4, expressed as the
fraction sodium leached (cm2/g)_I day-1. These initial
leach rates appear favorable as compared with those
obtained for similar products manufactured in labo
ratory equipment. Although equipment performance
was satisfactory, it appears that the flexibility of the
process and product quality could be increased substan-



tially if equipment that could operate at higher tem
peratures were available.

5. TRANSURANIUM-ELEMENT PROCESSING

Production for the USAEC Heavy Element Program is
centered in two facilities at ORNL: the High Flux
Isotope Reactor (HFIR) and the Transuranium Proc
essing Plant (TRU). In previous years, heavy elements
were recovered primarily from materials irradiated in
HFIR; during this period, a total of 75 mg of
californium was produced. During the current report
period, the unique facilities at TRU were used to
recover about 200 mg of 252Cf for the commercial
sales program that is being promoted at the Savannah
River Plant. The other associated elements, berkelium,
einsteinium, and fermium, were contributed to the
research effort and distributed through normal
channels.

5.1 TRU Operations

The major effort during this report period was the
processing of 164 curium slugs that had been irradiated
as part of the Californium-I program at the Savannah
River Plant (SRP). This program is attempting to
establish a commercial market for2 s 2Cf. The irradiated
slugs contained about 430 g of 244Cm (550 g of total
curium) and 200 mg of 252Cf. This is about three times
the quantity of curium and four times the quantity of
californium that we had processed in any previous year.
The TRU operations group was expanded by about
one-third to handle the increased processing load; the
increased operating costs are being borne by the AEC
Division of Production. Expanded operations will con
tinue for about a one-year period, during which an
additional 400 mg of 2s 2Cf will be recovered from
other Californium-I materials. A significant effort will
also be devoted to the production of transuranium
elements from HFIR targets for use in research.

Most of the 2S2Cf from the slugs was returned to
SRP. The curium will be purified further, converted to
oxide, and then returned to SRP. The other trans

uranium elements, 25 mg of 249Bk, 400 Mg of 253Es,
and about 3 X 109 atoms of 257Fm, were distributed
to researchers through the Transplutonium Committee.
Ninety-six shipments were made during this report
period. In addition to the slugs that were processed,
about 22 g of 243Am and 50 g of 244Cm were
converted to oxide and fabricated into targets for the
HFIR.

The processes and equipment used to process the
slugs were generally the same as those used to process
HFIR targets. The slugs are similar to HFIR targets in
that they contained aluminum-clad pressed compacts of
actinide oxides and aluminum powder.

Some new equipment was installed, and the existing
equipment was modified. These changes were made
partly to make it possible to process the SRP-
Californium-I materials and partly for general improve
ment of the TRU facilities. Changes and new equipment
required for the SRP materials included (1) two new
larger slug chutes, (2) a larger-capacity equipment rack
for use in separating and purifying the transuranium
elements, (3) modifications to the waste system so that
the high-level wastes could be segregated and stored
separately, and (4) a new 14.4-ton cask for use in
shipping the SRP-Californium-I slugs to ORNL.

General improvements to the TRU processing fa
cilities included the installation of (1) four 20-liter-
capacity tantalum-lined product storage tanks, (2) an
iodine retention system that is capable of handling the
entire 400-cfm vessel off-gas flow, (3) a pneumatically
actuated rabbit system for transferring californium
between the TURF californium facility and TRU, and
(4) a shielded facility for decontaminating targets and
sources prior to shipment.

Seventeen targets containing americium and curium,
one special target, and eight rabbits were fabricated.

During this report period, three targets failed during
irradiation in the HFIR. One of them was a 90%-dense

plutonium target whose failure was anticipated by our
mathematical model for target failures. However, the
other two targets, in which the pellets were pressed to
80% of theoretical density, should not have failed
according to the model. Investigation of these failures is
incomplete.

5.2 Isolation and Purification of TRU Products

The final purification of transplutonium products, the
isolation of second-growth isotopes, and the fabrication
of actinide shipping packages and neutron sources are
performed in cell 5 in TRU, the californium facility at
TURF, and in the supporting shielded-cave facilities. In
addition to main-line products, 65 jug of 253Es and
about 1.3 mg of 248Cm were isolated from highly
purified californium; about 900 jug of 249Cf was
separated from 249Bk. Resin-loading—calcination tech
niques were used to prepare over 20 shipping packages
and 13 neutron sources. An additional 6 neutron

sources were prepared by the quartz bead method.



5.3 Special Projects

Special projects include nonroutine productions,
special preparations, special irradiations in the HFIR,
and fabrication of neutron sourcesusing 2S2Cf. During
the current report period, these projects included
fabrication of 22 2S2Cf neutron sources containing
from 1 Mg to 5 mg of 2s2Cf and irradiation of eight
rabbits (three containing 253Es, two containing 244Pu,
twocontaining 24' Am, and one containing 2s2Cf)-

5.4 Development of Chemical Processes

Progress in the development of a resin-loading—
calcination technique to produce curium oxide for
HFIR targets was encouraging. Results show that, with
either of two resins (Dowex 50W or Amberlite IRC-50),
curium oxide particles can be produced by loading the
resin to saturation with curium from a dilute nitrate

solution. After loading, the resin is carefully heated to
decompose the resin matrix and then calcined at the
appropriate temperature to form the dense oxide
(~50% of the theoretical crystal density).

Studies were continued to evaluate the separation of
actinides from fission product lanthanides by displace
ment elution with aminopolyacetic acids. Promising
results were obtained in rare-earth studies with the

chelate ethylenediaminetetraacetic acid (EDTA) when
diethylenetriaminepentaacetic acid (DTPA) was used as
an organic barrier. The DTPA can be easily removed
from the product eluates. An alternative process for the
separation and purification of berkelium and cali
fornium was also developed. This method, which
combines solvent extraction with oxidation by a solid
(Pb02), is convenient for the purification of small
amounts of 249Bk and 252Cf, and it maybe applicable
for processing large quantities of material.

In additional studies, we evaluated cation exchange
techniques for removing lithium from curium products
obtained from the LiCl-based anion exchange process.
Results of this work indicate that the method may be
particularly suitable when actinide oxides for use in
HFIR targets are prepared by the resin-loading-
calcination process.

5.5 Transplutonium-Element Research

A systematic study of actinide element chemistry and
of comparative lanthanide element chemistry is being
made to increase our basic understanding of actinide
systems. This program includes the investigation of
problems involving solution chemistry, with particular
emphasis on the formation of complexes and on the

preparation of solid actinide compounds that will be
characterized by x-ray diffraction, electron microscopy,
thermogravimetry, differential thermal analysis, and
metallographic examination.

The investigation of lanthanide and actinide sulfate
complexes by amine extraction was completed except
for final refining of the calculation of the formation
constants. In a parallel investigation of actinide thio-
cyanate complexes by di(2-ethylhexyl)phosphoric acid
extraction, overall formation constants, j3x and 03, were
evaluated for mono- and trithiocyanate complexes of
Am, Cm, Bk, Cf, and Es. Apparent formation constants,
j32, evaluated for dithiocyanate complexes were smaller
(especially at the higher atomic numbers), and their
deviations of fitting were relatively large, making the
existence of dithiocyanate complexes of these elements
questionable. The formation constants of the trithio
cyanate complexes and of all the sulfate complexes
show a "tetrad" grouping of the elements curium to
einsteinium, analogous to "tetrad" grouping of the
lanthanides from gadolinium to holmium. This suggests
that these complexes, but not the mono- and dithio-
cyanates, are inner-sphere complexes.

Studies of the preparation and properties of lantha
nide and actinide hydrides and metallides were con
tinued. The dissociation pressure of two-phase ErH2 +
Er-H2 solid solution was found to be

log,o /»(torrs)= -(11,000± 150)/r(°K)

+ 10.19 ±0.07.

From this, AH = -50.3 kcal per mole of H2 and AS =
—33.4 cal/deg per mole of H2, in reasonably good
agreement with literature values. X-ray diffraction of a
sample approximating stoichiometric ErH2 showed a
face-centered cubic structure (CaF2 type) with a0 =
5.128 A. Erbium compounds with S, Se, As, and Sb and
Am compounds with As and Se were prepared by
vapor-solid reaction. These compounds are ready for
further treatment by melting. Erbium arsenide was
obtained as a single phase witha0 = 5.743 A. The other
initial products were all mixtures. The americium-
selenium reaction product was of special interest since
x-ray diffraction indicated the presence of AmSe (fee),
which has not been reported previously.

A study was made to prepare and identify the various
oxides of californium. Loading californium onto a
single cation-exchange resin bead from a highly purified
californium chloride solution, burning out the resin
matrix, and calcining in air at 1200°C produced Cf203
in a body-centered cubic structure with a lattice



parameter of about 10.802 ± 0.006 A. Heating this
material in air to >1400°C converted the Cf203 to a
monoclinic structure with lattice parameters of a0 =
14.121 ± 0.015 A, ft = 3.592 ± 0.004 A, c = 8.809 ±
0.007 A, and j3 = 100.34 ± 0.08°. Californium dioxide
was prepared by oxidizing a reactive form of Cf203
with either molecular oxygen at high pressures (~100
atm) or with atomic oxygen produced in an electrical
discharge tube. The Cf02 had a face-centered cubic
structure with a0 = 5.310 ± 0.002 A. Upon standing,
this material spontaneously converted to a rhombo-
hedral structure with lattice parameters of a0 = 5.372 ±
0.003 A and a = 89.92 ± 0.04°.

The thermal stability and decomposition of several
lanthanide and actinide compounds were studied during
this report period. Additional data were obtained for
the trihydroxides of these elements by thermo-
gravimetric techniques. In the earlier work, hydroxides
prepared from nitrate salts were used, and it was found
that the residual nitrate decomposed at a temperature
very near to that at which one of the decomposition
steps of the hydroxide occurs. This problem was
corrected by preparing the hydroxides from a chloride
medium, since the residual chloride decomposed at
higher temperatures than the hydroxide. Thermal de
composition of some berkelium compounds was also
investigated. Since the entire quantity of berkelium
available (~1 mg) was used in each decomposition
studied, supporting chemical analyses could not be
obtained; thus it was necessary to estimate the compo
sition by comparing the results with lanthanide prepa
rations made in an identical manner. Thermal de

compositions of cerium, gadolinium, terbium, and
berkelium chlorides, nitrates, and oxalates were carried
out. Additional work was done on the sulfates and

hydroxides of these elements.
Electron microscopy and electron diffraction have

been used to investigate the oxides, hydrous oxides, and
hydroxides of the lanthanides and actinides. Recent
work has centered on preparing the hydroxides of
berkelium and cerium from 1-mg amounts of material.
The preparation of cerium and berkelium trihydroxides
is complicated by the ease with which the metal ions
can be oxidized by air to the tetravalent oxidation state
in basic media. Both the trihydroxides and the hydrous
dioxides of these two elements were prepared and
examined by electron microscopy. In addition, the
oxides of several lanthanides and actinides have been

examined by electron diffraction. From these studies, it
was possible to identify einsteinium sesquioxide and to
assign a tentative lattice parameter of 10.72 A for the
body-centered cubic structure.

5.6 Collaborative Research with the Transuranium

Research Laboratory

Several research projects were conducted in collabora
tion with the Transuranium Research Laboratory. The
half-life of 246Cm decaying by alpha emission was
determined to be (4.655 + 0.40) X 103 years. The
partial half-lives of 248Cm were determined to be
(3.703 ± 0.032) X 105 years for alphadecay and (4.115
± 0.034) X 106 years for spontaneous fission. Meas
urements and calculations have shown that the first

excited (/ = 7) energy level in the 5/10 electronic
configuration of Es3+ in an aqueous solution of 1 M
HC104 is at 9600 cm"1. Single crystals of
Am2(S04)3-8H20, Am(C104)3 -XE2 O, and
Pr(C104)3*ZH20 have been prepared and will be
analyzed by x-ray diffraction, absorption spectropho
tometry, and thermogravimetry to determine coordi
nation numbers.

6. DEVELOPMENT OF THE THORIUM

FUEL CYCLE

Sol-gel processes are being developed for use in
preparing fuel spheres of Th02, Th02-U02, and U02
for HTGR fuel elements. Spheres of all three compo
sitions were prepared for use in irradiation tests and in
preparing test elements for use in head-end reprocessing
studies. The addition of an ion exchange step in the
treatment of the 2-ethyl-l-hexanol (2EH) used for
sphere preparation results in an improved 2EH recycle
process. The preparation of spheres in a nonfluidized
column was investigated in a 28-ft-high column with
2EH temperatures of 25 to 70°C. Process and equip
ment development and design were continued for
refabrication of 10 kg of Th02-233U02 spheres per
day in the Thorium-Uranium Recycle Facility. In
connection with the preparation of material for use in
fuel cycle studies, Th02-U03 sol containing 100 kg of
oxides was made using natural uranium. Good opera
tion was experienced at rates up to 1.5 kg of
Th02 -U03 per hour.

6.1 Recycle of the Alcohol Used in the
Microsphere-Forming Column

The successful continuous formation of gel spheres
requires control of the composition of the 2-ethyl-l-
hexanol (2EH) fluidizing medium, that is, the concen
trations of the nitric and formic acids (which enter the
2EH from the sol droplets), water, and surfactants. The
water content of the 2EH has been controlled by
distillation previously, but reactions with acid in the
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still have led to undesirable surfactant and alcohol

decomposition. During the past year, we have de
veloped and demonstrated the use of ion exchange to
remove nitric and formic acids from the alcohol prior to
distillation. This step is a significant process improve
ment and makes possible more trouble-free continuous
operation of the sphere-forming system.

6.2 Development of Prototype Equipment for TURF

Processes and equipment have been demonstrated for
the preparation of Th02-U03 sols and formation of
them into microspheres at the design capacity, 10 kg of
oxide per day, of the Thorium-Uranium Recycle Fa
cility (TURF). Flowsheets of the sol preparation
process and the sphere-forming process have been
prepared, based on the TURF design throughput, to aid
in evaluating the materials and waste handling problems
to be expected.

In development studies, the solvent extraction equip
ment designed to operate at a capacity of 10 kg of
oxide per day was shown to be capable of operation at
up to 30 kg/day.

Use of an in-cell periscope for viewing the gel
sphere-forming operations through a wall of a hot cell is
being tested. Demonstration of drying and firing the gel
beads requires additional equipment development. We
are selecting prototype designs for evaluation.

6.3 Preparation of Microspheres in Nonfluidized-Bed
Columns

Uranium dioxide microspheres smaller than 200 m in
diameter may find application as fuel for future
HTGR's. We have been studying the use of non-
fluidized-bed columns as an improved approach to
preparing spheres in this size range from oxide sols. In
our studies, we have used a 28-ft column and both U02
and Th02 sols.

Although analytical solutions to the equations gov
erning water extraction from sol droplets are not
possible, values of droplet and column variables can
conveniently be calculated using a computer. The
calculated values of gelation time, column temperature,
product sphere diameter, and column length are in good
agreement with the values obtained experimentally. It
appears that product spheres up to 200 m in diameter
can be prepared readily in columns of reasonable length
(i.e., less than 30 ft) and at practicable temperatures
(less than 70°C).

6.4 Preparation of Test Materials

Fuel microspheres of enriched urania, urania-thoria,
and thoria were prepared for a variety of needs in the
thorium fuel cycle program. A major accomplishment
was the preparation of over 100 kg of Th02-U03 sol
using the amine solvent extraction process. In this
effort, it was shown that the capacity of the existing
equipment (0.5 kg of oxide per hour) could be
increased more than twofold by merely increasing the
size of the interstage digester. It was also demonstrated
that repeated startups and shutdowns could be con
ducted with no deleterious effects on the product sol.

6.5 233U Storage, Purification, and Distribution

New storage space for 233U in the form of solids and
liquids has been added to the storage, purification, and
distribution facility. The facility can now store 454 kg
of 233U assolid with an average density of 1 g/cm3 and
900 kg as nitrate solution having a concentration of 250
g/liter. There is also now an interim storage vault that
can hold up to 70 kg of 233U in shipping containers.

Twenty-seven shipments, containing a total of 831 kg
of 233U, were received during the year. Twenty-one
shipments, containing 15 kg of 233U, were made from
the facility.

7. SOL-GEL PROCESSES FOR THE URANIUM

FUEL CYCLE

Sol-gel processes are ideally suited for the preparation
of LMFBR fuel since they can be readily adapted to
continuous and remote operations for processing ma
terials behind shielding. In the processes under develop
ment, sols are prepared by the controlled extraction of
nitrate from uranium nitrate and plutonium nitrate
solutions, which are the products from fuel reprocessing
plants. The sols are then converted into the desired
forms required for subsequent fabrication into recycle
fuel elements; this form usually consists of high-density
oxide microspheres for use in Sphere-Pac operations.

7.1 Preparation of U02 Sol by the CUSP Process

Development work on the CUSP(concentrated urania
sol preparation) process during the last year has

been directed primarily at the characterization of sols
produced in engineering-scale equipment and at the
evaluation of various types of contactors used for
extracting nitrate to form the sol. There has been no
need to make any appreciable changes in the process,



since it continues to produce satisfactory urania sols.
Studies of sol properties were made on 52 sols
produced in a mechanically stirred J-column contactor,
45 sols produced in a spray-column contactor, 8 sols
produced in a packed-column contactor containing
ceramic Berl saddles which are aqueous wettable, and
10 sols produced in a packed-column contactor con
taining non-aqueous-wettable Teflon rods. In all cases
the sols were approximately 1 M in concentration. Sols
prepared in the J-column contactor were fluid for the
longest time after preparation, with an average shelf life
of 5.75 months. The average shelf life for sols prepared
in the spray-column contactor was 3.5 months and for
sols prepared in the packed-column contactor was
about 1.9 months. Properties of 2 and 3 M U02 sols
prepared by concentrating 1 M U02 sols were com
pared. When the sol concentration was increased by a
factor of 3, the conductivity (or free acid content)
increased only 30 to 40%. This indicates enhanced
adsorption of nitric acid by the sol particles as the free
acid is increased. Doubling the concentration from 1 to
2 M increased the viscosity from 1.3 to 2.0 cP. The 3 M
U02 sol was much more viscous (~7 cP) and became
thixotropic on aging a week.

A small amount of extraneous material, commonly
called "crud," is formed during preparation of sol by
the CUSP process. Altering the type of contactor used
for nitrate extraction did not have an appreciable effect
on the amount of crud formed. In laboratory tests, it
was found that this extraneous material could be

effectively removed by treating the sol with an equal
volume of n-hexanol. The crud transfers to the

n-hexanol, from which the sol can be easily separated.
Since preparation of sols at higher concentrations

would increase the capacity of the sol-making equip
ment and the sphere-forming equipment, preliminary
investigations were made to prepare 1.8 M U02 sol
instead of 1 M U02 sol, which is normally produced.
Two sols at ~1.8 M U02 were produced. Both were
fluid, had shelf lives of 1.0 and 1.5 months, and
produced good spheres in the forming column. These
results are encouraging, but if sols of this concentration
are to be produced routinely, additional development is
required, especially to optimize the feed preparation
method for producing sol.

7.2 Development of the U02-Pu02 Sol-Gel Process

In continued laboratory work to develop solvent
extraction processes for the preparation of mixed
U02-Pu02 sol, we are studying a process in which
CUSP urania sol is pretreated to remove excess formate
and is then mixed with a plutonia sol produced by an

alcohol extraction process (APEX). Development ef
forts were concentrated on (1) modification of the
APEX process to produce low-nitrate sol, (2) laboratory
experiments to prepare U02-Pu02 microspheres, and
(3) mixed-sol compatibility studies.

It was discovered that several primary characteristics
of APEX sol could be improved by seeding, in which a
portion of a normally prepared APEX sol is added to
feed solution during the initial extraction of a sub
sequent sol preparation. This technique can produce sol
in which the primary crystallites are arranged in
aggregated micelle structures. This type of structure
results in rapid denitration and crystallite growth when
the sols are taken to dryness and heated. Low-nitrate
sols can be prepared (N03~/Pu = 0.2) with average
crystallite diameters of ~60 A when a sol with the
appropriate aggregate structure is taken to dryness and
heated for 30 to 90 min at temperatures in the range of
180 to 230°C. This is in direct contrast to the behavior
of regular APEX sols, which show no detectable change
in crystallite size nor any significant reduction in the
N03"/Pu mole ratio when heated at these temperatures
for much longer times. The specially prepared sols with

low nitrate-to-plutonium mole ratios and with larger
crystallites exhibit greatly improved mixed-sol shelf life.
For example, the time to gelation for 0.9—1M sol (80%
UO2-20% Pu02) at 25°C is increased from <1 hr for
regular APEX sol to five to eight days for the modified
products. It is even possible to form pure plutonia
microspheres which calcine to dense, crack-free
products. This has not been possible with high-nitrate
plutonia sols, including regular APEX sols, because of
extensive cracking and disintegration of the spheres
during calcination.

Excellent results were also obtained in small-scale

experiments when these larger crystallite sols were
mixed with CUSP sols and formed into microspheres.
Because of the improved shelf life, a series of mixed
CUSP-APEX microsphere-forming runs were made in
which the sols were not cooled to 5°C, as is required
when regular APEX sol is used. High yields (90—95%)
of calcined microspheres were consistently obtained in
these experiments.

Studies were continued in an effort to understand the

variables that affect the shelf life of mixed CUSP-APEX

sols and the mechanisms responsible for gelation. We
previously demonstrated that mixed-sol instability is a
function of formic acid concentration, and various tests

indicated that the instability is related to a redistri
bution of the nitrate and formate anions when the U02

and Pu02 sols are mixed. The initiating step appeared
to involve a preferential association of HCOO" (or
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HCOOH) with Pu02 crystallites and a release of N03".
During this report period, a study of colloidal charge
was initiated. The results obtained correlate well with

previous work and tend to substantiate that anion

redistribution and imbalance are related to mixed-sol

gelation. The instrument used for this work was a
Streaming Current Detector manufactured by Waters
Association, Inc. Several techniques were used to
analyze streaming-current data obtained by titrating
Pu02 sols with HN03, and efforts were initiated to
correlate these results with data obtained by the
conductometric titration of sols. The relationships
found are of interest because they indicate that there is
an equilibrium between nitrate in the aqueous phase
and nitrate sorbed on plutonia micelles, and that the
equilibrium is a function of the total nitrate concen
tration. A preliminary interpretation of the conducto
metric titration curves obtained indicates that this

technique can be used to determine HN03 concen
trations in Pu02 sols and the equilibrium between N03"
in the aqueous phase and nitrate sorbed on the
plutonia.

7.3 Microsphere-Forming Studies

Investigations were continued on the development
and demonstration of microsphere forming from CUSP
urania sols. It was established in laboratory-scale ex
periments that satisfactory microspheres can be formed
from CUSP sols in 2-ethyl-l-hexanol (2EH) that has an
apparent pH within the range of 2.0 to 6.0 and a
temperature in the range of 30 to 55°C and that
contains ~0.3 vol % Span 80, ~0.1 vol % Ethomeen
S/15, and 0.5 to 1.5vol %H20. The principal operating
problems encountered during long-term operation of
sphere-forming columns with CUSP sols are (1) ex
cessive cracking of the gel microspheres during drying
and firing and (2) sticking, clustering, or coalescence of
partially dried spheres in the forming column. Cracking
of the gel spheres can be caused by a number of
different conditions. It has been found that the amount
of cracking can be greatly decreased or eliminated by
more thorough drying in the sphere-forming column,
either by increasing the temperature or by increasing
the residence time of the gel spheres in the column.
Problems with sticking, clustering, and coalescence in
the sphere-forming columncan be mostly eliminated by
controlling the surfactant and water concentrations and
by preventing the buildup of surfactant degradation
products in the 2EH. Although we have not yet
established the optimum method for accomplishing
this, considerable progress hasbeenmade by developing
methods of treating 2EH from the sphere-forming

column for recycle. During operation of engineering-
scale equipment, it was demonstrated that nitric acid
and formic acid were effectively removed by passing
2EH from the sphere-forming column through a bed of
ion exchange resin. This prevents the accumulation of
excessive amounts of formic acid (which is extracted
from CUSP sols) and eliminates degradation of
Ethomeen S/15 which takes place if nitric acid is
allowed to remain in the 2EH during azeotropic
distillation to remove water. Unfortunately, Span 80 is
lost during this treatment (probably by hydrolysis), and
periodic additions are required. However, this results in
a continual buildup of Span 80 degradation products.
We plan to control the concentration of Span 80 and its
degradation products by continuously bleeding off a
small stream of 2EH and replacing it with purified 2EH
containing the appropriate amounts of surfactants. The
waste 2EH stream will be treated by distillation to
purify it for recycle.

Fewer problems are usually encountered if gel spheres
are not fluidized in the forming column. However, the
size of the microspheres is limited by the height of a
nonfluidized column. A 28-ft nonfluidized column was

used to prepare up to 145-M-diam U02 spheres at a
forming temperature of 25°C and 200-M-diam U02
spheresat 70°C.

Production of Pu02 spheres was carried out with
relatively trouble-free operation of the sphere-forming
column, but problems of the same type encountered
with U02 sols are also present when forming spheres
from mixed U02 -Pu02 sols.

7.4 Preparation of U02-Pu02 Materials

We still must rely on the precipitation-peptization
process and the precipitation-peptization-baking process
for preparing enriched urania sols and plutonia sols
respectively. Facilities are not yet available for pre
paring enriched urania sols by the CUSP process or for
preparing high-nitrate plutonia sols by the APEX
process. During this report period, about 7 kg of
plutonium was converted into high-quality Pu02 sols,
and about 9 kg of enriched uranium was converted into
urania sols. These materials were used to prepare U02,
Pu02, and (U,Pu)02 microspheres and for the prepa
ration of (UJPu)02 powder for the preparation of
pellets.

Approximately 2.5 kg of (U,Pu)02 microspheres with
a Pu-to-(Pu + U) ratio of 0.25 were prepared for
Argonne National Laboratory; one-third of the material
was <44-M-diam microspheres, and the rest was 350- to
595-M-diam microspheres. About 550 g of (U,Pu)02
microspheres (400 to 595 m in diameter) with a
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Pu-to-(Pu + U) ratio of 0.27 were prepared for testing
the U-Fines method of fuel fabrication, in which all
plutonium is contained in the large spheres and the
<44-M-diam spheres are pure U02. Plutonium used to
prepare 4 kg of sol had an isotopic content of ~23%
240Pu and -3.5% 241Pu. This was formed into
high-density Pu02 microspheres (~200 m in diameter)
without overexposure to operating personnel, despite
the high level of gamma activity associated with the
heavy plutonium isotopes.

8. CONVERSION STUDIES IN THE LMFBR

FUEL CYCLE

8.1 Technical and Economic Evaluation

Preliminary analysis of the interrelations of fuel
conversion processes with the fuel reprocessing and
refabrication processes indicates that some sort of
conversion process should be carried out at the re
processing plant. It is likely that this is desirable both
from an economic and a safety point of view. Shipment
of liquid forms of plutonium may not be acceptable in
the future. A report on this work is in preparation.

8.2 Conversion by Homogeneous Reduction

Studies have been made to demonstrate the feasibility
of chemical reduction of nitrate and uranyl ions in
pressurized solutions to produce powders suitable for
use in making pellet fuels. A semicontinuous system
that allows continuous feed introduction, temperature
and pressure control, and batch product removal was
developed and utilized to prepare oxides for use in
tests. Ethylene glycol, ethyl alcohol, and hydrazine
were employed as reductants over a temperature range
of 150 to 210°C and at pressuresup to 250 psig. Oxides
of uranium and of uranium-cerium and uranium-

thorium were prepared and pressed into satisfactory
pellets by pressing at pressures of 10,000 to 15,000 psi.
The cerium and thorium were used as alternative

stand-ins for plutonium. Pellets with densities up to
about 95% of theoretical were obtained. This density is
the same as that obtained under the same pelletizing
conditions with a so-called standard, sinterable U02
powder. Preparations are under way to extend these
studies to systems containing plutonium.

9. PREPARATION OF 233U02 FOR LIGHT-WATER
BREEDER REACTORS

ORNL participation in the Light Water Breeder
Reactor (LWBR) Program, under contract with Bettis

Atomic Power Laboratory (BAPL), involves (1) the
receipt and storage of approximately 750 kg of 233U
(475 kg as UNH and 275 kg as U02), (2) the
purification of this material in small batches (~20 kg of
233U per week) to remove 232U daughters, (3) the
conversion of the UNH to ceramic-grade U02 powder
at the rate of about 20 kg of 233U per week, (4) the
packaging and shipping of the U02 to BAPL for
blending with thoria and pressing into pellets, and (5)
the recovery of 233Ufrom the 233U02 scrap generated
at ORNL and the 233U02-Th02 scrap generated at
BAPL.

During the past year, additional storage facilities were
constructed, and all the feed material (750 kgof 233U)
was received and stored. A dissolver capable of dis
solving 50 kg of Th02-U02 in a 12-hr cycle was
constructed and is presently being installed in the
processing cell. Modifications to the existing solvent
extraction purification equipment and installation of an
ion exchange system will be completed in the early part
of April 1971. Construction of the oxide conversion
equipment will be completed by July 1, 1971. The
facility is scheduled to begin qualifying runs in July
1971, and production will begin in December 1971.

10. SEPARATIONS CHEMISTRY RESEARCH

New separations methods are being developed, prin
cipally for uses in radiochemical processing but also for
other purposes extending from extractive metallurgy to
biochemical separations. The program in separations
chemistry divides into three parallel, interdependent,
and frequently overlapping types of research activity:
(1) descriptive chemical studies (Sects. 10.1, 10.3, 10.5,
10.6) of the reactions of substances to be separated and
of separations reagents, of the controlling variables in
particular separations, and of potential new reagents
and methods; (2) development (Sects. 10.2-10.4) of
selected separations and methods into specific complete
processes, both where no workable process exists and
where existing processes can be improved, carried where
warranted to the point that large-scale performance can
be predicted; and (3) fundamental chemical studies
(Sects. 10.6-10.9) of the species, equilibria, and
reaction mechanisms involved in separations systems,
both to increase knowledge and to help define potential
applications.

10.1 New Separations Agents

We are continuing to investigate, for potential utility
in solvent extraction or other separations methods,
compounds that are (1) newly available commercially,
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(2) submitted by manufacturers for testing, or (3)
specially procured for testing of class or structure.

Extractions of iron(III) and technetium(VII) chlo
ride, nitrate, and sulfate by the corresponding methyl-
trioctylphosphonium (MTOP) and dodecylbenzyltri-
octylphosphonium (DDBTOP) salts and of vana-
dium(IV) chloride and sulfate by the corresponding
MTOP salts were similar to extractions by the analogous
Adogen 464 (methyltrialkylammonium) salts. Coeffi
cients were slightly higher for extractions with MTOP
salts than with the corresponding DDBTOP salts.

The previously known synergistic extraction of
lithium ion by a 0-diketone—phosphine oxide mixture,
limited to high pH, has been extended to neutral salt
solutions (pH 7 and even slightly lower) by substituting
a highly fluorinated diketone for the simple diketone.
The separation factors for lithium chloride from
sodium, potassium, rubidium, and cesium chlorides
were greater than 103 in extractions at high lithium
loading with 0.2 M heptafluorodimethyloctanedione +
0.1 M trioctylphosphine oxide in benzene.

Preliminary tests of a new commercial complexing
agent, 1,2-diaminopropanetetraacetic acid (PDTA), in
cation exchange extraction with HDEHP and chroma
tography with Dowex 50 indicate that it is a strong
complexing agent, giving enhanced separation factors
for the trivalent actinides.

10.2 Recovery of Uranium from Commercial
Phosphoric Acid

Bench-scale development of a process for recovering
uranium from wet-process phosphoric acid by extrac
tion with di(2-ethylhexyl)phosphoric acid plus trioctyl
phosphine oxide in an aliphatic diluent was essentially
completed. The process consists of two cycles. In the
first cycle, the uranium is reduced with ferrous iron to
strip it from the solvent. This strip product solution is
relatively concentrated in uranium and is highly ame
nable to processing with the same solvent in a second
cycle. In the most recent work, the second cycle was
demonstrated in a mixer-settler system. Uranium was
directly precipitated from the solvent as ammonium
uranyl tricarbonate, which was calcined to give a
product analyzing 97.5% U308. Chemical reagent costs
for the process are estimated at about $0.85 per pound
ofU308.

10.3 High-Resolution Rare-Earth Separations

The pressurized ion exchange technique was success
fully applied to the simultaneous separation of all the
rare earths in milligram quantities (except tracer Pm)

within 2 hr, in contrast to about one week required by
the methods at present used for such separation. The
high resolution was obtained by use of 25- to 60-m resin
(Dowex 50-X8), and still finer resin could be used.
Elution was by a-hydroxyisobutyrate in concentration
gradient. Pressures in the order of 500 psi provided fast
flow (6 to 16ml cm-2 min-1) through the resin.

10.4 Displacement Elution with Aminopolyacetic
Acids

Use was demonstrated of the amphoteric diethylene-
triaminepentaacetic acid (DTPA) in cation form as a
barrier ion in displacement elution of lanthanide ions
(stand-ins for actinides) with ethylenediaminetetra-
acetic acid (EDTA) from a cation exchange column.
About half as much eluant volume (and half as much
time) was needed to start elution of the first lanthanide
ion with DTPA* as was needed with Cu2+ as the barrier
ion, and the use of DTPA+ did not add a metallic
contaminant to the eluted lanthanide. (Use of H+ as the
barrier ion, which also would avoid contamination, is

precluded by precipitation of EDTA in acid.)

10.5 Isotope Enrichment by (n,y) Reactions
in Molecular Sieves

Lanthanide isotope product yields of ~70% can be
obtained consistently with enrichment factors of ~100.
Similar actinide product yields can be obtained, but the
enrichment factors have been lower. For significant
production of actinide isotopes, either (1) enrichment
factors must be much larger or (2) neutron exposures
must be increased by factors of 103 or more —if the
zeolite structure can tolerate that. Study of radiation
damage has been started. Increase of the enrichment
factors must come almost entirely from decrease of the
elution of unchanged target ions along with the product
ions. Although tests are still in progress, results suggest
that drying of the loaded zeolite for irradiation typ
ically causes a few percent of the target ions to migrate
to exchangeable sites. An alternative is irradiation in
water, which has not been examined.

10.6 Distribution Equilibria and Mechanisms

A comparison of di(2-ethylhexyl)phosphoric acid
(HDEHP) with two phenylphosphonic ester acids for
intragroup separations of lanthanides and actinides was
completed, and a paper describing the results is in press.
The extractive power increases in the order HDEHP <
1-methylheptyl phenylphosphonic acid(HMeH[*P])<
2-ethylhexyl phenylphosphonic acid (HEH[<I>P]).
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HMeH[<I>P] is superior to both the others in separating
tracer-level europium from cerium and californium
from curium, in extractions from several different
solutions. However, neither phenylphosphonic acid is
suitable for separating natural lanthanides at the usual
high concentrations, because of limited solubilities of
the complexes formed.

Study is in progress on several different methods for
investigating the formation of weak metal-ion com
plexes, that is, those that are formed to an important
extent only in the presence of moderate to high ligand
concentrations. Many such complexes are important in
chemical processing. These methods include distri
bution equilibria with fixed or varying ionic strength,
electromigration, spectrophotometry, and (receiving the
principal current attention) "tagged-ligand transfer." In
the last, the ligand in the aqueous phase of a solvent
extraction system is tagged radioactively. The ligand/
metal transfer ratio is determined, corrected for trans
port of ligand via other paths, and extrapolated back to
zero time to show the average ligand/metal association
number in the species that cross the interface. Tests in
the known iron(III)-chloride system gave Cl/Fe = 3 at 4
M Cl~. Tests in the europium-chloride system gave
surprisingly high chlorine/europium values of 6 to 8 at
5 to 9M C\~. This is still under study.

Liquid-scintillation alpha counting was extended to
the analysis of transplutonium actinides in aqueous
thiocyanate-perchlorate solutions, using an extractive
scintillator with HDEHP as the extractant. Americium-

241 results were precisely confirmed by gamma
counting. Berkelium-244 (0.125 MeV beta) and 253Es
(6.6 MeV alpha) were determined simultaneously.

10.7 Relative Potentials of the Bk(IV)-Bk(III)
and Ce(IV)-Ce(III) Couples

Study was completed of the difference between the
formal potentials of the Bk(IV)-(III) and Ce(IV)-(III)
couples, and a paper reporting the results is in press.
Cerium(IV) is the stronger oxidant at all nitric acid
concentrations below ~7.5 M, with a maximum dif
ference of ~0.08 V at 2 M. In perchloric acid the
potential difference shifted only slightly, with ~0.11 V
maximum at 4 M. Measurements in phosphoric and
sulfuric acids, initially encouraging, were prevented by
the degree of complex formation.

10.8 Lanthanide and Actinide Hydroxides

The basicities of americium and curium were com

pared with those of the natural lanthanides and yttrium
by measurement of pH during NaOH titration of very

dilute solutions of their nitrates and of some of their

chlorides. Americium behaved approximately like pro-
methium, while curium was considerably less basic than
any of the lanthanides. The tendency of the lanthanides
to precipitate as basic salts was greatest in the middle of
the group, where stoichiometry was about 0.85 for
complete titration. Stoichiometry of americium was
about 0.80 and that of curium about 0.70, indicating its
precipitation mostly as Cm(OH)2N03 or Cm(OH)2Cl.

Calculated solubility products and solubilities of the
hydroxides, based on observed stoichiometrics rather
than on an assumed M(OH)3 composition, were con
stant throughout most of the course of titration for all
of these elements except curium.

10.9 Kinetics of Metal-Ion Extractions

by Organophosphorus Acids

Study was completed of iron extraction from acid
perchlorate solutions, by HDEHP, under conditions of
iron loading far from saturation and from equilibrium.
A paper reporting the results is in press. In addition to
the measurements with quiescent interface previously
summarized in these progress reports, key points were
cross-checked by dispersion mixing with a flat-blade
turbine in a baffled cell under conditions that have been

standardized for scaleup. The latter results were similar
to those with the quiescent interface at low HDEHP
concentrations but differed at higher concentrations,
especially in that the component of zero order (with
respect to iron) prominent with the quiescent interface
was slight or absent with total dispersion. We have
attributed the zero-order component to saturation of
the interface by an intermediate reaction species and
accordingly suggest that the changing interfaces of
rapidly splitting and recoalescing droplets may not have
time to reach saturation.

11. CHEMICAL APPLICATIONS OF NUCLEAR

EXPLOSIVES

11.1 Copper Ores

In a small-scale demonstration of a column leaching—
solvent extraction—electrowinning flowsheet for re
covering copper from simulated nuclear-broken ore,
only small fractions of the radionuclides were leached
from the ore even though they were added to the ore
column in soluble form. The radioactivity of the solvent
extract and of the copper strip product solution was
barely above background. The radioactivity of the
electrolytic copper metal products was extremely low,
being detectable only in a special low-level counting
facility.
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11.2 Recovery of Oil from Shale

Increasing the exposure time of Green River oil shale
to tritiated hydrogen from 44 to 85 days had no effect
on the tritium contamination of the shale or of the oil

retorted from the shale. The contamination of both the

shale and the oil had increased as the shale exposure
time was increased to 44 days. Contamination from
tritiated methane or tritiated ethane, which was about
an order of magnitude less than from tritiated hy
drogen, was not affected by increasing the shale
exposure time from 7 to 25 days.

11.3 Natural-Gas Storage

We have begun laboratory studies of the behavior of
radionuclides in natural-gas reservoirs formed with
nuclear explosives. Initial tests with shale of low
permeability showed that tritiated water penetrates the
pores and fractures of the shale and is not easily
removed by purging with air. The tritium contami
nation of methane stored in contact with contaminated

shale was extremely low.

12. BIOCHEMICAL TECHNOLOGY

MACROMOLECULAR SEPARATIONS

12.1 Preparation of Crude Bovine Liver Transfer
Ribonucleic Acid

A method for preparing crude tRNA from calf liver
has been developed. The best products had total amino
acid acceptance and 3'-terminal adenosine content
values comparable with those of product obtained from
E. coli. The yield from calf liver, however, was only
about 6% of the yield from a comparable weight of E.
coli cells.

12.2 New Chromatographic Systems for the Separation
of Transfer Ribonucleic Acids

Improved separation of tRNAs by reversed-phase
chromatography has been achieved through the use of a
new plastic support, polychlorotrifluoroethylene. Two
new chromatographic systems using this support, des
ignated RPC-5 and RPC-6, yield sharper separations of
multiple isoaccepting tRNAs and less overlap of ad
jacent tRNA peaks.

12.3 Miniature Chromatographic Systems for
Tracer-Labeled Transfer Ribonucleic Acids

A small reversed-phase chromatographic system for
the separation of [3H]- or [14C] aminoacyl-tRNAs has

been developed. This system has the advantages of
speed (chromatographic runs can be completed in 30 to
60 min), sensitivity (as little as 3.5 X 10-9 g or 60 X
10~6 j4260 unit of phenylalanyl-tRNA has been de
tected as a chromatographic peak), and excellent
resolution of isoaccepting tRNAs. The system has been
applied to samples of E. coli tRNAs and calf liver
tRNAs.

12.4 Separation of Ribosomal Ribonucleic Acids

Reversed-phase chromatography has been applied to
the separation of 5S rRNA and has been adapted for
use on an analytical scale for the rapid (about 30-min)
separation of small amounts (0.1,42 60 unit) of 16S and
23S rRNAs. Compared with other techniques, this
method is more rapid and gives more effective reso
lution while using only small amounts of material,
which can be recovered.

12.5 Purification of Five Leucine Transfer

Ribonucleic Acids from E. coli

The five chromatographically resolvable leucine
tRNAs of E. coli were purified. Except for tRNA2Leu
(which was present only in minor amounts), the tRNAs
were estimated to be 80 to 100% active. In ribosome

binding experiments, tRNAiLeu and tRNA2Leu rec
ognized the codon CUG, and tRNAsLeu recognized
UUG. The tRNA3Leu and tRNA4Leu did not recognize
any of the known leucine codons.

12.6 Flowsheet Development and Large-Scale
Purification of E. coli Transfer Ribonucleic Acids

An improved flowsheet for the purification of tRNAs
from E. coli was developed and partially demonstrated
on a large scale. Ten separate tRNAs were purified to an
activity greater than 1200 picomoles per^260 unit.
Several of the tRNAs from the middle of the chromato-

grams were recovered by repeated chromatography on
reversed-phase columns using different operating con
ditions to maximize the separation of specific tRNAs. A
total of about 10 g of purified formylmethionine,
glutamic acid, and phenylalanine tRNAs was obtained
from large-scale tests.

12.7 Distribution of Purified Transfer

Ribonucleic Acids

A total of 5.5 g of purified tRNAs was distributed in
162 shipments.
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BODY FLUIDS ANALYSES PROGRAM

12.8 Prototype Analyzers

Eleven prototype analyzers either built at ORNL or
built according to ORNL construction plans are now in
operation in other laboratories. We plan to place three
additional prototype analyzers during the next report
period.

12.9 Separation Systems

A useful new separation concept is the use of an
anion exchange and a cation exchange column in series,
with concurrent elution of both columns after the

initial loading phase. Such an arrangement gives higher
resolution and a significant decrease in required oper
ating time. Another new concept is to use multiple
parallel columns in the same instrument, thereby
increasing the sample throughput rate. We have found
neutral resins to be useful in concentrating the trace
organic compounds in urine, so that an additional 50 to
60 chromatographic peaks can be resolved in a separate
elution. Parametric studies have continued.

12.10 System Components

We have developed a flow UV-photometer-fluorimeter
that can continuously monitor the column eluate for
UV absorbance and for fluorescence. The conceptual
design of a multiple-channel, dual-beam, dual-wave
length UV photometer has been completed, and a
two-channel system is being fabricated.

12.11 Identification of Body Fluid Constituents

Sixty-nine compounds separated from normal and
pathologic body fluids by the UV-analyzer have been
positively identified.

12.12 Applications and Experimental Results

Body fluids from subjects with various different
pathologic states have been analyzed on both the
UV-analyzer and the carbohydrate analyzer. The metab
olites of ingested nicotinic acid were established,
urinary metabolites of patients with orotic aciduria
were investigated, and an infant with the lack of
galactokinase was found to excrete large amounts of
sucrose. The linearity of the UV-analyzer was found to
be within 5%, and the standard deviation of elution

position was found to be less than 2% for most
compounds.

12.13 Data Acquisition and Analysis

An on-line digital computer is being used routinely to
evaluate two channels of chromatographic data con
tinuously in real time. The data analysis computer
program has been revised to include a more efficient
determination of peak area, determination of the
beginning of a peak, and the elution volumes of each
peak.

WATER POLLUTION STUDIES

12.14 Preparation of Samples

The two-step concentration procedure using vacuum
evaporation followed by freeze-drying, reported last
year, has been adopted as the technique for concen
trating sewage effluent samples. It has been tested for
maintenance of sample integrity. Tests for total non-
carbonate carbon in samples before and after concen
tration indicate recovery of more than 85% in the
concentrate.

12.15 Analytical Systems

The concentration step in sample preparation was
shown to be reproducible and to maintain sample
integrity. The UV-analyzer was adapted for use in the
analysis of refractory organics in sewage effluents, and a
modified Mark II UV-analyzer was constructed and
delivered to the Advanced Waste Treatment Research

Laboratory of the Water Quality Office.

12.16 Identification of Refractory Organics

By the use of two-column anion and cation exchange
chromatography, nine compounds have been tentatively
identified in primary sewage effluent. The identification
of three other compounds has been confirmed by gas
chromatography and mass spectral data. Good gas
chromatographic and mass spectral data have been
obtained for an additional compound, but it has not
been identified.

13. SPECTROPHOTOMETRIC STUDIES OF

SOLUTIONS OF LANTHANIDES AND ACTINIDES

Spectrophotometric techniques for studying aqueous
solutions, especially of the lanthanides, actinides, and
transition elements, are being developed and exploited.
Studies of non- or low-alpha-active solutions at temper
atures less than 100°C are accomplished by regular
techniques, while a special spectrophotometer system
has been built for studying the lanthanide and actinide
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solutions at temperatures to 380°C with associated
pressures to 10,000 psi. These systems have been used
in a standard laboratory for studying temperature
effects (25 to 380°C) on aqueous lanthanide nitrates,
the uranyl ion, and on the near-infrared absorption
bands of H20 and of D20, which interfere with the
spectral studies of the metal ions. Previously unreported
bands were found for U022+ as well as for H20 and
D20.

In conjunction with the spectrophotometric studies,
the densities of aqueous solutions of lanthanides and
actinides are being measured over the temperature range
25 to 400°C.

In our continued study of protonic wave functions
and spectra, the protonic transition types constituting
so-called vibrational and rotational structure have been

identified. Effects of external electric and magnetic
fields on electrons and protons of neutral and ionized
hydrides were calculated. A multiplet theory for a
single configuration for symmetric wave functions was
developed. Work on selection rules for protonic transi
tions was extended to include photoeffect, with the
conclusion that protons can be photoejected from
molecules in the same way as are electrons; however,
the cross section is large only at frequencies near the
resonance frequency.

14. PREPARATION AND PROPERTIES

OF ACTINIDE OXIDES

14.1 Thoria Desintering Studies

Sol-gel thoria (and some other related oxides), after
being sintered to >99% of theoretical density, may be
"desintered" to a considerably lower density by further
firing in air. Desintering occurs by the formation of
small, mostly closed pores. The usual explanation for
such pore formation, that is, high-pressure "bubble"
formation by trapped gas, appears to be inadequate for
some aspects of thoria desintering for several reasons,
especially the following: (1) the faceted pores are
typically elongated instead of approaching a spherical
shape and (2) firing in vacuum after firing in air causes
some redensification instead of further dedensification.

(Further dedensification would be expected since
APext = 1 atm is a significant fraction of estimatedPint
ss 4—40 atm.) An alternative explanation based on
other types of internal stresses is being examined;
however, no conclusions have been reached thus far.

14.2 Adsorption of Nitric Acid on the Surface
of Urania

The ideal Donnan potential relation between ad
sorbed and free nitric acid that was found to be valid

for thoria sols,

pHapparent =2[log(HN03)free]

log(HN03)total,

did not fit urania sols. Typically, chemical analyses
showed larger (HN03)total than predicted by the
equation. A part of the difference is attributed to the
presence of formic acid as a holding reductant in the
urania sols and to some unavoidable oxidation during
the tests (in spite of the holding reductant). However,
the fraction of the urania that is amorphous varies for
different sols, and the "excess" nitrate correlates

roughly with this fraction. The resulting assumptions
that HN03 associated with amorphous urania is ki-
netically unavailable and that all rapidly equilibrating
HN03 adsorption occurs only on crystalline urania lead
to the calculation of (—2.5 ± 0.5) kcal per mole of
HN03 with 12% of the metal-ion surface sites occupied.
This compares with about —6.5 kcal per mole of HN03
on thoria.

14.3 Preparation of Carbides and Carbonitrides

In continued laboratory studies of the preparation of
plutonium and uranium-plutonium carbides and carbo
nitrides, the feasibility of producing these compounds
from colloidal solutions of metal oxide and carbon
particles was demonstrated. Since the colloidal solu
tions contain very small primary particles (<500 A)and
provide intimate contact of the reactants, the reaction
rates should be more rapid and uniform than those
obtained by merely mechanically mixing the com
ponents. In addition to the preparation of carbides
from the reactants, the studies have shown that
nitrogen can be introduced during the conversion step
to form carbonitrides. The latter reactions were most

successful when the C/M ratio in the final products was
>0.4, with (C + N)/M « 1. With plutonium, the carbon
requirement for a single-phase carbonitride is much
lower, and it was more difficult to achieve the desired
conversion. Efforts have been made to follow the
carbothermic reactions more closely and to relate the
importance of the initial experimental parameters to
the conversion. Plutonium appears to differ from
uranium in the carbothermic reduction by being con
verted to the carbide in two steps rather than in a single
step.

Reaction kinetics determined for UC + N2, UC2 +
N2, and U02 + C were applied to the fluidized-bed
conversion of, for example, sol-gel (U0 8Pu0 2)02-C
shards to (U,PuXC,N) that was successfully pressedand
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sintered into 89%-dense pellets free of any second
phase.

Two successive reactions, previously unreported, were
found in the conversion of U02 with C and N to
U(C,N):

U02 + 0.78C + 0.27N2 ->UOj.22N0.S4 + 0.78CO

and

UOi.22No.S4 + 1.68C-UC0.46N0.S4 + 1.22CO

(1700°C, i>N2 = 380 torrs, Pco = 10 torrs). The
intermediate UOj 22^0.54 is a composition in a
solid-solution field including U02.

Conditions were determined for accurately pre
dictable reduction of (U,Pu)02 to hypostoichiometric
(U,Pu)02_JC with hydrogen and also via the (faster)
C-CO-C02 system.

15. CHEMICAL ENGINEERING RESEARCH

15.1 Mass Transfer of Water from Sol Droplets

The mass transfer of water from single droplets of
water or thoria sol into several alcohols (covering a
range of Schmidt numbers) has been studied. Results
have shown that the transfer rates are controlled by
resistance in the alcohol film surrounding the droplet. A
generalized correlation for the mass transfer coefficient
between rigid spheres and a flowing stream and a
specific correlation for the gelation time of sol droplets
are presented.

15.2 Dehydration of Individual Sol Droplets
in a Minicolumn*

A tapered Plexiglas column wiih an overall height of 8
in. and a minimum diameter of % in. was used to
observe in situ the dehydration and gelation of single
droplets of sol. The formation of flat spots and pits was
reflected in the diametral shrinkage rate and the settling
velocity. Diametral shrinkage rates are in general agree
ment with those observed earlier by Clinton. Two types
of skin formation were noted: one typical for gels
showing the "cherry pit" defect and the other typical
for gels showing the "raisin" defect. Rotation of the

*This work was done at the Swiss Federal Institute for

Reactor Research (EIR), Wurenlingen, Switzerland, by a Chem
ical Technology Division staff member who was on assignment
to the EIR Plutonium Project under a cooperative agreement
between EIR and ORNL.

droplets during gelation eliminated deformation from
the former cause but not from the latter. Settling
velocities were in reasonable agreement with values
calculated from drag coefficient relationships. Internal
circulation within droplets was observed, and its cessa
tion, leading to stagnant droplets, was noted. The
formation and growth of surfactant caps were observed
directly, and their effect on settling velocity was
determined.

15.3 Production of Sol-Gel Microspheres of Small
Uniform Size

Ultrasonic vibrations and possible electrical dis
turbances are being considered to break a liquid (in
liquid) jet into very small uniform droplets. Such
droplets of sol could then be used to prepare very small
uniform microspheres. Preliminary experiments using
18- to 25-kHz vibrations have shown that droplet size
can be controlled, but higher frequencies will be needed
to obtain droplets as small as 25 to 80 m with
reasonable flow rates.

15.4 Pulsed Clone Contactor

A novel compact liquid-liquid contactor suitable for
use in a glove box was designed and briefly tested. The
device performed satisfactorily in terms of throughput
capacity and stage efficiencies during operation with
Amsco—15% TBP and uranyl nitrate.

15.5 Axial Dispersionin PackedColumns for
Contacting Liquids with a High Density Difference

Axial dispersion coefficients have been measured
during the countercurrent flow of mercury and water
through a column filled with various packing materials
(%-, %-, and V2-in. Raschig rings and V4-in. solid
cylinders). This system is similar to reductive extraction
columns, such as those proposed for use in processing
molten-salt breeder reactors, which employ high-density
fluids that frequently do not wet the packing. The data
are in reasonable agreement with a correlation de
veloped several years earlier by other investigators
studying aqueous-organic solvent systems.

A new design for a device that reduces axial mixing
was tested. Our earlier designs had been effective in
reducing mixing, but they had also reduced the column
capacities to an undesirable degree. The new design was
shown to give adequate column capacity with approxi
mately the same effectiveness in reduction of mixing.
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15.6 Multicomponent Mass Transfer in
Electrolyte Systems

Calculation procedures are being developed for ana
lyzing the transfer of several components with electrical
charges (e.g., ions) between an electrolyte and a solvent
phase. These procedures should be useful in treating
extraction systems using "liquid ion exchange" solvents
and in reductive extraction systems. These systems are
complicated by the number of components frequently
involved (usually more than two) and by the electric
charge on the diffusing ions.

15.7 Chemical Engineering Research Studies
Related to MSR Processing

Studies that are related to MSR processing but are
supported entirely or partially by Chemical Engineering
Research funds are briefly summarized. These studies
are described in more detail in Sect. 1.

16. REACTOR EVALUATION STUDIES

This program, which is a joint effprt with the ORNL
Reactor Division, has the primary purpose of assisting
the USAEC in evaluating the technical feasibility and
economics of various nuclear power concepts being
developed, or being considered for development, under
the U.S. Civilian Power Program. Work in this Division
during the past year'was devoted primarily to per
forming production calculations with the Oak Ridge
Systems Analysis Code and developing systems analysis
models for electric utility systems in cooperation with
other members of the Joint Systems Analysis Study
Group (Tennessee Valley Authority, Commonwealth
Edison Company, Westinghouse Atomic Development
Corporation, and ORNL).

17. MISCELLANEOUS PROGRAMS

17.1 Quality Assurance Program

Quality assurance procedures based on program re
quirements given in RDT F2-2T are being written and
applied to projects, particularly those involving reactor
support work, within the Chemical Technology Di
vision. The appropriate level of quality assurance effort
is determined and reflected in the quality level assigned
to each project. More than 30 experiments in the
Division have been examined and assigned quality
levels. Seminars and discussions have been held with

Division personnel; these personnel are now acquainted
with the intent and scope of Division procedures and
are working within them.

17.2 Evaluation of the Radiation Resistance

of Selected Protective Coatings (Paints)

The comparative resistances of 108 protective coating
systems to gamma radiation were determined. Selective
systems of epoxies, modified phenolics, and poly-
urethanes were found to withstand exposures of up to 7
X 109 rads in deionized water and to IX 1010 radsin
air.

Test procedures for evaluating protective coatings for
use in reactor containment facilities were developed and
incorporated in a proposed standard, American Na
tional Standards Institute standard No. ANSI

101.2-1970, "Protective Coatings (Paints) for Light
Water Reactor Containment Facilities."

17.3 Resource Studies

A wide-range program was begun partly as a National
Science Foundation activity and partly as an inde
pendent effort to evaluate the long-term situation in
regard to the availability of mineral resources and the
future potentials for substitution and recycle to extend,
resource horizons of critical materials. Much of this

work has been done in cooperation with Resources for
the Future, Inc. (RFF). H. E. Goeller spent the summer
of 1970 at the RFF offices in Washington, D.C.,
working with Joel Darmstadter, Hans Lansberg, and
Samuel Schurr, who are economists on the RFF staff.

17.4 Environmental Quality Program: Productive
Uses of Waste Heat

The Environmental Quality Program was established
in response to the increasing involvement of the Atomic
Energy Commission in assessing the total impact of
nuclear power plants on the environment. Productive
uses of waste heat relate to the utilization of this heat

as a resource instead of rejection of it as a waste.
Potential benefits to agriculture, aquaculture, and urban
applications are discussed.

17.5 Systems Analysis of a Nuclear Energy Center

A systems analysis approach was developed for (1)
optimizing a combination of industrial activities for a
nuclear energy center as a function of energy cost and
(2) determining the economic impact of the center on
its economic region. Results indicate that, for an
assumed base power rate of 4.1 mills/kWhr and com
parable costs for steam, the total energy demand for
industries located in the center would be about 890

MW(e). The impact of this center (capital cost $461
million) on its economic region would be significant,
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particularly on the demands for additional capital by
the government and public services sectors.

17.6 Applications of 252Cf

A program is being instituted using 2S2Cf as the
neutron source in a capture-gamma activation analysis

technique for detecting trace elements. Also, studies
using the DOT computer program are being conducted
to optimize, with regard to geometry and materials of
construction, a thermal-neutron radiography design
incorporatinga 2s2Cf source.



1. Molten-Salt Reactor Processing

Oak Ridge National Laboratory is developing a
molten-salt breeder reactor (MSBR) which would oper
ate on the 232Th-233U fuel cycle to produce low-cost
power while producing more fissile material than is
consumed. The reactor would use a molten fluoride salt

(72-16-12 mole % LiF-BeF2-ThF4) as the fuel and
graphite as the moderator. If the reactor is to operate as
a breeder, 233Pa must be isolated from the region of
high neutron flux during its decay to 233U. Also, the
rare-earth fission products must be removed on a 25- to
100-day cycle. The Chemical Technology Division is
responsible for developing an on-site processing plant to
economically effect these operations. Processes that
employ liquid-liquid extraction of the reactor salt with
a bismuth phase containing reductants appear to offer
the best means to this end and have been the major
subjects of our studies.

During this report period we have continued to
evaluate and develop a flowsheet based on fluorina-
tion—reductive extraction for protactinium isolation
and the metal transfer process for rare-earth removal.
The portion of the flowsheet dealing with protactinium
isolation was simplified considerably by retaining the
isolated protactinium in a secondary salt, rather than in
bismuth, at a point intermediate in the protactinium
extraction column. This change results in a process that
will be much easier to operate and will effect a
significant reduction in plant cost.

Additional data on the distribution of rare earths

between liquid bismuth solutions and molten LiCl
confirm that these materials distribute favorably. We
have shown that temperature does not markedly affect
distribution and that our previous extrapolation of
distribution data to conditions involving lithium con
centrations in bismuth as high as 50 at. % appears to be
valid.

Data were obtained on the effect of the LiF concen

tration on the distribution of solutes, including lantha
num, neodymium, and uranium, between LiCl-LiF
solutions and liquid bismuth. This information con
firmed earlier indications that LiF in concentrations

below about 4 mole % has little effect on the behavior

of di- and trivalent solutes but that the thorium—rare-

earth separation factor decreases with increasing LiF
concentration. The mutual solubilities of thorium and

neodymium in lithium-bismuth solutions at 640°C
appear to be much higher than those required in the
extraction of rare earths from LiCl by contact with
lithium-bismuth solutions.

Our first two engineering experiments for study of
the metal transfer process for removing rare earths from
single-fluid MSBR fuel salt were completed. In the first
experiment, the rare earths (La and Nd) were extracted
from the fluoride salt at about the predicted rates, and
approximately 50% of the lanthanum and 25% of the
neodymium were removed. The rare earths did not
collect in the lithium-bismuth solution as expected; we
believe that this was the result of oxide contamination

in the system. The second experiment, which demon
strated all of the important aspects of the process, was
operated for about three months before it was shut
down for inspection. During that period more than 85%
of the lanthanum and 50% of the neodymium originally
in the fuel carrier salt was removed and deposited in a
lithium-bismuth solution. There was no measurable

accumulation of thorium (<10 ppm) in the lithium-
bismuth solution, thus demonstrating that the rare
earths can be removed without significant removal of
thorium. The thorium-lanthanum decontamination

factor was about 10s. The distribution coefficients
between the salt and metal phases in the system were in
reasonable agreement with expected values. A third
engineering experiment, which will use flow rates that
are about 1% of those required for a 1000-MW(e)
MSBR, is being designed and fabricated.

Our work on contactor development was quite
successful during this reporting period. Flooding data
obtained during the countercurrent flow of bismuth
and molten salt in a 24-in.-long, 0.082-in.-ID column
packed with V4-in. molybdenum Raschig rings are in
good agreement with flooding rates predicted from
studies with mercury and water. These studies indicate



that the flow capacity of packed-column contactors is
sufficiently high for use in MSBR processing systems.
Using the same column, we also demonstrated the
extraction of uranium from molten salt by bismuth
containing reductants in a flow system. Greater than
95% of the uranium was extracted from a molten-salt

stream by countercurrent contact with a bismuth
stream. Data on the extraction of uranium from salt by
countercurrent contact with bismuth containing reduc
tant were effectively correlated by an HTU model that
assumed the major resistance to uranium transfer to be
in the salt phase. These data indicate that the mass
transfer performance of packed columns is adequate for
MSBR processing systems at metal-to-salt flow rate
ratios of about 0.3 or greater. Preparations were begun
for mass transfer studies in packed columns using an
improved experimental technique that involves meas
uring the rate of exchange of zirconium isotopes
between salt and metal streams otherwise at equilib
rium.

We have continued our efforts to develop a frozen-
wall continuous fluorinator. Studies of heat generation
and heat transfer in a simulated fluorinator system have
shown that radio-frequency heating can be used to
provide the internal heat source required for studies
with nonradioactive systems. A relatively large con
tinuous fluorination experiment is planned.

We have begun considering oxide precipitation as an
alternative to the fluorination—reductive extraction

method for isolating protactinium and for subsequently
removing uranium from MSBR fuel salt. The utility of
flowsheets based on oxide precipitation is largely
dependent on the development of methods for sepa
rating oxide precipitate from molten-salt streams.

Studies on a number of topics related to MSR
processing are supported wholly or in part by funds
from the AEC Division of Research. These include work

on (1) distribution of protactinium between salt and
bismuth phases and protactinium oxide precipitation
studies, supported by Chemistry of Protactinium in
Molten Fluoride Systems, (2) hydrodynamics and mass
transfer in packed columns and continuous reduction of
iron fluoride in molten salt in packed columns, sup
ported by Chemical Engineering Research Studies, and
(3) axial dispersion in open bubble columns and
continuous fluorinator development, supported by
Fluoride Salt Separation Technology.

1.1 MOLTEN-SALT BREEDER REACTOR

FLOWSHEET ANALYSIS

A flowsheet in which fluorination is used for re

moving uranium and reductive extraction is used for

isolating protactinium from MSBR fuel salt has been
described.1,2 However, it has been found that a
considerable simplification in the flowsheet and a
significant reduction in partial fuel cycle cost can be
achieved by holding the isolated protactinium in a
secondary salt phase rather than in bismuth as previ
ously considered. A flowsheet has been developed using
this improved protactinium isolation method and the
metal transfer process described previously.3 We have
also observed that the waste streams from the protac
tinium isolation and the rare-earth removal portions of
the new flowsheet can be conveniently combined for
uranium recovery prior to disposal, thus decreasing the
probability of loss of fissile material. Oxide pTecipi-
tation is being considered as an alternative method for
selectively removing protactinium from MSBR fuel salt
and for subsequently removing uranium from the fuel
salt prior to the removal of rare earths. Two conceptual
flowsheets based on oxide precipitation have been
developed. Topics related to promising MSBR proc
essing flowsheets are discussed in the remainder of this
section.

Protactinium Isolation Using Fluorination
and Reductive Extraction

Analysis of the previously reported2 fluorination-
reductive extraction flowsheet for isolating protac
tinium from MSBR fuel salt revealed several undesirable

features and suggested an improved method for re
moving fission product zirconium and for retaining
233Pa during its decay to 233U. In that flowsheet,
zirconium was extracted into the bismuth stream

exiting from the lower column of the protactinium
isolation system and was removed from this stream by
hydrofluorinating a small fraction of the bismuth in the
presence of salt that was withdrawn from the system.
Since the bismuth stream also contained protactinium
and uranium, the portion of the stream that was
hydrofluorinated represented a compromise between
(1) maintaining an acceptably low zirconium concen
tration in the bismuth in the lower part of the column
and (2) transferring acceptably small amounts of
protactinium and uranium to the waste salt from which
these materials were recovered. The remaining bismuth
was hydrofluorinated in the presence of salt that was

1. L. E. McNeese, MSR Program Semiannu. Progr. Rep. Feb.
28, 1970, ORNL-4548, pp. 282-88.

2. M. J. Bell and L. E. McNeese, MSR Program Semiannu.
Progr. Rep. Aug. 31, 1970, ORNL-4622, pp. 199-202.

3. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, pp. 4-5.
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recycled to a point ahead of the fluorinator in order to
remove the uranium as UF6. This operation also
resulted in the recycle of zirconium, which, under
operating conditions of interest, was oxidized and
reduced several times before its removal. Such recycling
resulted in a significant increase in the quantity of
reductant required for isolating the protactinium.

We have observed that the flowsheet can be simplified
by hydrofluorinating the entire bismuth stream in the
presence of a secondary salt stream, as shown in Fig.
1.1. Salt is withdrawn from the reactor on a ten-day
cycle and is fed to a fluorinator where about 99% of the
uranium is recovered. The salt from the reactor is held

up about 30 min before fluorination in order to
decrease the heat generation rate due to fission product
decay from 56.4 to 15.6 kW/ft3. The salt is then fed to
an extraction column where protactinium, zirconium,
and the remaining uranium are extracted into a bismuth
stream containing a reductant. Subsequently, the bis
muth stream is hydrofluorinated in the presence of a

SALT

PURIFICATION REDUCTION

i—r

PROCESSED SALT

second salt stream, which results in transfer of the ex
tracted materials to the salt. Reductant is added to the

recovered bismuth, and the resulting metal stream is
recycled to the extraction column as in the previous
flowsheet. The secondary salt stream is circulated
through a hydrofluorinator, a fluorinator, and a protac
tinium decay tank. The fluorinator is used to maintain
an acceptably low uranium concentration in the protac
tinium decay tank. Salt is withdrawn from the decay
tank periodically to remove zirconium and other fission
products that accumulate in the tank. The salt is held
for a sufficient period before final discard to allow
233Pa to decay to 233U, which is recovered from the
salt by batch fluorination.

These flowsheet modifications offer the following
advantages over the previous flowsheet:

1. The bismuth inventory in the system is greatly
reduced, thus avoiding a significant inventory
charge.
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Fig. 1.1. Improved flowsheet for processing a single-fluid MSBR by fluorination-reductive extraction and the metal transfer
process. The isolatedprotactinium is held for decay in a secondary salt stream.



2. The protactinium decay tank can be fabricated from
a nickel-base alloy rather than molybdenum, which
will result in a considerable saving in the cost of the
installed equipment.

3. Control of the protactinium isolation system is
greatly simplified.

4. Zirconium will not be recycled in the lower part of
the protactinium isolation system, thus reducing the
consumption of reductant.

5. The isolated protactinium is retained in such a
manner that maloperation of the extraction column
cannot return large quantities of protactinium to the
reactor.

6. The flowsheet is simplified; recycle of fuel salt
containing uranium, zirconium, and protactinium to
the primary fluorinator is avoided. Operation of the
secondary salt circuit is restricted only by heat
removal and inventory considerations.

7. Very efficient hydrofluorination of the bismuth
stream would permit the initial salt inventory in the
protactinium decay tank to contain natural lithium
rather than 7Li.

Representative operating conditions and partial fuel
cycle costs have been determined for the revised
protactinium isolation system. Both the quantity of
reductant required and the rate at which fuel carrier salt
must be removed from the reactor to compensate for
the LiF added by the protactinium isolation system
depend on the fraction of the uranium that is removed
from the fuel salt by the primary fluorinator. For a
uranium removal efficiency of 95%, the lithium reduc
tant requirement is 370 moles/day and fuel carrier salt
must be withdrawn at the rate of 0.3 ft3/day. For a
uranium removal efficiency of 99%, the reductant
requirement is 200 moles/day and salt must be dis
carded at the rate of 0.16 ft3/day. In the former
instance, the chemical and inventory charges for the
fluorination-reductive extraction system amount to
0.047 mill/kWhr. These charges are reduced to 0.034
mill/kWhr for the higher fluorinator efficiency. In each
case, the salt inventory in the protactinium decay tank
is about 150 ft3. The uranium inventory in the tank is
about 0.1% of the reactor inventory.

Rare-Earth Removal Using the
Metal Transfer Process

Salt leaving the protactinium extraction column is
essentially free of uranium and protactinium but
contains the rare earths. This stream is fed to the metal
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Fig. 1.2. Effect of number of stages in the fuel-salt-bismuth
and LiCl-bismuth contactors on MSBR performance.
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transfer process (see Fig. 1.1), which has been described
previously.3 Calculations have been made to show the
effects of several variables on the performance of the
process. The quantity that was used as a measure of
processing plant performance was the breeding gain
(breeding ratio minus 1). Figure 1.2 shows the effect of
the number of stages in the fuel salt—bismuth and the
LiCl-bismuth contactors on the breeding gain. It is
obvious that little benefit is realized from using more
than three stages in each contactor; thus three stages are
considered optimum.

The effects of the bismuth and LiCl flow rates are

shown in Fig. 1.3. A substantial increase in the breeding
gain is obtained by increasing the bismuth flow rate
from 8.3 to 12.4 gpm; however, further increases in the
flow rate do not produce corresponding gains in reactor
performance. The breeding gain is relatively insensitive
to increases in the LiCl flow rate above 33 gpm. These
results led us to select bismuth and LiCl flow rates of

12.4 and 33 gpm, respectively, for the reference
processing conditions. For these flow rates, the metal-
to-salt flow ratio in the fuel salt—bismuth contactor is

14.1. The column will be packed with V2-in. Raschig
rings and will be 7 in. in diameter. The LiCl-bismuth
contactor, which willalso be packed with V2 -in. Raschig
rings, is about 14 in. in diameter.

The presence of fluoride in the LiCl causes a
significant decrease in the thorium distribution coeffi-
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Fig. 1.3. Effects of LiCl and bismuth flow rates in the metal
transfer system on MSBR performance.

cient.4 As a result, an increase in the rate at which
thorium transfers to the LiCl is observed as the LiF

content in the LiCl is increased. This is undesirable

since the thorium is subsequently extracted, along with
rare earths, from the LiCl into the lithium-bismuth
solutions that are discarded. As shown in Fig. 1.4, the
thorium transfer rate increases from 0.41 mole/day
with no LiF in the LiCl to 280 moles/day when the
LiCl contains 5 mole % LiF. It is likely that the LiF
concentration in the LiCl will have to be kept below
about 2 mole %, which corresponds to a thorium
transfer rate of 7.7 moles/day. Discard of thorium at
this rate would add 0.0013 mill/kWhr to the fuel cycle
cost. The effect of the presence of fluoride in the LiCl
on the removal of rare earths is negligible; in fact, the
rare-earth removal efficiency increases slightly as the
fluoride concentration in the LiCl increases.

The bismuth and LiCl in the metal transfer process
are essentially captive phases and will contain appre
ciable quantities of fission products when the proc
essing system reaches steady state. The fission product
concentration in the bismuth leaving the upper con-

4. L. M. Ferris, MSR Program Semiannu. Progr. Rep. Feb. 28,
1970, ORNL-4548, pp. 290-91.
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Fig. 1.4. Effect of LiF contaminant in LiCl on thorium loss
rate in the metal transfer process.

tactor is about 0.0003 mole %, and the corresponding
total heat generation is about 1.7 kW. This bismuth
phase will have a volume of about 3.6 ft3; the resulting
specific power (470 W/ft3) is negligible. The fission
product concentration in the LiCl leaving the second
contactor is about 0.3 mole %. The total heat genera
tion rate in the LiCl is 305 kW; the maximum specific
power is about 15 kW/ft3. The total heat release rate in
the lithium-bismuth solution (50 at. % Li) used for
removal of the divalent rare earths is 460 kW; this phase
is circulated through an 18-ft3 holdup volume for heat
removal. The maximum specific power is 25.6 kW/ft3,
which results primarily from decay of '4 °Ba and
140La. The total heat release rate in the lithium-

bismuth solution (5 at. % Li) used for removal of the
trivalent rare earths is about 1.1 MW; this phase is
circulated through a 27-ft3 holdup volume for heat
removal. About 75% of the heat results from decay of
140La, 141Ce, and 143Ce. The maximum specific
power in this phase is about 40.7 kW/ft3.



Combination of Discard Streams from the Protactinium

Isolation System and the Metal Transfer System

The flowsheet shown in Fig. 1.1 requires that about
40 moles of LiF be added daily to the secondary salt, in
which the protactinium is held for decay, in order to
obtain a suitable liquidus temperature. Lithium fluoride
purchased at a relatively low expense could be used for
this addition; however, we have observed that an

acceptable liquidus temperature can also be obtained by
hydrofluorinating the lithium-bismuth stream from the
divalent rare-earth stripper in the presence of the
secondary salt. This operation adds 50 moles of LiF and
about 1.1 moles of rare-earth fluorides to the decay
tank per day. With this addition, the composition of the
secondary salt is 72-24-3 mole % LiF-ThF4-ZrF4, 1
mole % divalent rare-earth fluorides, and 360 ppm of
trivalent rare-earth fluorides. The salt has a liquidus
temperature of 570°C; at this temperature, the rare-
earth fluoride concentration is well within the rare-

earth solubility. The total heat generation in the
secondary salt is 5.2 MW; about 4.0 MW results from
233Pa decay and about 1.2 MW from decay of fission
products. The total secondary salt volume is about 175
ft3, and the specific power in the salt is 30 kW/ft3.

We have also observed that it is possible to combine
all waste streams from the metal transfer system and
the protactinium isolation system for uranium recovery

Li-Bi +OIVALENT

RARE EARTHS -

50 MOLES Li/DAY

Bi CONTAINING

Pa, U, Li, Th, Zr -»
FROM Po ISOLATION

prior to disposal, as shown in Fig. 1.5. In this operation,
waste salt from the protactinium decay tank would be
combined with the fuel carrier salt discard stream. The

lithium-bismuth stream from the trivalent rare-earth

stripper would be hydrofluorinated in the presence of
the resulting salt, and the combined stream would be
held for protactinium decay. The protactinium concen
tration in the combined streams would be only 500
ppm initially, and the specific heat generation rate
would be acceptably low. The salt in the waste holdup
tank would be fluorinated before discard to recover

uranium. The composition of the discarded salt would
be 74.7-13.5-9.5-0.8 mole % LiF-ThF4-BeF2-ZrF4, 1.2
mole % trivalent rare-earth fluorides, and 0.3 mole %

divalent rare-earth fluorides. Although the liquidus
temperature of the salt is near 500°C, the salt tempera
ture would have to be maintained at about 600°C so

that the trivalent rare-earth fluorides would not precipi
tate. This processing scheme would require that salt be
discarded at the rate of 60 ft3 every 220 days.

Removal of Protactinium and Uranium from Fuel Salt

by Oxide Precipitation

Ross, Bamberger, and Baess have shown that protac
tinium can be precipitated selectively as Pa2Os from

5. R. G. Ross, C. E. Bamberger, and C. F. Baes, Jr., MSR
Program Semiannu. Progr. Rep. Aug. 31, 1970, ORNL-4622, p.
92.
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Fig. 1.5. Method for combining waste streams from protactinium isolation and rare-earth removal processes. Flow rates are
shown for an assumed uranium removal efficiency in the primary fluorinator of 99%.



MSBR fuel salt by the addition of oxide to salt
containing Pa5+. Bamberger and Baes6 have also found
that uranium oxide can be precipitated from protac
tinium-free fuel salt (i.e., fuel salt from which protac
tinium has been previously removed), with the attend
ant precipitation of only a small fraction of the
thorium. However, if most of the uranium is pre
cipitated from the salt in a single operation, a large
quantity of Th02 will also be precipitated. Precipi
tation of large quantities of thorium can be avoided by
use of a multistage countercurrent precipitator. Calcu
lations have been made on the performance of a
multistage precipitator using the equilibrium data of
Bamberger and Baes6 for U02-Th02 solid solutions in
contact with fuel salt. Typical results for the effects of
temperature and number of stages on system per
formance are shown in Fig. 1.6. These results indicate
that greater than 99% of the uranium can be removed
from MSBR fuel salt with relatively few stages and that
the oxide stream produced will have a U02 concentra
tion of greater than 90%. A decrease in performance is
observed with increasing temperature. Thus we con
clude that oxide precipitation can be considered as an
alternative method to fluorination and reductive extrac

tion for the isolation of protactinium and removal of
uranium from the fuel salt of an MSBR.

A possible flowsheet and typical operating conditions
are shown in Fig. 1.7. Fuel salt is withdrawn from the
reactor on a three-day cycle, and protactinium is
removed by precipitation as Pa205. Part of the salt is
processed on a 30-day cycle for rare-earth removal by
the metal transfer process. Most of the uranium must be
removed from this stream prior to removal of the rare
earths. The separated uranium is then recombined with
the processed salt leaving the metal transfer system and
is returned to the reactor. The Pa2Os precipitate is
hydrofluorinated in the presence of a captive salt phase,
which circulates through the protactinium decay tank
and through a fluorinator in order to maintain an
acceptably low uranium inventory in the decay tank.
Part of the salt in the decay tank must be returned to
the reactor to compensate for salt that is transferred to
the tank with the Pa2Os precipitate.

As shown in Fig. 1.8, the protactinium removal time
for this system depends on the precipitator efficiency
and the rate at which fuel salt is transferred to the

protactinium decay tank along with the Pa2Os. A
removal time of about five days can be obtained if 60%
of the protactinium is removed from the salt in the

6. C. E. Bamberger and C. F.

177 (1970).

Baes, Jr., /. Nucl. Mater. 35,
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Fig. 1.6. Effect of temperature, number of stages, and oxide
removal rate on percentage uranium recovered in an oxide
precipitator.

precipitator, provided the salt transfer rate to the
protactinium decay tank is as low as 10 to 20
moles/day (a salt-to-oxide flow rate ratio of 2 to 4). A
precipitator efficiency of about 80% would be required
if the rate of salt transfer to the decay tank were as high
as 600 moles/day. The uranium inventory in the decay
tank depends on the efficiency of the fluorinator in the
protactinium isolation loop and on the amount of fuel
salt transferred to the protactinium system with the
precipitate, as shown in Fig. 1.9. This uranium inven
tory will be only a small fraction of the uranium
inventory in the reactor, and the associated inventory
charge will be less than 0.001 mill/kWhr for a wide
range of operating conditions.

Isolation of protactinium by oxide precipitation can
also be achieved without the use of a fluorinator, as

shown in Fig. 1.10. In this flowsheet, the Pa205
precipitate is hydrofluorinated in the presence of
uranium-free salt leaving the metal transfer system. The
resulting salt stream then passes through a decay tank,
where it is held up two to four days before being
recycled to a point ahead of the precipitator in order to
return 233U to the reactor. Since the salt flow rate



through the protactinium decay tank must be relatively
large in order to limit the uranium inventory in the
decay tank, high precipitator efficiencies are required; a
precipitator efficiency of about 96% would be required
to obtain a protactinium removal time of five days.

Uranium inventories in the protactinium isolation
system using this flowsheet will be 0.5 to 1.0% of the
reactor fissile inventory; corresponding inventory
charges will be 0.002 to 0.004 mill/kWhr.
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Importance of Uranium Inventory in an
MSBR Processing Plant

The MSBR processing flowsheets considered thus far
have uniformly resulted in very low uranium inventories
in the processing plant, that is, inventories that are
usually below 1% of the uranium inventory in the

reactor. Since several potential processing systems
might result in uranium inventories as large as 5 to 10%
of the reactor inventory, we have investigated the
importance of uranium inventory in an MSBR proc
essing plant. The major effects of an increased uranium
inventory are (1) an increase in inventory charges on
fissile material and (2) an increase in the reactor
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Fig. 1.11. Effect of U inventory in processing plant on system doubling time and inventory charges.

doubling time. The variation of each of these quantities
with processing plant uranium inventory is shown in
Fig. 1.11. The fissile inventory (which includes the
233Pa in the processing plant) wasassumed to be 1504
kg for the reference reactor and processing plant, the
value of 233U was taken to be $14/g, and the capital
charge rate was assumed to be 10%/year. The calculated
system doubling time for the limiting case of a zero
uranium inventory in the processing plant was 22 years.
It is seen that a processing plant uranium inventory of
5% of the system fissile inventory would increase the
fuel cycle cost by 0.015 mill/kWhr and would increase
the system doubling time from 22 to 23.1 years. A
uranium inventory of 10% of the system fissile inven
tory would result in a fuel cycle cost increase of 0.03
mill/kWhr and an increase in doubling time from 22 to
24.2 years. Thus, while there is incentive for main
taining a low uranium inventory in the processing plant,
it does not appear that a uranium inventory as high as 5
to 10% of the system fissile inventory would rule out an
otherwise attractive processing system.

1.2 MEASUREMENT OF DISTRIBUTION

COEFFICIENTS IN MOLTEN-SALT-

METAL SYSTEMS

Studies of the basic chemistry relating to the metal
transfer process7 '8 for the removal of rare earths from

7. L. E. McNeese, MSR Program Semiannu. Progr. Rep. Feb.
28, 1970, ORNL-4548, p. 277.

8. D. E. Ferguson and staff, Chem. Technol. Div. Annu.
Progr. Rep. May31, 1970. ORNL-4572, p. 1.

MSBR fuel salt were continued during the past year. In
these studies, more measurements of the equilibrium
distribution of lanthanide and actinide elements be

tween liquid bismuth solutions and molten LiCl or LiBr
were made. Data were also obtained on the effect of

fluoride concentration on the distribution of uranium

and several lanthanide elements between LiCl-LiF and

bismuth solutions. These latter measurements should be

useful in predicting how the metal transfer process
would be affected if the LiCl acceptor salt became
contaminated with fluoride fuel salt.

It has been shown before8-1 * that at a given
temperature the distribution coefficients for com
ponent M,

D
M

_ mole fraction of M in bismuth phase
mole fraction of M in salt phase

can be expressed as

log£>M=wlog/VLi + log/V

(1)

(2)

in which NLi is the mole fraction of lithium in the
bismuth phase,n is the valence of M"+ in the salt phase,
and log ATM* is a constant. Most of the values of n and
log KM* obtained in our recent studies using various
salt phases are given in Table 1.1. The original data, as

9. L. M. Ferris et al., /. Inorg. Nucl. Chem. 32, 2019 (1970).

10. L. M. Ferris, F. J. Smith, and J. C. Mailen, MSRProgram
Semiannu. Progr. Rep. Feb. 28, 1970, ORNL-4548, p. 289.

11. L. M. Ferris and F. J. Smith, MSR Program Semiannu.
Progr. Rep. Aug. 31, 1970, ORNL-4622, p. 204.
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plots of log DM vs log 7VLi, obtained at 700°C for
plutonium, curium, and californium with LiCl as the
salt phase are shown in Fig. 1.12. Generally, the values
of n obtained (Table 1.1) were those expected; an
exception was californium, which existed primarily in
the 2+ oxidation state at 640°C and wasalmost totally
divalent at 700°C (Fig. 1.12).Theseresultsconfirm our
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Fig. 1.12. Equilibrium distribution of plutonium, curium,
and californium between molten LiCl and liquid bismuth
solutions at 700° C.

Table 1.2. Temperature dependence of log A"M* for several
elements: log KM* =A +B/TC K)

Temperature range 625 to 750°C

Salt Element B
Standard deviation

oi\agKu*

LiCl Ba2- -0.6907 2,189 0.02

La3* -2.6585 9,697 0.1

Nd* -3.3568 10,900 0.08

Sm* 0.7518 1,950 0.05

Eu2- -0.1584 2,250 0.05

LiBr Ba2^ -0.0733 1,333 0.02

Nd3* 4.4046 4,297 0.1

earlier evidence12 for the existence of Cf(II)under the
experimental conditions employed.

The data given in Table 1.1, when used in conjunction
with previously reported data,8,10'11 allowed us to
determine the temperature dependence of logKu * for
several elements. With each element for which sufficient

data were obtained, the relationship log A^M * = A +
B/T(0K) was obeyed. Values of A and B for several
elements, obtained with either LiCl or LiBr as the salt

phase, are given in Table 1.2. These data confirm earlier
indications8'' ° •'' that the distribution behavior of the
di- and trivalent elements is rather insensitive to

temperature changes and that the distribution coeffi
cients for a given element at a given temperature are
about the same with LiCl and LiBr. On the other hand,
the available data indicate that the values of logKu *
for tetravalent elements such as thorium and protac
tinium are more strongly dependent on temperature
than the values for the di- and trivalent elements.

The effect of LiF concentration on log KM* for
several elements is shown graphically in Fig. 1.13. The
values of log Ku* for lanthanum, neodymium, and
uranium are those given in Table 1.1; the data for
thorium and europium were reported previously.8'11
As seen in Fig. 1.13, the values of log KM* for the di-
and trivalent species did not vary markedly when the
LiF concentration was in the range of 0 to about 4
mole %. However, the value of KTh* decreased by
about 2 orders of magnitude as the LiF concentration
was increased from 0 to 4 mole %. These data indicate

that contamination of the LiCl acceptor salt with
fluoride fuel salt in amounts that are equivalent to 4

12. J. C. Mailen and L. M. Ferris, "Distribution of Trans
uranium Elements between Molten Lithium Chloride and

Lithium-Bismuth Solutions: Evidence for Californium(II),"
Inorg. Nucl. Chem.Lett, (in press).
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Fig. 1.13. Variation of log ^vi* with salt composition. Salt phase was an LiCl-LiF solution; data obtainedat 640°Cexcept for
europium, which was obtained at 650°C.

mole % LiF or less will not affect the extent to which

the rare earths are removed in the metal transfer

process. The presence of fluoride in the acceptor salt
would, however, cause a decrease in the thorium—
rare-earth decontamination factor.

In another report1' we presented values of log K?m *
that were obtained in an experiment at 640°C involving
several LiCl-LiF solutions as the salt phase and also
estimated the neodymium-promethium separation
factor (D^d/DPm) to be 3 ± 2. The LiF concentration
in the solutions ranged from about 2 to 18 mole %.

Inspection of the gamma spectra of samples taken in
this experiment revealed that a significant amount of
147Nd was present along with the promethium. Analy
sis of these spectra showed the neodymium-
promethium separation factor to be independent of the
LiF concentration in the salt and yielded an average
separation factor of 8.3 ± 1.8. Assuming that this
separation factor is also valid with LiCl as the salt
phase, we estimate log Apm* = 7.66 ± 0.4 at 640°C.
This estimate indicates that promethium would behave
much like lanthanum in the metal transfer process.
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1.3. ESTIMATED FREE ENERGIES OF FORMATION

OF SOME LANTHANIDE AND ACTINIDE HALIDES

USING DISTRIBUTION COEFFICIENT DATA

The general reaction for the distribution of an
element M between a liquid bismuth phase and an LiCl
or LiBr salt phase can be written as

MX„(salt) + nLi(Bi) =M(Bi) + nLLX(salt) , (3)

in which X is CI or Br and (salt) and (Bi) denote the
respective phases. At a given temperature, the equi
librium constant for reaction (3) can be written as

NUyMaLix"
K =

n '
^MX^MX^Li ?Li

(4)

in which a is the activity, N denotes mole fraction, and
7 is an activity coefficient referred to the designated
pure solid or liquid. In the systems investigated, LiX
was practically a pure phase; henceaLiX Was essentially
unity. The concentration of the solute in both the
bismuth and salt phases was very low, as was the
concentration of lithium in the bismuth phase; there
fore the respective activity coefficients were practically
constant. Assuming that the activity coefficients are
constant and that aLiX = 1, and substituting Eq. (1)
into Eq. (4), we obtain in logarithmic form:

logi: = log£>M -«log/VLi

+ log7M - log7Mx - " lo8?Li • (5)
n

Substitution of Eq. (2) into Eq. (5) yields

log/i: = log/i:M*+log7M

Jostmx -"log-yLi. (6)

The Gibbs standard free energy change for reaction (3)
is

AG° =nA(/LiX - AGfMXn =-(2.3RT) logK , (7)

in which AG' is the free energy of formation of the
designated compound. From Eqs. (6) and (7), we
obtain

AG'm x =« AG/Lix +(2-3RT) Hog *m *
n

+ log7M - log 7MX - n log 7Li] . (8)

In our work, values of log KM * have been obtained for
several elements using LiCl or LiBr as the salt phase.
Free energies of formation for liquid LiCl and LiBr are
available from the JANAF tables.13 Activity coeffi
cients for several metals in liquid bismuth solution are
also available from the literature.14-18 We have esti

mated19 values of log 7Mx f°r dilute solutions of
MX„ in LiCl and LiBr from published phase diagrams
and the results of emf studies.

Values of AG* for several lanthanide and actinide
chlorides and bromides were estimated by incorporating
the above information in Eq. (8). These values are
compared with those from the literature in Table 1.3.
Within the estimated uncertainties, the AG' values
obtained in this work for LaCl3, ThCU, ThBr4, and
UBr3 are in good agreement with the values reported by
others.20-22 In the temperature range 640-700°C, our
estimates of AG^UC,3 are only about 5 kcal/mole less
negative than the values quoted by Brown.21 Our value
at 640°C is in agreement with that measured by Egan et
al.22 At 640°C, our value for AG^PuCl3 is in good
agreement with the values quoted by others;21 '23
however, our value at 700°C is about 7 kcal/mole less
negative than the literature values. Our values of AG'

13. JANAF Thermochemical Tables, Clearing House for
Federal Scientific and Technical Information, U.S. Dept. of
Commerce, August 1965.

14. V. I. Kober et al., Zh. Fiz. Khim. 42, 686 (1968).

15. V. A. Lebedev, I. F. Nichkov, and S. P. Raspopin, Zh.
Fiz. Khim. 42, 690 (1968).

16. V. A. Lebedev et al., Sov. J. At. Energy 27, 59 (1969).

17. M. S. Foster, S. E. Wood, and C. E. Crouthamel, Inorg.
Chem. 3, 1428 (1964).

18. L. M. Ferris, J. C. Mailen, and F. J. Smith, Estimation of
Activity Coefficients for Barium and Several Lanthanide Ele
ments in Liquid Bismuth from Distribution Coefficient and
Thermochemical Data, paper submitted for publication.

19. L. M. Ferris, J. C. Mailen, and F. J. Smith, Estimated
Free Energies of Formation of Some Lanthanide and Actinide

Halides at 600 to 800°C Using Molten Salt-Liquid Metal
Distribution Coefficient Data, paper submitted for publication.

20. C. E. Wicks and F. E. Block, Thermodynamic Properties
of 65 Elements - Their Oxides, Halides, Carbides, and Nitrides,
U.S. Bur. Mines Bull. 605 (1963).

21. D. Brown, Halides of the Lanthanides and Actinides, p.
244, Wiley, New York, 1968.

22. J. J. Egan, W. McCoy, and J. Bracker, "The Standard
Molar-Free Energy of Formation of Some Chlorides of Mg, Ce,
U, and Th by Solid-State EMF Techniques," in Thermo
dynamics ofNuclear Materials, p. 163, IAEA, Vienna, 1962.

23. F. L. Oetting, Chem. Rev. 67, 261 (1967).
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TEMPERATURE CO
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—I 1 T-
„ 800 700 600
|0m—i—i—r

o.oi

LITHIUM CONC. IN SOLUTION

(at. %)

Temperature

(°C)

-AG-f(kcal/mole)

Compound" This

work

Other

sources

LaCl3(s) 650

750

202 ± 4.6

198 ± 4.6

205 (ref. 20)

200 (ref. 20)

LaBr3(s) 640 174 ±4.6 158 (ref. 20)

182 (ref. 24)

NdCl3(s) 640

700

185 ± 5.5

183 ± 5.5

197 (ref. 20)

192 (ref. 25)

194 (ref. 20)
189 (ref. 25) >-

i-

NdBr3(s) 640 157 ±5.5 149 (ref. 20)

175 (ref. 24)

_i

00

_l

ThCl4(s) 640

700

216 ± 4.5

214 ± 4.5

221 (ref. 21)

216 (ref. 21)

O
in

z
3

ThBr4(s) 640 183 ±5.4 180 (ref. 21) a.
o

UCl3(s) 640

675

700

160 + 4.4

161 ± 4.4

158 ± 4.4

166 (ref. 21)

158 (ref. 22)

165 (ref. 21)
163 (ref. 21)

i-

UBr3(s) 640 136 ± 4.8 134 (ref. 21)

PuCl3(s) 640

700

178 ± 4.4

171 ±4.4

181 (ref. 21)
180 (ref. 23)

178 (ref. 21)

177 (ref. 23)

as denotes solid.

o.ooi
10 12 13

I04/T CK)

14 15 16

for LaBr3, NdCl3, and NdBr3 generally are not in
accord with estimates madeby others.20'24,25

1.4 SOLUBILITIES OF THORIUM AND

NEODYMIUM IN LITHIUM-BISMUTH

SOLUTIONS

In the metal transfer process7'8 being developed for
removal of rare earths from MSBR fuel salt, lithium-

bismuth solutions having high lithium concentrations (5
to 50 at. %) would be used to strip the rare earths
(along with any thorium present) from the LiCl
acceptor salt. Therefore, we are determining the solu
bilities, both individual and mutual, of rare earths and
thorium in lithium-bismuth solutions.

24. L. Brewer et al., "The Thermodynamic Properties of the
Halides," in The Chemistry and Metallurgy of Miscellaneous
Materials. Thermodynamics (ed. by L. L. Quill), NNES, Div. IV,
vol. 19B, p. 76, McGraw-Hill,New York, 1950.

25. A. Glassner, The Thermochemical Properties of the
Oxides, Fluorides,and Chlorides to 2500°K, ANL-5750 (1957).

Fig. 1.14. Thorium solubility in lithium-bismuth solutions.
Data for 0 at. % lithium taken from ref. 26.

Solubilities of thorium and neodymium in several
lithium-bismuth solutions were measured using the
procedure and apparatus described elsewhere.26 The
results are summarized in Tables 1.4 and 1.5 and are

shown graphically in Figs. 1.14 and 1.15. At each
temperature below 750°C the thorium solubility in
lithium-bismuth solutions increased by about a factor
of 3 as the lithium concentration in the solution

increased from 0 to about 40 at. %. Similarly, the
neodymium solubility increased regularly as the lithium
concentration increased from 0 to 25 at. %. However,

when the lithium concentration was increased from 25

to 38 at. % at 640°C, the neodymium solubility
decreased to about the same value that was obtained

with pure bismuth as the solvent (Fig. 1.15). We are
redetermining the neodymium solubilities in Li-Bi
(40-60 at. %) to confirm this behavior.

26. C. E. Schilling and L. M. Ferris, /. Less-Common Metals
20, 155 (1970).
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Fig. 1.15. Solubility of neodymium in lithium-bismuth solutions. The solubility of neodymium in lithium-bismuth (38-62 at %)
was taken from ref. 11. The solubility of neodymium in bismuth (lithium = 0 at. %) should be considered preliminary.

Table 1.4. Solubility of thorium in liquid
lithium-bismuth solutions

Table 1.5. Solubility of neodymium in liquid
lithium-bismuth solutions

Thorium Neodymium

Li concentration in

solution

(at. %)

Temperature range
(°C)

solubility,

logSTh (wt ppm)
= A + B/T(°K)

Li concentration in

solution

(at. %)

Temperature range
(°C)

solubility,

log 5'Nd(wt ppm)
= A + B/TCK)

A B A B

0° 350-800 7.708 -3852 0° 500-700 6.68 -2200

5.4 350-800 7.073 -3205 8.32 400-700 7.19 -2531

8.0 350-800 7.073 -3205 17.4 450-700 7.11 -2435

19.3 400-750 7.133 -3164 25.0 450-700 7.07 -2379

40.4 450-750 7.473 -3333 386 475-700 6.26 -1809

"Reference 26. "Preliminary data.
^Reference 11.
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A series of experiments was conducted in an attempt
to measure the mutual solubilities of thorium and

neodymium at 640°C in lithium-bismuth solutions
having lithium concentrations ranging from 0 to 20 at.
%. The mutual solubility limit was approached by
making incremental additions of neodymium to the
thorium-saturated liquid lithium-bismuth solution. The
data obtained in this series of experiments were
somewhat scattered, due primarily to the difficulty in
analyzing for thorium at a relatively low concentration
(less than 0.35 wt %) in the presence of neodymium at
a high concentration (up to about 2 wt %). However,
the following general conclusions can be drawn from
the data: (1) Neodymium, in concentrations below
about 1 wt %, appeared to have no effect on the
thorium solubility (about 0.35 wt %) in lithium-
bismuth solutions at 640°C; as the neodymium con
centration was increased from 1 to about 2 wt %

(saturation), the thorium concentration decreased
almost linearly from about 0.35 to about 0.1 wt %. (2)
The effect appeared to be reversible. Additions of
thorium to lithium-bismuth solutions saturated with

neodymium caused a decrease in the neodymium
concentration to about 1 wt % as the thorium concen

tration increased to about 0.35 wt %.

The above results indicate that the mutual solubility
of thorium and rare earths should be much higher than
required in the solution, Li-Bi (5-95 at. %), proposed7'8
for stripping of the trivalent rare earths (La, Pm, Nd)
from the LiCl acceptor salt.

1.5 PROTACTINIUM OXIDE PRECIPITATION

STUDIES

We are investigating oxide precipitation methods
(instead of fluorination and reductive extraction) for
the isolation of both uranium and protactinium from
MSBR fuel salt. It has been shown5 that Pa4+ dissolved
in a molten LiF-BeF2-ThF4 solution can be oxidized to
the 5+ state either by hydrofluorination or by reaction
with NiO. Furthermore, addition of oxide to a salt
solution containing Pa5+ resultss in precipitation of
pure, or nearly pure, Pa205. The solubility product for
Pa205 appears to be much lower than that for U02;
hence, Pa205 can be precipitated in preference to
UO^5'1 J Measurements at various temperatures of the
solubility of Pa2Os in MSBR fuel salt that is saturated
with U02 are being made. Accurate measurements are
extremely important in that the Pa205 solubility
defines the lowest protactinium concentration attain
able at a given temperature without changing the
uranium and thorium concentrations in the salt. Solu-

bilities of Pa2Os at U02 saturation of the salt can be
obtained in two ways. One method consists of the
direct measurement of the equilibrium quotient (Q) for
the reaction

5/4UF4(d)+ V2Pa205(c) =PaF5(d)+ 74U02(ss), (9)

for which

G9 =
•'vPaFs(d)JVU02(ss)

/\/S/4
JVUF4(d)

if Pa205 is present as a pure solid phase. In these
expressions, N, d, c, and ss denote mole fraction,
dissolved species, pure crystalline solid, andTh02-U02
solid solution respectively. The other method involves
combining the equilibrium quotients for the following
two equilibria:

%ThF4(d) + V2Pa205(c) = PaF5(d)+ 74Th02(c), (10)

UF4(d) + Th02(ss) = U02(ss) + ThF4(d), (11)

for which

N,

Qio
PaFs(d)

WS/4
F4(d)

and

Gn =
^ThF4(d)^U02(ss)

-^UF4(d)-^Th02(ss)

Previously,1 J we reported preliminary data from an
experiment in which Pa2Os was precipitated from
LiF-BeF2-ThF4-233UF4 (71.8-16-12-0.22 mole %) that
initially contained about 110 wt ppm 23' Pa.Complete
data from this experiment, along with the derived
values of log Q9, are given in Table 1.6. In the first part
of this experiment, small amounts of U02 were added
incrementally at 600°C to about 100 g of salt which
had been extensively hydrofluorinated to ensure that
the protactinium was in the 5+ oxidation state. The
protactinium concentration in the salt declined regu
larly with each addition of U02 until it reached a
steady value of about 2.5 wt ppm (Table 1.6, samples
1-7). The protactinium concentration in the salt
should become practically constant when the oxide
concentration in the salt becomes high enough to cause
precipitation of a U02-containing solid. These results
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Table 1.6. Precipitation of Pa2Os from LiF-BeF2-ThF4-UF4 (71.8-16-12-0.2 mole %)

Initial weight of salt: 100 g

Sample
Temperature

(°C)

Pa concentration

in salt

(wt ppm)
106"PaF5 i°Xjf4

Total U02
added to

system

(mg)

log 09
(footnote a)

1 600 111 30.4 2.68 0

2 600 110 30.1 10.8

3 600 100 27.5 10.8

4 600 66.9 18.3 2.37 22.8

5 600 14.2 3.87 31.6

6 600 2.5 0.69 2.39 41.6 -2.91

7 600 2.7 0.73 51.0

8 655 11.4 3.12 2.33 51.0 -2.24

9» 600 118 32.3 2.49 0

10 551 4.8 1.32 2.21 113 -2.59

11 577 9.7 2.65 2.10 113 -2.26
12 605 3.1 0.86 2.08 113 -2.74

13 632 7.4 2.03 2.13 113 -2.38
14 658 7.8 2.12 2.05 113 -2.34

a

Q9
*PaF5 *l/o2

^F4 '
"uo2 was about 0.95 in each case.

^System extensively hydrofluorinated after taking sample 8.

indicate that about 98% of the protactinium was
precipitated before attendant precipitation of a U02-
containing solid. occurred. The temperature of the
system was then raised to 655°C, and sample 8 was
withdrawn. After this, the system was again extensively
hydrofluorinated, and about 113 mg of U02 was
added. The temperature of the system was varied
between 550 and 660°C, and filtered samples of the salt
were taken at each temperature (Table 1.6, samples
10—14). At least 24 hr was allowed for the attainment
of equilibrium at each temperature. In calculating
values of log Q9 it was assumed (1) that the system was
at equilibrium in each case, (2) that the protactinium in
the salt was in the 5+ oxidation state, and (3) that the
solid phase was a mixture of pure Pa205 and a
U02-Th02 solution whose composition could be cal
culated from the uranium concentration in the salt and

the expression

log Qi i = log
^U02(ss) -^ThF4(d)

•'VUF4(d)^VTh02(ss)

2101 + 550/V,U02(ss)
(12)

reported by Bamberger and Baes.6 This calculation
showed that A\,o2(ss) varied only from 0.93 to 0.97;
the average value was 0.95. The average UF4 concen
tration in the salt was 0.22 mole %. We believe that

equilibrium was not achieved at 551 and 577°C and,
therefore, that our values of log Q9 at these tempera
tures (Table 1.6) are much too high.

We also measured the solubility of Pa2Os in LiF-
BeF2-ThF4 (72-16-12 mole %) in the presence of excess
Th02 and NiO using the general technique just de
scribed. These solubilities and the values of log Q1Q
derived from them are summarized in Table 1.7. Our

values for the solubility of Pa2Os are higher than those
of Ross, Bamberger, and Baes5 at temperatures above
about 675°C but, being more dependent on tempera
ture, indicate lower solubilities at the lower tempera
tures.

Also given in Table 1.7 are values of log Q9 = % log
Q\ i + log 2i o that were obtained from the measured
values of log Q10 and values of log QX1 that were
calculated from Eq. (12) using A7UF4(d) = 0.0022. A
plot of all of our values of log Q9 vs 1/7(0K) is shown
in Fig. 1.16. A least-squares fit yielded log Q9 =8.849
- 9859/r(°K), with a standard deviation of 0.47. This
expression gives values of log Q9 that are significantly
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different from those estimated by Rosset al.,5 particu
larly at temperatures below about 650°C. In addition,
the uncertainty in the values of this important equi

librium quotient is much larger than that required for a
detailed analysis of the oxide precipitation process for
the isolation of protactinium from MSBR fuel salt.

Table 1.7. Values of logQ9 calculated at A^jy = 0.0022 from measured values of logQ10 and logQl j

Temperature
Pa5* concentration at Th02

saturation of salt 106G10 log 2io
logfill

(footnote a)
log 09

(°C)
Wtppm 106*PaF5

(footnote b)

654

678

738

1.6

14

62

0.438

3.829

16.96

6.20

54.2

240

-5.207

-4.265

-3.619

2.812

2.730

2.536

-1.692

-0.852

-0.449

"Qi i evaluated at7VUF =0.0022.
bloeQ9 =\loSQll+\ogQ10.

to
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Fig. 1.16. Values of the equilibrium quotient for the reaction V2Pa2Os(c) +5/4UF4(d) =PaFs(d) +5/4U02(ss) when the UF4
concentration in LiF-BeF2-ThF4 (72-16-12 mole%) is 0.22 mole%.
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1.6 REDUCTIVE EXTRACTION ENGINEERING

STUDIES

We have continued our experimental work in the
flow-through reductive extraction facility after making
system modifications that were describedpreviously.27
The principal modification consisted of installing a
column packed with %-in. molybdenum Raschig rings
in place of the column packedwith %-in. molybdenum
solid cylinders. A final hydrodynamic experiment
(HR-12) was carried out to measure pressure drop
through the column when only salt (72-16-12 mole %
liF-BeF2 -ThF4) was flowing through it. Since only a
small pressure drop was expected, it was necessary that
the bismuth-salt interface at the bottom of the column

be depressed below the salt inlet. This was accom
plished by routing the argon off-gas flow through a
mercury seal to pressurize the top of the column, the
salt overflow sampler, and the salt receiver. Observed
pressure drops through the column were 2, 2.5, and 5
in. H20 at salt flow rates of 68, 127, and 244 ml/min
respectively; values predicted by the Ergun equation28
for these flow rates were 0.5, 1, and 2 in. H20
respectively. These measurements will be used for
future comparison to detect possible iron deposition in
the column.

In preparation for the first mass transfer run (UTR-1),
a sufficient quantity of LiF-UF4 eutectic mixture was
added to the salt feed tank to produce a uranium
concentration of 0.0003 mole fraction, and thorium
metal was added to the bismuth in the treatment vessel.

27. MSR Program Semiannu. Progr. Rep. Feb. 28, 1970,
ORNL-4548, p. 298.

28. S. Ergun, Chem. Eng. Progr. 48, 89 (1952).

Hydrodynamically, run UTR-1 was successful. A uni
form flow rate of each phase was maintained at 105
ml/min (~62% of flooding) for 90 min; during this
period, seven sets of simultaneous samples (salt out,
bismuth out) were taken from the flowing-stream
samplers. The flow rates were then increased to 129
ml/min (~76% of flooding) for 50 min. Surprisingly,
however, analyses of flowing bismuth samples showed
that only a small fraction (<0.5%) of the uranium was
extracted from the salt phase. Subsequent investigation
revealed that a cube of thorium metal had blocked the

charging port in the treatment vessel and that there was
essentially no reductant in the bismuth phase during the
experiment.

Thorium metal was added directly to the bismuth
feed tank in preparation for the next mass transfer run
Dissolution of the thorium was slow, requiring a total
of about 300 hr (including 120 hr at 650°C). Operating
conditions and results for run UTR-2 are summarized in

Table 1.8. About 95% of the uranium was extracted

into the bismuth phase, which initially contained a
140% stoichiometric excess of reductant. Conditions

for the experiment were chosen such that a relatively
large fraction of the uranium would be extracted,
although these conditions are not optimum for the
determination of mass transfer performance. This ex
periment was important in that it was the first
successful demonstration of the reductive extraction of

uranium into bismuth in a flowing system.
Prior to run UTR-3, 122.5 g of thorium metal was

added to the treatment vessel, which contained about
10% of the salt (1.5 liters) and most of the bismuth
(~17 liters) present in the system. The thorium
dissolved in the bismuth at a very low rate (~0.3%/hr),

Table 1.8. Dataobtained from uranium mass transfer experiments in an 0.82-in.-ID by 24-ia-high column at 600°C

Uranium concentration in salt (ppm)

Maximum

equilibrium
value,"

Salt Salt

feed, Xj effluent, XQ

UTR-2 808

UTR-3 2100

UTR-4 1680

40

159

445

561

524

439

626

X*

-0.8

3.6

9.4

10.3

9.7

7.2

9.7

Salt

flow

rate

Bismuth

flow

rate

(cm /min) (cm /min)

52

100

160

220

149

118

210

247

205

195

200

140

117

157

Metal-to-salt

flow

rate

ratio

4.75

Fraction

of

flooding

0.77

2.05 0.87

1.22 1.04

0.91 1.23

0.94 0.85

1.0 0.69

0.75 1.07

Fraction of

U extracted

from salt

-0.95

Fraction

ofU

remaining
in salt

-0.05

0.92 0.076

0.79 0.212

0.73 0.267

0.69 0312

0.74 0.261

0.63 0.373

Calculated as the concentration that would be in equilibrium with the observed concentrations of reductant (lithium) and
uranium in the bismuth effluent.
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which was nearly equivalent to the rate observed in the
bismuth feed tank prior to run UTR-2. In order to
improve the contact between thorium and the bismuth,
an additional 119 g of thorium (contained in a
l-in.-diam perforated steel basket) was suspended in the
bismuth The resulting dissolution rate was about ten
times the earlier rate; about 85% of the thorium
dissolved in a 22-hr period. Samples of the bismuth
phase showed a range of thorium concentrations and
suggested the existence of a concentration gradient in
the bismuth pool. The final thorium concentration in
the bismuth is believed to have been 1200 ppm. The
thorium-bismuth solution and the salt were then trans

ferred to the feed tanks. The solubility of thorium in
the bismuth at the feed tank temperature (540°C) is
about 900 ppm. The final uranium concentration in the
salt feed tank was 2100 ppm.

During run UTR-3, bismuth was fed to an 0.82-in.-ID
by 24-in.-high extraction column at the rate of about
200 cm3/min, and salt was fed to the column at the
rates of 100, 160, and 220 cm3/min. Under the first
combination of operating conditions, five sets of
samples were taken of the salt and bismuth streams
leaving the column; however, only one set of samples
was taken under each of the other combinations of

conditions, after a salt volume equivalent to three
column volumes had passed through the column. As
shown in Table 1.8, the fraction of the uranium
extracted from the salt decreased from 0.92 to 0.73 as

the salt flow rate was increased.

The thorium dissolution rate in the treatment vessel

prior to run UTR4 was about the sameas that observed
prior to run UTR-3. Some nonuniformity in thorium
concentration was observed in the bismuth. The final

thorium concentration in the bismuth feed tank was

about 1100 ppm, and the uranium concentration in the
salt feed tank was 1680 ppm. During run UTR4, the
system was operated at three sets of salt and bismuth
flow rates. Eleven pairs of samples were taken from the
salt and bismuth streams leaving the column. The
fraction of extracted uranium ranged from 63 to 74%,
as shown in Table 1.8.

Watson has noted2 9 that the uranium extraction data
from runs UTR-3 and -4 can be correlated in terms of

the height of an overall transfer unit based on the salt
phase (HTU) if several assumptions are made. The chief
assumption is that the rate at which uranium transfers
to the bismuth phase will be controlled by the diffusive
resistance in the salt film when the extraction factor is

high and when the salt film is composed largely of

29. J. S. Watson, ORNL, personal communication.

nontransferring ions. In runs UTR-3 and -4, a small
amount of uranium was added to the salt after it had

been equilibrated with the bismuth phase; no significant
transfer of lithium and thorium occurred in the column.

In this case, the overall transfer coefficient based on the
salt phase is equal to the individual salt film transfer
coefficient By definition, the HTU and the number of
overall transfer units based on the salt phase (NTU)
developed in the column are related as

# = HTU-NTU, 0)

where H is column length. If it is assumed that uranium
is the major component transferring from the salt and
that the controlling resistance to transfer is in the salt
phase, HTU can be written as

HTU =
ka '

(2)

where Vs is the superficial velocity of the salt in the
column and ka is the product of the overall mass
transfer coefficient based on the salt phase and the
interfacial area between the salt and bismuth phases per
unit column volume. It hasbeen previously3 ° observed
that the dispersed-phase holdup is approximately pro
portional to the flow rate of the dispersed phase except
at conditions near flooding. We would, therefore,
expect the interfacial area between the salt and the
bismuth phases to be proportional to the bismuth flow
rate, so that

ka=k'VBi, (3)

where k' isa constant and KBi is the superficial velocity
of the bismuth in the column. The number of overall

transfer units, based on the salt phase, developed in the
column is defined as

NTU -/
° dX

x*-x'
(4)

where

X = uranium concentration in the bulk salt,

X* = uranium concentration in the salt in equilibrium
with the bulk bismuth phase,

Xj = uranium concentration in the salt fed to the
column,

30. J. S. Watson and L. E. McNeese, MSR Program Semiannu.
Progr. Rep. Aug. 31, 1970, ORNL-4622, p. 214.
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X0 = uranium concentration in the salt leaving the
column.

As shown in Table 1.8, the value of X* at the bottom
of the column is much smaller than the value of X0;
thus one would expect that X* < X throughout the
column. In this case, Eq. (4) would become

NTU = -ln- (5)

Combining Eqs. (1), (2), (3), and (5) and rearranging
yields the relation

ln- = -k'H
Bi

(6)

which states that a semilogarithmic plot of the fraction
of the uranium remaining in the salt vs the bismuth-to-
salt flow rate ratio should yield a straight line having a
slope of —k'H. This line would pass throughan ordinal
value of 1.0 at a bismuth-to-salt flow rate ratio of zero.

As shown in Fig. 1.17 the data from runs UTR-3 and
4 are well represented by Eq. (6). For these data, the
constant k' has the value of 0.0529 in._1.The product
of the overall transfer coefficient, based on the salt
phase, and the interfacial area is given by the relation

ka= 0.0529 V,
Bi ' (7)

where ka is the overall rate constant based on the salt

phase, sec-1, and VBi is the superficial velocity of the
bismuth in the column, ia/sec. Values for the overall
rate constant for the present data range from 0.012 to
0.021 sec-1 and compare favorably with a preliminary
value of 0.0076 sec-1 measured31 for the transfer of
uranium from a 96.2-3.6-0.2 wt % Cd-Mg-U solution to
a molten salt (50-30-20 mole % MgCl2-NaCl-KCl) at
temperatures ranging from 560 to 610°C.

The HTU values for the data from runs UTR-3 and 4

are given by the expression

HTU =
18.9

(8)

where HTU is the height of the overall transfer unit
based on the salt phase, in., and VmjVs is the
bismuth-to-salt flow rate ratio. The HTU values range
from 0.77 ft at a flow rate ratio of 2.05 to 2.1 ft at a

flow rate ratio of 0.75.

31. T. Johnson et al., Chem. Eng.
January-June 1965, ANL-7055, p. 44.

Div. Semiannu. Rep.

In order to measure mass transfer rates in the column

under more closely controlled conditions and under
conditions where the controlling resistance is not
necessarily in the salt phase, preparations were begun
for experiments in which the rate of exchange of
zirconium isotopes will be measured between salt and
bismuth phases otherwise at equilibrium. Residual
reductant was removed from the treatment vessel by
hydrofluorinating the salt and bismuth for 20 hr with
70-30 mole % H2-HF. Following the usual H2 sparge
for reduction of iron fluoride, the two phases were
transferred to the feed tanks. A hydrodynamic experi
ment (UTR-5) was then carried out (1) to remove from
the system any bismuth having a high thorium concen
tration and (2) to test the sampling and analysis
techniques under conditions where no mass transfer
should occur. Surprisingly, the reported uranium con
centrations of salt samples removed from the column

ORNL DWG 71-2865

0.9 1.0 1.5 2.0

BISMUTH TO SALT FLOW RATE RATIO,

2.5

Fig. 1.17. Mass transfer of uranium from LiF-BeF2-ThF4
(72-16-12 mole %) to bismuth containing reductant at 600° C in
an 0.82-in.-diam, 24-in.-long packed column.
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Fig. 1.18. Summary of flooding data with salt and bismuth in an 0.82-in.-diam, 24-in.-long column packed with /4-in. Raschig
rings.

effluent varied by ±35% from the average value, which
was in excellent agreement with the indicated uranium
concentrations of the salt feed and catch tanks.

An additional run (UTR-6) was made in order to
further test the sampling and analysis techniques and to
obtain hydrodynamic data. In this run, salt and bismuth
were fed to the column at flow rates of 125 and 117

cm3/min, respectively, for a 38-min period. During this
period, seven pairs of samples were taken of the salt and
bismuth streams leaving the column. Analysis of these
samples showed a scatter in uranium concentration
similar to that observed in run UTR-5. The flows of salt

and bismuth were stopped following the initial oper
ating period in order to freeze the drain line leaving the
specific gravity pot. Operation was then resumed with a
bismuth flow rate of 209 cm3/min and a salt flow rate
of 149 cm3 /min. Salt samples were taken periodically
for bismuth analysis. The apparent dispersed-phase
holdup, as indicated by the pressure drop across the
column, stabilized at 30%. A bismuth concentration in

the salt of about 5 ppm was observed during this
period. When the salt flow rate was increased to 151
cm3/min, the apparent bismuth holdup increased to
about 60% before the specific gravity pot began to fill
with bismuth, a clear indication that the column was

flooded. A bismuth concentration in the salt of about

10 ppm was observed during the latter period.
The flooding data obtained during this reporting

period are shown in Fig. 1.18, along with flooding data
obtained previously. The data are well represented by
the predicted flooding relation (denoted by the line in
Fig. 1.18) resulting from work with mercury and
aqueous solutions.32

Both phases were returned to the treatment vessel
after run UTR-6, and sufficient thorium was added to

extract about 50% of the uranium and zirconium from

the salt phase. The thorium dissolution rate was about

32. J. S. Watson and L. E. McNeese, MSR Program Semiannu.
Progr. Rep. Aug. 31, 1970, ORNL-4622, p. 213.
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one-half that observed prior to runs UTR-3 and 4. A
draft tube was installed in the treatment vessel in order

to improve mixing of the phases. The basket containing
the thorium was removed after about 156 g of thorium
had dissolved. The treated salt and bismuth were then

transferred through the system in order to bring the salt
and bismuth in the entire system to equilibrium before
the start of the 97Zr tracer experiments. After both
phases had been returned to their respective feed tanks,
we withdrew samples that showed an average zirconium
concentration of 165 ppm in the salt and a zirconium
distribution ratio of 1.0, which are satisfactory con
ditions for the tracer experiments.

The initial attempt at producing 97Zr by irradiation
of 96Zr02 resulted in an activityabout four times that
expected for 97Zr. The discrepancy was traced to an
outdated value for the thermal-neutron cross section for

96Zr, that is, 0.05 b as compared with a more recent
value of 0.2 b. After a suitable interval, the original
20-mg charge of 96Zr02 was reirradiated for 2 hr to
produce a calculated 97Zr-97Nb activity of 13.7 mCi.
Counting rates for 97Zr were measured for samples
taken from the salt feed tank at intervals following the
addition of tracer to the tanks. Mixing of the tracer in
the 15-liter salt volume was about 75% complete within
2 hr. The irradiation yield of 97Zr-9 7Nb was about 30%
higher than expected. The 97Zr counting rate, which
was greater than 200,000 counts per minute per sample,
indicates that counting precision in future experiments
should be good.

At the time the first 97Zr tracer experiment was
begun, a leak appeared in the salt feed line at a location
near the salt feed tank. An attempt to transfer the salt
from the tank by an alternate line disclosed a second
leak. The resulting salt spills caused the Calrod heaters
on the tank to fail and extensively damaged the nickel
aluminide coating on the exterior of the tank.

The tank was removed from the system for exami
nation and disposal since the damage from the salt
made salvage impractical. Examination, by the Metals
and Ceramics Division, of a metal specimen cut from
the outer shell of the tank revealed that, although two
years of operation at about 600°C had produced
considerable graphitization of the steel, ductility and
apparently tensile strength were not significantly im
paired. A new salt tank was fabricated and installed in
the system. The transfer lines were attached to the new
tank by 0.5-in.-OD sleeves to prevent the occurrence of
a similar failure. Insulation was stripped from all
transfer lines to allow inspection, and all lines that were
more than moderately oxidized were replaced.

1.7 DEVELOPMENT OF THE METAL TRANSFER

PROCESS FOR REMOVING RARE EARTHS

Two engineering experiments (MTE-1 and -2) for the
study of the metal transfer process for removing rare
earths from single-fluid MSBR fuel salt were completed.
The main objectives of these experiments were (1)
demonstration of the selective removal of rare earths

from fluoride salt containing thorium fluoride, (2)
collection of the rare earths in a lithium-bismuth

solution, and (3) verification of previous distribution
coefficient data. All of these objectives were accom
plished. Both experiments were performed in the
6-in.-diam carbon-steel vessel shown schematically in
Fig. 1.19. The vessel had two compartments that were
interconnected at the bottom by a pool of bismuth
saturated with thorium. One compartment contained
fluoride salt (72-16-12 mole % LiF-BeF2-ThF4) to
which tracer quantities of 147Nd and sufficient LaF3
to produce a concentration of 0.3 mole % had been
added. The other compartment contained LiCl, as well
as a cup containing a lithium-bismuth solution. During
operation, LiCl was circulated through the lithium-
bismuth cup at the rate of about 25 cm3 /min. The
concentration of reductant (35 at. % lithium) in the
lithium-bismuth was sufficiently high that, at equilib
rium, essentially all of the neodymium and lanthanum
would have been extracted from the LiCl that was

circulated through the lithium-bismuth cup.
The quantities of materials used in the two experi

ments are given in Table 1.9. The LiCl was purified
prior to use by contact with bismuth saturated with
thorium at 650°C. Both the carbon-steel vessel and the
bismuth were treated with hydrogen at 650°C to
remove oxides. The argon used as cover gas for the

Table 1.9. Materials used in metal transfer

experiments MTE-1 and -2

Run

No.

Volume

(cm3)
Moles

(g)

Fluoride salt MTE-1 709 36.6

(LiF-BeF2-ThF4-LaF3,
72-15.7-12-0.3 mole %

plus 147Nd tracer)

MTE-2 789 40.7

Bismuth saturated with

thorium

MTE-1

MTE-2

797

799

36.8

36.9

LiCl MTE-1

MTE-2

1042

1042

36.6

36.6

Li-Bi (35 at % Li) MTE-1

MTE-2

192

164

11.1

9.5
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Fig. 1.19. Carbon-steelvessel for use in the metal transfer experiments.

experiment was purified by passage through a bed of
uranium turnings at 600°C and a bed of molecular
sieves. The equipment and operating conditions used
for the two experimentswere similar with the following
exceptions:

1. a quartz pumphaving sapphire check valves was used
to circulate the LiCl in experiment MTE-1, whereas
a carbon-steel pump having molten bismuth check
valves was used in MTE-2;

2. simple sparge tubes were used in MTE-1 to promote
contact between the salt and bismuth phases, while
in run MTE-2 gas-lift sparge tubes were used to
disperse the metal into the salt phase;

3. the quantity of 147Nd tracer added to the fluoride
salt was increased in MTE-2 to 7 mCi (from the 2
mCi used in MTE-1) to facilitate the detection of the
tracer;

4. the operating temperature was about 660°C in
MTE-1 and about 650°C in MTE-2.

In the first experiment (MTE-1), the LiCl was
pumped through the lithium-bismuth container for 3 hr

at a flow rate of 25 cm3/min. Pumping was then
stopped, and the system was allowed to approach
equilibrium during a 4-hr period. At this point, filtered
samples of the salt and metal phases were taken. During
the pumping and equilibration periods, the bismuth-
thorium phase was forced to flow back and forth
between the fluoride and chloride compartments at a
rate equivalent to 10% of the metal volume every 7 min
in order to promote mixing in the bismuth-thorium
phase. The duration of the experiment was one week,
during which the LiCl pump was operated 50.5 hr. The
distribution coefficients for lanthanum and neodymium
between the fluoride salt and the thorium-saturated

bismuth were relatively constant throughout the run;
the respective averages, 0.044 and 0.073, were in good
agreement with expected values. The distribution coef
ficients for lanthanum and neodymium between the
LiCl and the thorium-saturated bismuth were higher
than anticipated during the first part of the run but
approached the expected valuesnear the end of the run.

Approximately 50%of the lanthanum and 25% of the
neodymium (after correcting for 147Nd decay) origi
nally present in the fluoride salt were removed during
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the run; however, the lanthanum and neodymium did
not collect in the lithium-bismuth as expected. After
the run was completed, most of the lanthanum and
neodymium that had been removed from the fluoride
salt was found in a V8-in.-thick layer of black material
located at the interface between the LiCl and the

bismuth-thorium. The composition of the material (wt
%) was: 3.6% La, 7.7% Th, 12.0% Li, 59.1% CI,4.4% 0,
0.95% Si, 0.54% Fe, and about 12% Bi. It is believed
that oxides introduced into the system from the quartz
pump or from moisture and air introduced when the
system was opened for maintenance before the run may
account for the accumulation of the rare earths in the

black material.

In the second experiment (MTE-2), quartz was
eliminated from the system by the use of a carbon-steel
pump, and contact between the salt and metal phases
was improved by the use of gas-lift sparge tubes. During
this experiment, the neodymium and lanthanum origi
nally added to the fluoride salt transferred to the
lithium-bismuth solution as expected. The experiment
was operated for about three months before it was shut

down for disassembly and inspection. During this time,
the pump was operated 441 hr, and 702 liters of LiCl
was circulated through the lithium-bismuth container.
The sequence of operations carried out consisted of
pumping the LiCl through the lithium-bismuth con
tainer for 3 hr at a flow rate of 25 cm3/min, then
stopping the pumping,and allowing a period of 4 hr for
the system to approach equilibrium before filtered
samples of the salt and metal phases were taken. This
sequence was repeated three shifts per day during the
first week and two shifts per day during the second
week of operation. For the remainder of the three-
month period, the pump was operated during the entire
day shift and the system was allowed to approach
equilibrium at night and on weekends.

The rate of accumulation of rare earths in this

solution is shown in Fig. 1.20. There was essentially no
accumulation of lanthanum or neodymium in the
solution until operation of a gas-lift sparge tube was
initiated (after about 50 liters of LiCl had been
circulated through the lithium-bismuth compartment).
After 400 liters of LiCl had been circulated (about
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two-thirds through the run), about 50% of the lantha
num and 30% of the neodymium originally in the
fluoride salt was found to be in the lithium-bismuth

solution. During this time, 70 to 100% of the lantha
num and neodymium initially charged to the system
could be accounted for by filtered samples taken of
each phase, indicating that most of the rare earths
remained in solution. During the last one-third of the
run, the rare earths continued to accumulate in the
lithium-bismuth solution, but the rate of accumulation
could not be determined accurately because a leak
developed in the lithium-bismuth cup, allowing about
30% of the solution to flow into the area between the
cup and holder. The extent of removal of lanthanum
from the fluoride salt is shown in Fig. 1.21, which
indicates that more than 85% of the lanthanum had

been removed at the end of the experiment; about 50%
of the neodymium was also removed. Approximately
10 to 20% of the rare earths were removed from the
LiCl as it was circulated through the lithium-bismuth
compartment. There was no measurable accumulation
of thorium (<10 ppm) in the lithium-bismuth solution
during the experiment, thus demonstrating that the rare
earths can be deposited in this solution without
significant amounts of thorium also being deposited.
The thorium-lanthanum decontamination factor was

about 105. The distribution coefficients for lanthanum

and neodymium remained relatively constant during the
experiment. The average values of the distribution
coefficients for lanthanum (0.05) and neodymium
(0.06) between the fluoride salt and the bismuth-
thorium solutions are in good agreement with expected

ORNL DWG 71-63
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values. The average values of the distribution coeffi
cients between the LiCl and the bismuth-thorium

solution were somewhat higher than expected for
lanthanum (3.1) and near the expected value for
neodymium (4.8). During the run, the lithium concen
tration in the lithium-bismuth solution decreased from

35 to 13 at %. Only a small fraction of this decrease
was due to the reaction of lithium with rare-earth

chlorides; the principal reason for the decrease has not
yet been determined. The bismuth-thorium phase re
mained saturated with thorium throughout the run,
indicating that there was no excessive loss of thorium
from the bismuth phase during the experiment.

Eight days before the end of the experiment, 1 vol %
fluoride salt was added to the LiCl compartment to
simulate entrainment of fluoride salt in the bismuth

Concentrations of beryllium, thorium, and fluoride in
the LiCl were determined periodically after the addition
of fuel carrier salt to the LiCl near the end of the

experiment, as shown in Table 1.10. During the 93-hr
period in which the LiCl was not circulated through the
lithium-bismuth container, the beryllium concentration
remained constant at the initial value of 490 ppm and
the thorium concentration decreased, as expected, from
the initial value of 9480 ppm to a value of 644 ppm.
When circulation of the LiCl was resumed, the beryl
lium concentration in the LiCl began to decrease; after
27 hr of operation, a concentration of 135 ppm was

-72-16-12 mole %
LiF-BeF2-ThF„

observed. The thorium concentration in the LiCl at this

time was 171 ppm.

The pump and other components of the system
operated satisfactorily during the run. After the experi
ment was completed, the carbon-steel vessel was cut
apart for inspection. The general condition of the inside
surfaces was good. The salt and bismuth phases were
sharply defined, and there was no evidence of accumu
lated impurities at the salt-bismuth interface as had
been observed in MTE-1. The inside of the main vessel

showed very little evidence of corrosion; however, holes
had developed in some of the sparge tubes and other
components made of thin (~0.030 in.) carbon steel.

The third engineering experiment for development of
the metal transfer process for removing rare earths from
MSBR fuel carrier salt is being designed. The experi
ment (MTE-3) will use flow rates that are 1% of the
estimated flow rates for a 1000-MW(e) reactor. The
experiment, shown schematically in Fig. 1.22, will use
mechanical agitators to promote efficient contact of the
salt and metal phases. Fuel carrier salt containing
rare-earth fluorides will be circulated between one side

of the salt-metal contactor and a fluoride salt reservoir.

Lithium chloride containing rare-earth chlorides will be
circulated between the other side of the salt-metal

contactor and a rare-earth stripper, where the rare
earths will be extracted into a lithium-bismuth solution.

AGITATORS-
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Fig. 1.22. Flow diagram for metal transfer experiment MTE-3.
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Table 1.10. Variation of beryllium, thorium, and fluoride
concentrations in the LiCl after addition of 1 vol %

fuel carrier salt

Time after

addition

(hr)

Pumping
time

(hr)

Fluoride

(wt %)

Beryllium

(ppm)
Thorium

(ppm)

0 0 0.98a 490" 9480°

19.8 0 1.49 490 7200

45.4 0 1.08 500 1100

69.7 0 1.81 320

93 0 2.03 490 644

115.9 5.9 2.34 470

163.9 20.3 1.07 120 1400

188.8 27.4 0.91 350

188.8 27.4 1.76 1356 1716

"Calculated values based on the amount of fluoride salt
added.

bSalt taken from vessel after experiment wasconcluded.

The experiment will use approximately 35 liters of
fluoride salt, 6 liters of thorium-bismuth solution, 6
liters of LiCl, and 5 liters of lithium-bismuth solution
having a lithium content of about 40 at %. The system
will require three process vessels, each of which will be
made of carbon steel. The largest vessel (the fluoride
salt reservoir), which will contain approximately 32
liters of salt, has been fabricated. The remaining 3 liters
of fluoride salt will be contained in the salt-metal

contactor. The fluoride salt will be recirculated con

tinuously from the reservoir to the contactor at the rate
of about 33 cm3/min by a pumpsimilar to the one used
in the second metal transfer experiment. The salt-metal
contactor will be a 10-in.-diam two-compartment vessel
having a mechanical agitator in each compartment.

1.8 CONTACTOR STUDIES OF A SIMULATED

MOLTEN-SALT-LIQUID-BISMUTH SYSTEM

Pressure Drop, Holdup, and Flooding
in Packed Columns

Studies of the hydrodynamics in packed columns
during the countercurrent flow of high-density liquids
are being made in order to evaluate and design
contactors for processing systems based on reductive
extraction. We have previously3 2'33 reported studies in
which mercury and water were used to simulate
bismuth and molten salt in columns packed with 3/,6-,
%-> %; and V2-in. Raschig rings and with V8- and V4-in.

33. J. S. Watson and L. E. McNeese, MSR Program Semiannu.

Progr. Rep. Feb. 28, 1970, ORNL-4548, p. 302.

solid right circular cylinders. These studies have shown
that the dispersed-phase holdup and the column through
puts at flooding can be correlated3 2 on the basis of a
constant slip velocity in the following manner:

-X X
Vs, (1)

vc/i2 +Vd,fil2 =vsil2> (2)

where

Vc = superficial velocity of the continuous phase,

Vj = superficial velocity of the dispersed phase,

Vs = slip velocity,

X = dispersed-phase holdup,

/= subscript denoting superficial velocities at flood
ing.

These relations were previously32 extended to cover
dispersed-phase holdup and throughput at flooding with
salt-bismuth systems by assuming that, for a given
packing size, the slip velocity was (1) independent of
the viscosity of the continuous phase, (2) proportional
to the difference in the densities of the phases, and (3)
proportional to the packing void fraction. Although the
resulting relations predicted flooding rates that were in
excellent agreement with flooding rates measured with
bismuth and molten salt, it was realized that the

agreement did not constitute verification of the as
sumed effects of the continuous-phase viscosity and the
difference in the densities of the phases.

During this reporting period, data showing the de
pendence of slip velocity on continuous-phase viscosity
were obtained by an MIT Practice School group. A
2-in.-diam, 24-in.-long column packed with 3/8-in.
Teflon Raschig rings, which were not wet by either
phase, was used in the study. The experimental system
was modified so that water or water-glycerin solutions
could be recirculated through the column at constant
temperature by installation of a heat exchanger and an
aqueous-phase surge tank. Data were obtained with
glycerin solutions having viscosities of 7.5 and 15 cP, as
well as with water (which has a viscosity of 1 cP), since
repacking a column can alter the slip velocity by as
much as 10%.

The results obtained were similar to those observed

previously for mercury and water. The dispersed-phase
holdup could be correlated in terms of a constant slip
velocity for the three cases involving nonwetted pack
ing. The relative standard deviations for the slip
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velocities were about ±10%; no dependence on the flow
rate of either phase was noted. The variation of slip
velocity with continuous-phase viscosity is shown in
Fig. 1.23, which indicates that the slip velocity is
proportional to the -0.167 power of the continuous-
phase viscosity. As expected, the dependence is not
large However, neglect of this effect was significant in
the earlier extrapolation from a water-mercury system
to a salt-bismuth system since the continuous-phase
viscosity changed by a factor of 12.

After the dependence of slip velocity on the con
tinuous-phase viscosity was known, it was possible to
reevaluate the dependence of slip velocity on the
difference in the densities of the two phases by using
the two data points afforded by the mercury-water and
the salt-bismuth data. If it is assumed that the de

pendence of slip velocity on the difference in densities
is a power-type dependence, a power of 0.5 is calcu
lated. This result is interesting in that it is the same as
the dependence of drop terminal velocity on the
difference in densities in the inertial region, where the
drag coefficient is essentially constant. The final re
lation for predicting the variation of slip velocity with
packing void fraction, the difference in the densities of
the phases, and the continuous-phase viscosity is, then,

-0.167

V. = K,(Hg-H20)
eref / V^HiO

Ap o.s

APHg-H,0
(3)

20

- 10

e 8

1 1 I I I I I

where

V, = slip velocity,

Fs(Hg-H2 O)=slip velocity for mercury-water for the
packing size considered,

e = packing void fraction,

eref= void fraction for packing for which
Ks(Hg-H20) was determined,

H= viscosity of continuous phase,

MH 0 =viscosity ofwater at 20°C,
Ap = difference in the densities of the

phases,

^Hg-H2o = difference in the densities of mercury
and water at 20°C.

Slip velocity values calculated from Eq. (3) can then be
used with Eqs. (1) and (2) for determining the
throughputs at flooding and the dispersed-phase hold
up.

The effect of wetting of the packing by the nominally
dispersed phase was also evaluated with 3/8-in. copper
Raschig rings that had been etched with nitric acid to
promote wetting of the packing by the mercury.
Complete wetting of the packing was obtained by the
mercury, which was saturated with copper. (The solu
bility of copper in mercury is quite low, and no
important changes in other physical properties should
occur.) After a few hours of operation, solids could be
seen at the water-mercury interface below the column;
these solids were believed to be copper oxide formed as

ORNL DWG 71-2867
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the result of the reaction of dissolved copper with
oxygen in the system. Periodic additions of nitric acid
to the system quickly removed the solids.

The interfacial area was decreased substantially when
the packing was wet by the mercury. No dispersion of
the mercury was observed; the interfacial area was
essentially the packing surface area. The slip velocity
(and hence the throughput at flooding) was con
siderably greater than with nonwetted packing. It is not
obvious that the slip velocity is independent of the flow
rates of the two phases. Since only nine metal holdup
measurements were taken, a quantitative analysis of
holdup is not possible. From the limited data, metal
holdup appears to be less dependent on the superficial
velocity of either the water or the mercury than one
would expect with a constant superficial velocity.

Axial Dispersion in Packed Columns

Measurements of axial dispersion in packed columns
during the countercurrent flow of fluids having high
densities and a large density difference were made with
V4-in. solid cylinders and with V4-, 3/8-, and V2-in.
Raschig rings. Mercury and water were used to simulate
the behavior of bismuth and molten salt. Axial dis
persion is not important for metal-to-salt flow rate
ratios of about 10 or less; however, the effect can be
significant at higher flow rate ratios. Devices that can be
inserted at intervals along the length of a column to
reduce the effect of axial dispersion to any desired level
have been developed. Details of these developmentsare
reported in Sect. 15.5.

Developmentof Mechanically Agitated
Salt-Metal Contactors

A program has been initiated for the development of
mechanically agitated salt-metal contactors as an alter
native to packed columns presently considered for
MSBR processing systems. This type of contactor is of
particular interest for use in the metal transfer process
since designs can be envisioned in which the bismuth
phase would be a near-isothermal internally recirculated
captive phase. It is believed that such designs will
require less molybdenum fabrication technology than
would a counterpart system based on packed columns.

Studies to date have been concerned primarily with
selection of a contactor design for the third metal
transfer experiment (MTE-3), discussed in Sect. 1.7,
which will have bismuth and salt flow rates that are
about 1% of the estimated rates for a 1000-MW(e)
MSBR. Several scouting tests were carried out with
water and mercury in vessels havingdiameters of 4 to 7

in., and a mockup of the contactor proposed for
experiment MTE-3 was built for additional study with
mercury and water. The mockup consists of an 8-in.-
diam vessel having a central partition that extends to
within V2 in. of the bottom of the vessel. The first tests
with the mockup were made with a flat four-bladed
paddle located in the mercury-water interface. The
paddle, 1.5 in. in diameter, was located inside a
3-in.-diam, 3-in.-high shroud containing four 0.3-ia-
wide, 3-in.-long baffles. The design was chosen to
maximize the extent of dispersion of the mercury in the
water, thereby maximizing the interfacial area between
the two phases. The system was tested with agitator
shaft speeds up to 1600 rpm. It was found that, under
these operating conditions, a stable dispersion of very
small mercury droplets was frequently formed. Also, at
all but the lowest mixer speeds, a dispersion of water
droplets in the mercury was formed, and these droplets
were pumped from one chamber of the mockup to the
other. Such pumping cannot be tolerated in the metal
transfer process since it would result in the mixing of
chloride and fluoride salts. The tendency of the
salt-bismuth system to form emulsions may be quite
different from that of the water-jnercury system;
however, it was concluded that the contactor should
operate under conditions that minimize the likelihood
of formation of emulsions.

The contactor design that has the greatest potential
for achieving good mass transfer with minimum dis
persion appears to be the Lewis cell34 —a contactor
with a paddle in each phase, located well away from the
interface. With such a contactor, the phases would be
agitated as vigorously as possible without actually
causing dispersion of one phase in the other. The
contactor mockup has been modified in order to study
the hydrodynamics of this contactor.

The mass transfer performance of this type of
contactor is known34 for a number of agitated,
nondispersed two-phase systems, and the results can be
correlated in terms of the Reynolds numbers and
viscosities of the two phases. Overall mass transfer
coefficients for the salt-bismuth system predicted by
this correlation appear to be adequate for MSBR
processing operations.

1.9 AXIAL DISPERSION IN SIMULATED

CONTINUOUS FLUORINATORS

Axial dispersion is important in the design of con
tinuous fluorinators, which are envisioned as open

34. J. B. Lewis, Chem. Eng. Sci. 3, 248-59 (1954).
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Fig. 1.24. Variation of dispersion coefficient with superficial gas velocity and column diameter in open bubble columns.

columns through which fluorine is bubbled counter-
current to a flow of molten salt. We have previously
reported data3 5~3 7 showing the variation of dispersion
coefficient with changes in gas and liquid flow rates,
physical properties of the liquid, column diameter, and
gas inlet diameter. During this reporting period our
efforts were directed toward developing an improved
experimental technique, which was then used to study
the variation of dispersion coefficient with changes in
column diameter, gas inlet design, and liquid physical
properties. The experimental technique is a transient
one that involves injecting a small quantity of KC1
solution at the top of the column and observing the rate
of buildup of tracer at the bottom of the column. The
KC1 concentration is measured with a small conduc

tivity probe. Earlier studies,35 which used a steady-
state technique, demonstrated that the axial dispersion
coefficient is not dependent on the superficial velocity

35. MSR Program Semiannu. Progr. Rep. Aug. 31, 1969,
ORNL-4449, p. 240.

36. MSR Program Semiannu. Progr. Rep. Feb. 28, 1970,
ORNL-4548, p. 307.

37. MSR Program Semiannu. Progr. Rep. Aug. 31, 1970,
ORNL-4622, p. 216.

of the liquid in the range of interest; hence, the
transient studieswere carried out with no flow of liquid
through the column. This was particularly useful for
studying the effect of the physical properties of the
liquid since relatively small volumes of solution were
required.

The variation of dispersion coefficient with column
diameter and superficial gas velocity is shown in Fig.
1.24 for column diameters ranging from 1 to 6 in. and
superficial gas velocities ranging from 0.25 to 64
cm/sec. The effect of changes in the viscosity of the
liquid in the range 0.9 to 15 cP was determined with
water-glycerin solutions. Viscosity had little effect in 3-
and 6-in.-diam columns; however, increasing the vis
cosity from 1.0 to 15 cP reduced the dispersion
coefficient in 1.5- and 2-in.-diam columns by as much
as 20%. Since the diameter of continuous fluorinators
will be 6 in. or larger, the viscosity of the liquidwill not
affect the dispersion coefficient. The effect of surface
tension was studied using butanol and isopropanol
solutions; the dispersion coefficient was found to
decrease as the surface tension was decreased. The
number and size of the gas inlets were found to be
important only for gas superficial velocities below the
slugging region.
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1.10 DEVELOPMENT OF A FROZEN-WALL

CONTINUOUS FLUORINATOR

An experiment to demonstrate the operation of a
continuous fluorinator having a layer of frozen salt
deposited on its walls for protection against corrosion
will use high-frequency induction heating to provide an
internal heat source in the molten salt. Estimates of the

performance38 of a frozen-wall fluorinator having an
induction coil embedded in the frozen salt near the

fluorinator wall indicate that this may be an acceptable
heating method. Because of uncertainties in the effect
of bubbles in the molten salt and in the amount of heat

that will be generated in the metal walls of the
fluorinator, heat generation rates are being measured in
a simulated fluorinator. In this simulation a 31 wt %

HN03 solution, which has electrical properties similar
to molten salts, is used to simulate molten salt in the
fluorinator vessel. Four induction coil designs have been
tested, and the effect of bubbles in the nitric acid has

been determined with one of the better coil designs.
Rates of corrosion were estimated for Ni-200 and

Ni-201 in gaseous fluorine at a pressure of 1 atm, using
data from the literature.

Induction Heating Studies

The induction-heated simulated fluorinator consisted

of a 5-in.-OD by 5-ft-long glass tube inserted in an
induction coil and placed inside a 5-ft-long section of
8-in.-diam 304 stainless steel pipe. The nitric acid inside
the glass tube represented the molten-salt zone of the
fluorinator, the space between the glass tube and the
pipe wall (which contains the induction coil) repre
sented the frozen salt layer, and the pipe represented
the fluorinator vessel wall. The acid was circulated

through the glass column, where it was heated by the
induction coil, and through a heat exchanger, where the
heat was removed. The heat generation rate in the acid
was determined from a heat balance on the acid as it

passed through the column. The pipe representing the
fluorinator wall was equipped with a jacket through
which cooling water passed. The heat generated in the
pipe was calculated from the change in temperature of
the water as it passed through the jacket. The induction
generator operated at a nominal frequency of 400 kHz.

The characteristics of the coils tested are given in
Table 1.11. Coils I, II, and III consisted of a number of
smaller 5.6-in.-ID, 3-in.-long coils connected in parallel
to headers carrying water and rf current to each small
section. These three coils covered the acid column

uniformly. Coil IV consisted often 5.6-in.-ID, 4-in.-long
38. J. R. Hightower, Jr., et al., MSR Program Semiannu.

Progr. Rep. Aug. 31, 1970, ORNL-4622, pp. 219-21.

Coil

I

II

III

III

III

IV

IV

Table 1.11. Characteristics of induction coils which were tested

Coil Material

Number of

small

coils

Number of

turns

in each

Diameter

of

conductor

Diameter

of

header

small coil (in.) (in.)

I Monel 17 -6.3 X %
II 304-L SS 18 6 % X
III 304-L SS 18 6 % X
IV Copper 10 ~11.8 % %

Table 1.12. Summary of results from induction heating tests in simulated fluorinator

Bubble

volume

fraction

0

0

0

0.1

0.15

0.0

0.15

Effective

resistance

of acid

(12)

0.0143

0.00845

0.0168

0.0150

0.0141

0.118

Effective

resistance

of coil

(n)

0.0617

0.0514

0.0559

0.0559

0.0559

0.0727

Effective

resistance

of pipe

(fi)

0.0121

0.0076

0.0106

0.0106

0.0106

0.0401

Efficiency of
heating
acid (%)

16.2

12.5

20.2

18.4

17.5

51.1

Predicted

efficiency of
heating

molten salt (%)

28.8

24.7

37.0

34.3

32.9

31.1

27.6
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coils. The smaller coils were arranged in such a manner
that there was a 2-in. space between each coil. Coils I,
III, and IV had adjacent smaller sections wound in the
opposite directions; coil II had all smaller sections
wound in the same direction.

Twenty-eight runs have been made with the simulated
fluorinator to determine the heat generation rates in the
column of acid, in the pipe surrounding the acid, and in
the induction coils. The results were expressed in terms
of effective resistances of each component (acid, pipe,
and coil). The effective resistance is defined as the ratio
of the heat generation rate (in watts) to the square of
the coil current in amperes (rms). The efficiency of
heating the acid is found by dividing the resistance of
the acid by the sum of the resistances of the acid, pipe,
and coil. The results obtained in the runs are sum

marized in Table 1.12, which shows (1) the average
effective resistances at 20°C of the acid, of the coil, and
of the pipe; (2) the efficiency of heating the nitric acid;
and (3) the predicted efficiency of heating molten salt
in a nickel fluorinator after correcting for differences in
conductivities between the simulated and the actual

systems. In some of the runs with coil III, air was
bubbled through the nitric acid at rates up to 2.16
scfm, resulting in bubble volume fractions as high as
18%. Typical fluorinators will operate with a bubble
volume fraction of about 15%. Also shown in Table

1.12 is the effect of bubble volume fraction on the

efficiency of heating the nitric acid and on the
predicted efficierfcy of heating molten salt in a nickel
fluorinator.

The predicted efficiencies for heating molten salt
shown in Table 1.12 are for a 5-ft-long fluorinator
having a 4.5-in.-diam molten-salt zone, a 1.5-in.-thick
frozen salt layer, and a 50°C temperature difference
across the salt layer. In such a fluorinator, about 1265

W must be generated in the molten salt. If a coil similar
to coil IV were used, a total coil current of 100 A and a
generator capable of generating at least 4600 W would
be required. These requirements are entirely reasonable
and could be fulfilled by the present generator. In the
next phase of experimental work, we will attempt to
form and maintain frozen salt films in equipment
containing a static salt volume.

Estimated Corrosion Rates in Continuous Fluorinators

Nickel is the preferred material of construction for
fluorinators since it exhibits greater resistance to attack
from gaseous fluorine than other materials. Its re
sistance to attack by fluorine results from a tightly
adhering film of the NiF? corrosion product through

which fluorine must diffuse to react with the metallic

substrate. The rate of reaction with nickel is greatly
reduced, although not to zero, once a protective NiF2
film is formed on a nickel surface exposed to gaseous
fluorine. The purpose of the frozen salt film in a
continuous fluorinator is to prevent the protective NiF2
film from being washed away by the molten salt. (No
benefit is assumed for any added resistance to fluorine
diffusion which may be offered by the frozen salt film.)
However, it is likely that the protective NiF2 film will
be destroyed unintentionally several times during the
operating life of a fluorinator, resulting in relatively
high corrosion rates during the period required for the
formation of a new NiF2 film. Therefore, we have
estimated the expected corrosion rates which result
from periodic destruction of the NiF2 film during
operation of a continuous fluorinator.

Data for the corrosion of Ni-200 and Ni-201 exposed
to gaseous fluorine at a pressure of 1 atm were collected
from the literature39"44 and were used to calculate rate
constants for the reaction between nickel and fluorine

at 1 atm pressure in the temperature range 360 to
700°C, the reaction was assumed to follow a parabolic
rate law. It has been shown39 that the reaction of
high-purity nickel with fluorine initially follows a
parabolic rate law from 300 to 600°C but that, after a
certain exposure time, the reaction rate decreases and
follows a third- or higher-order rate law. Thus the
assumption of a parabolic relation takes into account
the time dependence of the reaction rate but should
yield conservatively high estimates of the extent of
corrosion.

The extent of corrosion of nickel in fluorine was

assumed to be described by the equation

d = ksjt, 0)

39. R. L. Jarry, W. H. Gunther, and J. Fischer, The
Mechanism and Kinetics of the Reaction between Nickel and
Fluorine, ANL-6684 (August 1963).

40. Chem. Eng. Div. Summary Rep. July, August, September,
1958, ANL-5924 (1958).

41. Chem. Eng. Div. Semiannu. Rep. January-June 1964,
ANL-6900 (August 1964).

42. W. H. Gunther and M. J. Steindler, Laboratory Investi
gations in Support of Fluid-Bed Fluoride Volatility Processes.
Part XIV. The Corrosion of Nickel and Nickel Alloys by
Fluorine, Uranium Hexafluoride, and Selected Volatile Fission
Product Fluorides at 500° C, ANL-7241 (December 1966).

43. F. T. Miles et al., Progr. Rep. of the Reactor Sci. and Eng.
Dep., BNL-176, pp. 17-18 (March 1952).

44. P. D. Miller and W. E. Berry, A Survey of Corrosion in
the Fluidized-Bed Volatility Process, BMI-X-362 (November
1965).
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where

d = depth of nickel attacked by F2, mils;

t = time of exposure of nickel metal to gaseous fluo
rine, measured from the time when no NiF2 film
exists;

k = parabolic rate constant, mils hr~lI2.

Rate constants were calculated for 41 measurements

for which the exposure times ranged from 5 hr to 960
hr. Most of the exposure times were in the range of 30
to 150 hr. Fourteen measurements had been made to

determine the rate of corrosion of Ni-201 in the

temperature range 380 to 700°C; exposure times varied
from 5 to 132 hr. The calculated rate constants are

given elsewhere.4 s The best least-squares represen
tations of the data, which showed considerable scatter,

are given below:

In k = 0.3773
3691

for Ni-200 (2)

In k = 4.3083
7836

for Ni-201 (3)

where k has units of mils hr-l12 and T has units of ° K.
The largest deviations of individual data points from
these two equations were about an order of magnitude
higher and an order of magnitude lower.

If n is the number of times per year that the NiF2
film is destroyed, the extent of corrosion experienced
each year (8760 hr) is given in mils by

D = nk
/8760

(4)

and is the average corrosion rate per year. If the NiF2
film were destroyed 52 times per year, the average
corrosion rates at 450°C (the approximate wall temper
ature that will be used in a frozen-wall fluorinator)
would be 2.9 mils/year for Ni-200 and 0.97 mil/year for
Ni-201. If the film were destroyed 12 times annually,
the average corrosion rates would be 1.4 mils/year and
0.47 mil/year for Ni-200 and Ni-201 respectively.
According to these results, Ni-201 seems to be more
resistant to corrosion than Ni-200; however, either

material shows satisfactory corrosion resistance if the
NiF2 film is kept intact for periods having an average
length as great as one week. It appears that the

45. L. E. McNeese, Engineering Development Studies for
Molten Salt Breeder Reactor Processing No. 9, ORNL-TM-3259
(in preparation).

anticipated corrosion rate would be influenced much
more strongly by the length of time that a protective
NiF2 film is absent in the presence of fluorine and
molten salt than by the frequency of destruction of the
NiF2 film in the absence of fluorine.

1.11 DESIGN OF A PROCESSING MATERIALS

TEST STAND AND THE FIRST MOLYBDENUM

REDUCTIVE EXTRACTION EQUIPMENT

Molybdenum has been selected as the most promising
material of construction for reprocessing equipment
that must resist corrosion by bismuth. A cooperative
project is in progress between the Chemical Technology
and the Metals and Ceramics Divisions to develop the
fabrication techniques for molybdenum and to build a
small packed-column system. The project will test the
suitability of molybdenum as a material of construction
and will provide engineering data on packed-column
performance with a molten-salt—bismuth system.

The preliminary concepts46 for the test stand and
molybdenum equipment remain unchanged. A report
describing the conceptual design and the fabrication
development program has been prepared.47 A limited
amount of additional preliminary design work has been
done to assist the Metals and Ceramics Division's

fabrication development program.4 8
The molybdenum fabrication methods that have been

selected for development are as follows: The 37/8-in.-OD
vessel heads will be produced by back extrusion
(forging) with integral bosses for nozzle attachments.
Shop fabrication of the vessels will be done using
electron beam welding with back brazing of the welded
joint to reinforce the brittle welds that are charac
teristic of molybdenum. The braze alloy will be a
specially developed corrosion-resistant iron-base alloy.
Vessel girth welds will be reinforced externally with
brazed bands. Field welding of the molybdenum tubing
will be done with a compact orbiting-arc tube welding
machine. These welds will also be reinforced by
induction-brazed bands. A limited number of tube-

fitting-type connectors made of molybdenum have been
tested but have not been very satisfactory, primarily
because of galling of the threads. Additional fabrication
development work is required before the final design of

46. D. E. Ferguson et al., Chem. Technol. Div. Annu. Progr.
Rep. May 31, 1970, ORNL-4572, pp. 35-36.

47. E. L. Nicholson, Conceptual Design and Fabrication
Development Program for the Molybdenum Reductive Extrac
tion Equipment Test Stand, ORNL-TM-3392 (in press).

48. M. W. Rosenthal et al., MSR Program Semiannu. Progr.
Rep. Aug. 31, 1970, ORNL-4622, pp. 189-97, 212-13.
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the equipment is started. It is expected that detailed
design of the equipment will start in the near future.

A one-third-scale model of the test stand was made to

assist fabrication and design studies. Preliminary designs
were prepared for the head pots and for the molyb
denum-to-steel transition joints at the containment
vessel top flange. A full-scale transparent plastic model
of the bismuth head pot and the top portion of the
extraction column was tested with mercury and water
to simulate molten bismuth and salt. Gas-lift perform
ance was satisfactory over the desired mercury flow rate
range of about 0.05 to 1.1 liters/min. Performance of
the head pot was generally satisfactory in that liquid
flow rate fluctuations in the gas-lift discharge were
smoothed out and a quiet pool of liquid was maintained
above the metering orifice. Very little liquid was
entrained in the off-gas from the head pot.

1.12 REMOVAL OF URANIUM FROM MOLTEN

SALT BY OXIDE PRECIPITATION

Oxide precipitation is being considered as an alter
native to the fluorination-reductive extraction method

for isolating protactinium and removing uranium from
MSBR fuel salt prior to rare-earth removal. An engi
neering-scale oxide precipitation experiment is being
designed to study uranium removal from fuel salt from
which the protactinium has been removed. In this
experiment, 0.3 mole of uranium will be precipitated
from 2 liters (100 moles) of salt in a single-stagebatch
system. The source of oxide will be a steam-argon
mixture that will be introduced through a draft tube to
promote contact of the solid phase with the liquid
phase. We will obtain information on (1) the rate of
precipitation of U02 from fuel salt, (2) the chemical
composition and hydrodynamic behavior of the pre
cipitate, (3) steam utilization, and (4) the general
characteristics of precipitator operation. We have
planned a subsequent experiment in which multistage,
countercurrent operation of a U02-Th02 precipitator
will be studied.

Operation of a precipitator was simulated in a
4-in.-diam glass column (using air, a 50 wt % glycerol-
water solution, and iron powder as the gas, liquid, and
solid phases respectively) to assist in the design of the
draft tube for the vessel. Experiments with this system
indicated that the sides of the precipitator vessel should
be tapered near the bottom to bring the solids under
the draft tube and that the tube should extend to

within a few millimeters of the bottom of the vessel. An

all-nickel precipitator vessel incorporating these features
(see Fig. 1.25) has been designed. Precipitation will take

1/2 in. NICKEL
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SHIELD

INSULATION

ORNL DWG 71-2871

SAMPLE

LINE

OFF GAS

—CXJ—1__
ARG0N-H20 X)—' ARGON

DE-ENTRAINMENT

SECTION 6 in.
SCHED 40 PIPE x
6 in. LONG

BAFFLE

DRAFT TUBE
I in. SCHED 40

PIPE x II 1/2 in.

LONG

PRECIPITATOR
SECTION 4 in.
SCHED 40 PIPE x
12 in. LONG

Fig. 1.25. Schematic diagram of precipitator vessel for the
first uranium oxide precipitation experiment (OP-1).

place in the lower part of the vessel, which consists of a
section of 4-in. low-carbon sched 40 nickel pipe. The
upper part of the vessel is designed to permit deentrain-
ment of salt from the gas stream and is fabricated from
a 6-in.-long section of 6-in. sched 40 L nickel pipe. Gas
is introduced into the system through a section of
V2-in.-diam nickel tubing that extends to within s/8 in.
of the bottom of the vessel and then flows upward
through a draft tube made of 1-in. sched 40 pipe.

A baffle is mounted on the gas inlet tube to prevent
gross quantities of entrained salt from reaching the
upper part of the vessel. Heat shields are also mounted
on the gas inlet tube to prevent excessive heat loss to
the head of the vessel. The gas inlet tube is fitted with a
V2 -in. nickel-plated ball valve through which samples of
salt and oxide may be taken. Several methods for
obtaining samples of the solid phase were tested with
the glycerol-water-iron system, and results indicate that
samples of the precipitate can be obtained satisfac
torily.

The remainder of the system will consist of a salt
feed-and-catch tank; the argon, hydrogen, and HF
supply systems; the argon saturation system; the off-gas
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disposal system; and scrubbers for measuring the HF
concentration of various gas streams. The equipment,
now being fabricated, will be installed in Building 3541.

1.13 REDUCTION OF IRON FLUORIDE IN

MOLTEN SALT BY COUNTERCURRENT CONTACT

WITH HYDROGEN IN A PACKED COLUMN

Flooding Studies

The equipment being used to study the continuous
purification of molten-salt mixtures has been described
previously.49 During the flooding runs, salt flow rates
of 50 to 400 cm3/min were used with argon or
hydrogen flow rates of up to 7.5 or 30 liters/min
respectively; the temperature was 700°C in each case.
The pressure drop across the column increased linearly
with increases in gas flow rate, as shown in Fig. 1.26,
which summarizes the best data from the ten runs. The

salt flow rate was found to have only a minor effect on
pressure drop. The maximum throughput in these runs
was about 19% of the calculated flooding rate. Under
these conditions, the combined pressure drop in the
off-gas line and in the column was sufficient to depress
the salt-gas interface below the seal loop in the exit line
from the column. Increasing the off-gas line size and
providing a deentrainment pot corrected this limitation.

Iron Fluoride Reduction Studies

The iron concentration in the salt was increased to

about 400 ppm by the addition of iron fluoride prior to
making 11 reduction runs. Data from these runs are
given in Table 1.13. Although column operation was
erratic, reasonable values were obtained for the mass
transfer coefficients. These coefficients are about twice

those obtained by the M.I.T. Practice School group in
1968 using a 3.375-in.-ID column. The last nine runs
were made with LiF-BeF2-ThF4 (72.0-14.4-13.6 mole
%). After the first three runs, the iron analyses became
erratic, probably because some of the reduced iron
particles passed through the sampler filter or because
the samples had been contaminated with iron during
sample preparation.

49. R. B. Lindauer et al., MSR Program Semiannu. Progr.
Rep. Feb. 28, 1970, ORNL-4548, p. 329.
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Fig. 1.26. Column pressure drop during countercurrent flow
of molten salt (66-34 mole % LiF-BeF2) and either argon or
hydrogen.

Oxide Removal

Three H2-HF treatments were made to remove oxide.

The first was a batch treatment in the feed tank after

the first flooding run. Plugging of the liquid level dip
tube in the feed tank and of the feed line to the column

indicated the presence of insoluble oxide in the tank.
Nine hours of sparging with 4% HF—H2 removed about
500 ppm of oxide from the salt. During the LiF-BeF2
studies, the pressure drop across the column had
doubled, indicating an accumulation of BeO on the
packing. After the thorium was added to the salt, the
salt was contacted countercurrently in the column with
10% HF-H2 at 600°C. During the 2.75-hr treatment,
100 ppm of oxide was removed; the HF utilization was
15%. However, considerable oxide remained in the

system, as shown by a sharp rise in the pressure drop
across the column after three additional runs. To

provide further opportunity for insoluble oxide in the
column to be dissolved as oxide was removed from the

salt and to allow dissolution of the BeF2 produced, the
column was filled with molten salt and H2-HF was

passed through the salt for 18 hr. Oxide was then
removed at an average rate of about 15 ppm/hr, with a
maximum HF utilization of 5%. After this treatment,
the pressure drop across the column returned to normal
and remained low for the remaining runs.
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Table 1.13. Data from iron fluoride reduction runs

Column temperature, 700°C

Run

No.
Date

Gas flow

rate

(std liters/min)

H2 Ar

Salt

flow

rate"

(cm3/min)

Analyses of
filtered

samples
(ppm iron)

Percent

of

batch

contacted

Mass

transfer

coefficient,6
k,

Feed Product (ft/hr)

1 7/27 20 100 425 307 71.4 0.018

2 7/28 13.5 100 307 228 72.9 0.016

3 10/22 16.6 100 220 158 75.3 0.015

4 11/3 14.6 210 158 373 84.7

5 11/4 18.2 161 373 137 68.8

6 11/5 4.5 4.5 106 137 110 81.8 0.011

7 11/6 3.9 3.9 142 110 70 81.8 0.030

8 11/9 24.0 103 70 75 86.5

9A

9B

11/13
11/13

4.5

3.5

4.5

3.5

93

136
75 55c 79.4" 0.012

10 11/17 14.1 105 69e 77c 81.8

11 11/19 3.1 4.5 117 207 339

104c

81.2

"The first two runs used LiF-BeF2; the remaining runs used LiF-BeF2-ThF4.
"Based on outside surface of Raschig rings only since salt is considered to be nonwetting; k, is 78% of these values if entire area of

the Raschig rings is used as the basis.
cAverage of flowing-stream samples;no batch samples were taken after the run.

A value of 100% isusedin calculating k{ since samples are of flowing-stream type.
Calculated from flowing-stream samplesfrom previousruns.



2. Development of Aqueous Processes for LMFBR Fuels

Beginning in the 1980's, reprocessing of large quan
tities of fissile material from LMFBR reactors will be

required. The problems that will be encountered during
the reprocessing of this material will be different from
those that have been encountered with light-water
reactor (LWR) fuels for the following reasons: (1) The
major fissile material in LMFBR reactors is plutonium
rather than2 3sU.(2) The fissile content of the LMFBR
fuel is higher, by a factor of about 7 in the core section
and by a factor of about 3 when all the material to be
processed is considered, than that of the LWR fuel. (3)
The average fission product content will be somewhat
higher (the localized fission product content may be
three times higher) than that encountered in LWR fuel.
(4) The specific power of the LMFBR is higher, by a
factor of about 5, than that of the LWR. (5) Processing
of the LMFBR fuel after short decay periods will be
advantageous, owing to the high fissile content (and
high inventory costs) of the core material.

The Purex solvent extraction process, which is em
ployed by nearly every major fuel processing facility in
existence today, will be applicable in the processing of
LMFBR fuels. It appears feasible, with plant modifica
tions, to process fuel from early LMFBR reactors,
where preprocessing decay is acceptable, in existing fuel
reprocessing facilities.

Aqueous reprocessing is most economically ac
complished in large central facilities to which fuel is
shipped from various reactor sites. The problem of fuel
shipment, which is difficult even with LWR fuels, is
aggravated in the case of LMFBR fuels by the high
specific power of the fuel and the need to ship after
only short decay times. We are working toward develop
ment of equipment and techniques for shipment that
will ensure safety and containment under accident
conditions.

The preparation of LMFBR fuel for solvent extrac
tion is more difficult than that of LWR fuel because of

increased heat generation, vastly increased amounts of
radioiodine (if the fuel is processed after short decay
periods), and the presence of substantial quantities of

relatively difficult-to-dissolve plutonium and fission
products. We are making studies of the dissolution rates
for irradiated fuel and of equipment that will be
suitable for the accomplishment of certain of the
mechanical operations (e.g., shearing). Improved con
tainment of each equipment item and reduction of the
quantity of contaminated off-gas are among the pri
mary goals.

Disposal of the tritium that is produced during the
fissioning of uranium and plutonium is not currently a
problem because of the relatively small amount being
produced. However, when the nuclear capacity expands
by several orders of magnitude and the size and number
of processing facilities increase, there will be a definite
need to minimize the discharge of tritium to the
environment. A process that, hopefully, will isolate the
tritium prior to its dilution with dissolver solution is
under development. (If the tritium becomes mixed with
the dissolver solution, its isolation and recovery will be
impractical.) This process involves an oxidative heat
treatment, which will also liberate other volatile fission

products such as iodine, xenon, and krypton.

The treatment of off-gas is a major consideration in
the processing of fuels that have been cooled less than
120 days. Removal efficiencies for radioiodine of 108
will be required for large-scale plants which process fuel
that has been cooled for about 30 days. While no
processing facility in existence today has the capacity
(or the need) for this degree of removal, the recent
development of several efficient iodine trapping
systems, for example, the nitric acid scrub and the silver
zeolite sorber, gives us confidence that such a plant is
not beyond reasonable attainment. In the processing of
short-decayed fuels, substantial quantities of radioactive
xenon will also be present in the off-gas streams; it,
along with 8sKr, can be removed by various proven
means and by other rare gas removal methods that are
being developed.

Our work has been directed, in a considerable
measure, toward clear definitions of the problems and a
delineation of the most profitable areas of investigation.

39
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In the future we expect to develop the equipment and
the process flowsheet conditions that are required to
demonstrate safe and economic shipment and the
processing of short-cooled LMFBR fuel. While this is a
challenging problem, we are confident that the solution
lies in the extension of current practice and/or tech
nology.

2.1 SHIPPING

The shipment of radioactive materials is an essential
part of any nuclear power system. Even if each reactor,
or reactor complex, were equipped with its own
reprocessing and refabrication facilities, it would be
necessary to transport the radioactive waste streams
produced at the facility to permanent disposal areas.
(The probabiUty of locating all the power generating
stations in the vicinity of permanent radioactive waste
disposal sites is very low.) Hence, integration of power
generating and fuel reprocessing facilities could theo
retically eliminate the shipment of only one of the
several categories of radioactive materials.

Three avenues are apparent for minimization of the
hazard associated with the shipment of radioactive
materials in general, and LMFBR spent fuel in particu
lar. These are: (1) shipment in a form that is essentially
nondispersible, (2) shipment in a container that is
highly resistant to damage by both internal and external
forces, and (3) shipment by a method that will
essentially preclude exposure of the shipment to ab
normal conditions. Long-decayed LWR fuels contain
relatively small amounts of harmful fission products in
a dispersible form. On the other hand, short-decayed
LMFBR fuels are expected to contain large amounts of
noxious fission products in a dispersible condition. Our
efforts pertaining to fuel shipment have been centered
on guaranteeing the retention of cask contents under
highly abnormal circumstances. However, we are not
overlooking the possibility of increasing assurance
against accidental release of fission products through
the control of material form and shipment method.

The principal hazard associated with the shipment of
radioactive material is the possibility of dispersal.
Hence, if the radioactive material being shipped is in a
form that is very difficult to disperse, hazard to the
general public is minimal. Oxide fuels retain almost all
fission products with the exception of the more volatile
ones, that is, the noble gases, iodine, and possibly
cesium. (The oxide fuels are very slowly attacked by
water.) If the oxide fuels are shipped without prior
treatment to remove the available volatile fission

products, the containment system must be of such

construction that it offers adequate protection against
the release of radioactive gases.

Reduction of the probability of exposure of a
shipment to abnormal conditions can be achieved by
any number of administrative procedures; however,
possibly the most promising method is barge shipment,
in which the cask is carried beneath the water level. In

barge shipment, speeds are held to modest levels, falling
from high places onto an unyielding surface is
precluded, and protection from fire is guaranteed by
immersion in water.

Cask Integrity Tests

Several metallic seals are being studied in an effort to
determine their adequacy under normal and accident
conditions. One of these seals, a modified Grayloc, was
installed in four V6-scale model casks, as shown in Fig.
2.1, and tested under impact conditions by being
dropped in various orientations from a height of 30 ft
onto an unyielding surface. Leak rates for the seals were
determined before and after impact by using a helium
leak detection system generally capable of measuring
leaks approaching 10~10 cc/sec. Table 2.1 presents the
measured leak rates of the four casks following the
conditions specified. At the very low leak rates ob
served here, the numbers preceding the exponents have
little significance.

SEAL NUT

BLIND FLANGE SEAL

ORNL-DWG 70-12483RA

SPECIAL

FLANGE

Fig. 2.1. Sectional view of seal as installed in %-scale model
casks.
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Table 2.1. Observed leak rates of seals installed in model casks

Condition
Cask A

Initial 4.9 X 10

After first edge impact 2.3 X 10

After second edge impact on same surface 2.2 X 10

After additional impact on fresh surface

Retest 6.2 X 10"

After end impact

After opening, inspection, and resealing

After side impact 2 X 10"

-9

Helium leak rate (cc/sec)

CaskB

4.9 X 10"

6.2 X 10"

<3.9 X 10

CaskC

4.9 X 10

6.2 X 10"

2.7 X 10

4.8X 10"

<3.9 X 10"

-8

CaskD

4.9 X 10"

6.2 X 10"

<7.4 X 10"

6.6 X 10"

<5.1 X 10"

"Model casks were made of steel, unbuffered, anddropped 30 ft onto unyielding surface. Model scale was ~ /6. Seal was modified
Grayloc with clear opening of 1.1 in. diameter.

Impact was performed, but leak rate data are not available.

Cask A was dropped twice on the same point on an
edge close to the seal (the center of gravity was directly
above the point of impact); as a result, the seal loosened
very slightly, causing the leak rate to increase to
approximately 2 X 10"9 cc of helium per second.
Later, cask A was dropped on a different zone of the
edge. Cask B was dropped twice on edges adjacent to
the cask seal. Casks C and D were dropped on end
(normal to the landingsurface), which produced much
higher g forces than were observed in the case of impact
on the edges. In one case, the leak rate increased to
approximately 3 X 10~8 cc of helium per second, while
no increase was observed in the second case. The two

models were opened, inspected, resealed, and leak-
checked. No damage to the sealing mechanism or to the
interior of the cask cavity was perceptible.

All four casks were then subjected to a 30-ft free-fall
side impact. Although, in each case, the four casks came
to rest in a near-horizontal position, none of them had a
perfectly flat landing. Leak tests and visual observations
after the drop indicated that the seal was not affected
by the impact. Peak decelerations in the models were
4000 to 5000 g, which would indicate a deceleration in
a full-size cask of ~700 g. Visual indications of external
damage to the cask structure were slight.

We interpret these results, as well as the results from
earlier tests with various scale models of steel casks1
(sans seals), to establish that any deformation resulting
from credible impact accidents will be observable only

1. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, p. 42.

in the outer portions of the cask structure and that
mechanically isolated seals will suffer no deformation
of the sealing surface. Under conditions of zero (or
negligible) seal deformation, the maintenance of a seal
is dependent upon its resistance to predictable loads.
The equipment to withstand the imposed loads can be
analyzed by techniques that are as well established and
as well understood as those used for pressure vessels.
Hence, we believe that a seal capable of surviving any
credible impact load can be installed in a full-scale cask.

Heat Transport

Two large test systems were operated to collect
information on heat transport both within the sub
assembly and within the fuel cavity. The first of these
consisted of an electrically heated mockup of an
Atomics International Reference Oxide Reactor fuel

subassembly mounted inside a lO-in.-diam pipe. Some
of the results of tests made with a variety of coolants
are displayed in Fig. 2.2. The fuel rod emissivity both
before and after exposure to sodium was ~0.45. When
using atmospheric-pressure argon and helium as primary
coolants, thermal convection—conduction accomplished
38 and 72%, respectively, of the total heat transported
within the subassembly boundary when the central fuel
rod temperature was 1000CF.

The second large-scale test device was a half-length
full-scale mockup of the fuel cavity of a 37-subassembly
LMFBR fuel shipping cask. Some of the initial data
taken with this system are displayed in Fig. 2.3.
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COOLANT
HEAT

INPUT

10. 1 kw

EQUIV.

DECAY

28 DAYS

TEMPERATURES, °F

SODIUM 514 528 537 552 560 567 517 552 527 518

HELIUM 2.1 300 151 224 397 798 840 1002 311 617 120 97

ARGON 1.2 520 148 250 451 819 749 998 182 426 208 109

VACUUM 0.69 875 185 184 542 872 -786 996 333 639 112 92

SECTION 'A-A'

SINGLE SUBASSEMBLY CASK MOCKUP

Fig. 2.2. Temperatures observed in an electrically heated mockup of an Atomics International reference oxide reactor
subassembly installed in a 10-in. pipe.

Because the observed absolute temperatures are not
pertinent, whereas the temperature variation within the
fuel cavity is the object of the investigation, all the
temperatures are reported as variations from the maxi
mum observed temperature. Temperature variations at
the same physical level, but at different distances from
the heated portion of the mock fuel subassemblies, can
be seen to be quite small (generally less than 10°F);on
the other hand, an appreciable temperature difference
exists between points at different elevations. Tempera
ture variation between points as a function of total
power input appears to be less than a first power
function. The temperatures at the extreme cold end of
the fuel cavity are not displayed because peculiarities in
the design of the system cause heat loss in this area to
be excessive and because the observations are thought
to be erroneous.

2.2 HEAD-END PROCESSING

The development and evaluation of candidate head
end steps for reprocessing spent Fast Test Reactor
(FTR) and other LMFBR Follow-On fuels were con
tinued. The main efforts were centered on heat dissi

pation, thermal conductivity measurements, dis
mantling of multitubular assemblies, shearing, sodium
deactivation, and study of closures for equipment
isolation.

Decay Heat Dissipation

A comparison of the decay heat generation rates for a
typical PWR fuel (Diablo Canyon) assembly and several
LMFBR fuel assemblies was made using the computer
code ORIGEN (Fig. 2.4). Center-rod temperatures for
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-TEMPERATURE SENSING POINT

I) W (7) (12)
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Temperature Variation from Maximum

ORNL DWG 71-3786

Total Power Input
92.5 kW 150 kW 182 kW

0 0 0

-18 -20 -24

-51 -70 -78

-12 -4 -14

-19 -17 -27

-70

-16 -5 -16

-19 -16 -26

-66

-32 -17

-23

-22 -11 -22

-24 -20 -29

-67

a Temperatures are in °F.

Fig. 2.3. Observed variations in temperature in mock37-subassembly fuel shipping cask cavity when filled withliquid sodium.

these fuel assemblies are shown in Fig. 2.5 as a function
of decay time. Calculations were performed using the
HEX code, which assumes radiative heat transport only
between the rods within the array. Although the total
heat release for the PWRassembly is higher than for the
LMFBR assemblies, the heat release per unit of rod area
(which is the important factor in the temperature
calculations) is lower.

Thermal Conductivity Measurements

Head-end processing of LMFBR fuel by the shear-
leach approach involves the shearing of fuel rods into
short pieces to facilitate leaching of the urania-plutonia
from the stainless steel cladding. Heat transfer calcula
tions involving these fuel pieces, as in the calculation of
temperatures attained in baskets of sheared fuel, require
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Fig. 2.4. Heat release of LMFBR fuel vs heat release of a typical LWR fuel.

knowledge of the effective thermal conductivity of the
chopped fuel pieces. Thermal conductivity results ob
tained to date for the materials are given in Fig. 2.6.
(Porcelain was used as a stand-in for urania-plutonia.)

The increase in thermal conductivity in air from that
observed in argon (curve A vs curve D) is greater than
can be accounted for by the different physical proper
ties of the two gases. A partial explanation concerns the
oxidation of the stainless steel cladding in air, which
results in a higher emissivity and enhances radiative heat
transport. A comparison of curves B and E with the
same cover gas, argon, indicates that the thermal
conductivity of the solid material significantly affects
the effective thermal conductivity of the chopped
pieces [k = 0.88 Btu hr"1 ft"1 (°F)_1 at 400°F for
porcelain; k = 10.2 Btu hr"1 ft"1 (°F)-1' at 400°F for
304 stainless steel]. Curve C shows data taken with
chopped U02 fuel pieces % in. in diameter and 1 in.
long. As compared with results obtained with porcelain
(curve E), the effective thermal conductivity of the
U02 pieces is as much as 100% greater at high

temperatures. The difference in geometry would not
suffice to explain this difference in effective thermal
conductivity. While the differing thermal conductivities
of porcelain and U02 [k = 1.5 Btu hr"1 fffF)"1 for
U02] might account for the difference at low tempera
tures (where conduction is important), it would not at
high temperatures (where radiation and gas-phase con
vection are dominant).

Dismantling of Multitubular LMFBR Fuel Assemblies

Studies and scoping-type investigations of various
means for dismantling fuel assemblies were continued.
The concept of cropping the ends and removing the
hexagonal shroud (~V8 in. thick) by slitting in orderto
remove the fuel rods for single or multirod shearingwas
studied. This concept offers the advantages of em
ploying a small, inexpensive shear instead of a massive
bundle shear. With a small shear, decay heat dissipation
could be easily controlled by processing fewer rods per
array. However, disassembly may be feasible only for
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Fig. 2.5. Comparison of center-line temperatures of LMFBR fuel and a typical LWR fuel.

1000

FTR fuel and Atomics International (AI) fuels that are
free of grids. Disassembly does not appear to be feasible
for the most recent General Electric and Westinghouse
fuel concepts, which employ grids spot-welded to the
flow duct or shroud.

A plasma-arc torch has been the leading candidate for
use in longitudinal slitting at the hexagonal corner of
the shrouds. Thus a plasma cutting unit (~250 A; 250
V, maximum working voltage) was installed, and
shakedown tests were made. Results indicate that

shrouds can be slit without cutting into the fuel rods
within the shroud.

A tracking mechanism to guide the torch is a
requirement for successful torch use. Commercial track
ing mechanisms that can maintain the required torch
position along a bowed and/or twisted assembly sheath
are being investigated. It has been estimated that a bow
of 8 to 12 in. per 18-ft assembly length may occur in
LMFBR assemblies. A torch tracking sensitivity of ~2

to 10 mils is presently desired in order to prevent
cutting into the fuel cladding. Two types of commercial
tracking units are being investigated: (1) a mechanical
sensing probe type to automatically control both
vertical and horizontal positions and (2) a photoelectric
sensing device. Burned (light-absorbing) spots on the
shrouds may cause erroneous readings in a photoelectric
sensing unit; therefore, mechanical sensing probe units
are currently being considered as the most favorable
tracking devices.

Shearing

In continuing studies of bundle (intact) shearing of
fuel assemblies, three moving2 blades were fabricated
and three fixed blades were designed. These blades are
to be evaluated for breaking of the assembly shroud

2. Ibid., p. 50.
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VOID BULK DENSITY

CURVE MATERIAL GEOMETRY FRACTION ( g/cm3) COVER GAS

A SS-CLAD (15-mil

PORCELAIN

wall) 1/4 in. diam. x 1/2 in. LONG 0.52 1.78 AIR

B SOLID SS 1/4 in. diam. x 1 in. LONG 0.50 4.0 ARGON

C SS-CLAD (35-mil

U02
wall ) 1/2 in. diam. x 1 in. LONG 0.65 3.32 ARGON

D SS-CLAD (15-mil

PORCELAIN

wall ) 1/4 in. diam. x 1/2 in. LONG 0.52 1.78 ARGON

E SS-CLAD (15-mil

PORCELAIN

wall ) 1/4 in. diam. x 1 in. LONG 0.57 1.5 ARGON

600 800 1000

TEMPERATURE (°F)

Fig. 2.6. Thermal conductivities of some prototype LMFBR fuels.

1600

into small discrete pieces after the modifications of the
ORNL 250-ton shear are complete. These modifications
include new gags, feed envelope, blade holder, and
shear faceplates.

Material for use in LMFBR thermal conductivity tests
was sheared with the ORNL multirod shear. AI proto
type rods, V4-in.-OD by 15-mil-wall type 304 stainless
steel tubing containing porcelain pellets, were sheared
into V2-in. lengths. The packing density and the void
fraction of the sheared material (with fines removed)
were 1.66 g/cc and 55% respectively; 11.5% of the
porcelain was dislodged.

Shearing force data were obtained by shearing single
unclad ceramic rods (prototypes of AI core and
inner-blanket fuel rods) with a single-rod shear designed
for use in a hot cell. These data were intended to

supplement existing information in arriving at the
shearing force requirements for both LMFBR and LWR
reprocessing faciUties. Shearing stresses of 11,607 and
14,171 psi were measured for core and inner-blanket
rods having cross-sectional areas of 0.036 and 0.078

in.2 respectively. The ceramic material had a density of
2.52 g/cc and a hardness of 7 to 9 on the Mohs scale
(equal to the hardness of quartz and topaz).

Additional information was compiled on the force
required to shear single rods of unfilled, porcelain-filled,
or irradiated (U,Pu)02 -filled stainless steel tubing.
Table 2.2 and Fig. 2.7 show new data, along with
previously reported values for unirradiated empty and
porcelain-filled tubing. Little difference in behavior due
to irradiation was observed. Rods containing Vipak
powder or sol-gel material prepared by the Sphere-Pac
method offered little resistance over that of empty
tubing.

In many experiments, (U,Pu)02 fuel free of cladding
is desired. The single-rod hot-cell shear was used to cut
irradiated specimens into V8-in.-long pieces. In cutting
pieces of this length, the shear crushes and dislodges the
mixed oxides; the cladding segments can then be
separated by screening. Fuel of the highest linear heat
ratings and burnups produced more fines than other
wise similar fuels (Table 2.3). An investigation of
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Table 2.2. Results of single-rod shearing tests

Manufacturer
Fuel

specimen
Cladding
material

Fuel in cladding
Burnup

(MWd/metric ton)
Applied shearing

force (lb)

GE F1C Incoloy-800 20% Pu02 pellets 1,800 1068

GE FID 316 SS 20% Pu02 pellets 1,800 960

GE FIE 347 SS 20% Pu02 pellets 1,800 1005

GE F1F Incoloy-800 20% Pu02 powder 1,800 620

NUMEC 19-1 316 SS Empty plenum 100,000 1020

NUMEC 19-5 316 SS Empty plenum 100,000 1010

PNL X-l 304 SS 25% Pu02 pellets 3,630 780
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Fig. 2.7. Results of single-rod shearing tests.

differences in the chemical behavior of the different

size ranges of crushed fuel has begun (see Sect. 2.4).

Deactivation of Sodium

A program proposal was written for the study of the
removal, deactivation, and disposal of sodium present
with spent LMFBR fuels. Its scope includes:

1. A literature search to review the chemistry, methods
for handling, and existing means of deactivation and
disposal of sodium.

2. The tabulation of known LMFBR fuel types and
geometries, with an assessment of the quantity of
sodium likely to be retained on the surfaces.

3. The calculation of the amount of energy that is
released from reactions of sodium and an estimation

of the quantity of sodium, purity, temperature, and
surface characteristics.

4. The performance of deactivation methods of inter
est, and an analysis of each method for applicability
to LMFBR reprocessing concepts.

Design efforts for a sodium-purification-loop—dry-
box facility have progressed. The loop will provide pure
sodium to a test pot that is a part of the glove-box
assembly in which metallic specimens are to be soaked
in sodium under a dry argon atmosphere. The loop will
remove any sodium oxide generated by cold trapping.
The cover gas will be monitored for oxygen, moisture,
and hydrogen content. This facility will fall in the
modified Quality Level 2 category. Fabrication of
components should be in progress by the early part of
FY 1972.

Sodium-soiled specimens will initially be deactivated
by reaction with a moist inert carrier gas in small-scale
equipment or by oxidation in an experimental voloxi-
dizer unit.

Scoping-Type Sodium Deactivation Tests

A series of experiments was conducted to qualita
tively determine the feasibility of reacting small
amounts of sodium with nitric acid. Such a situation

could occur if sheared defective (sodium-logged) fuel
rods were placed in a dissolver without prior removalor
deactivation of sodium. Ten-gram quantities of sodium



48

Table 2.3. Size distribution of irradiated fuels sheared into '4-in- lengths

Experiment Burnup
(MWd/metric ton)

Linear

heat

rating
Fuel

type
Treatment

Distribution of standard sieve sizes (wt %)

No. + 10 +30 +60 +65 +80 +100 +200 -200
(kW/ft)

F1F 1,800 16.4 Vipak As fabricated 65 20 15

Crushed 23.5 24.7 6.4 2.9 15.1 27.4

43-112-1 5,000 8.4 Sol-gel As fabricated

Crushed

75.3

77.8 22.2"
24.6

43-112-3 6,800 13.6 Sol-gel As fabricated

Crushed

73.8

76.3 23.7"
26.2

43-115-4 42,000 13.4 Sol-gel As fabricated

Crushed

74.1

61.1 38.9"
25.9

PNL X-l 3,680 5.3 Pellet As fabricated

Crushed

100.0

33.2 25.3 12.4 29.1"

PNL 59-5 14,500 1L5 Pellet As fabricated

Crushed

100.0

48.4 10.7 41.0"

Smaller sizes not determined.

encapsulated in argon-filled 0.5-in.-OD X 0.025-in.-wall
X 5.5-in.-long carbon-steel tubing" were used in each
test.

When 4 to 8 M HN03 was used to a depth of 4 in. in
55-gal stainless steel drums (open or partially open
tops), observed reactions ranged from strong (acid was
expelled to a height of 20 ft) to mild (acid was not
expelled). Weaker acids and/or an argon cover gas
allowed the milder reactions. Presumably, the hydro
gen-oxygen reaction was predominant in the released
energy.

Mild reactions occurred when the sodium capsule was
tamped with a 2.5-ft depth of sheared porcelain-filled
stainless steel prototype fuel using 2 and 4 M nitric
acid. In these tests, which were designed to simulate
actual dissolver conditions, the fuel bed was not
disturbed. An argon cover gas was used.

The presence of carbon-steel chips in similar experi
ments produced violent explosions with an accompany
ing expulsion of prototype fuel. The probable cause of
such an energy release was the nitrous oxide—hydrogen
reaction. (The action of nitric acid on carbon steel
produces nitrous oxide. Nitrous oxide is also produced
in the dissolution of urania-plutonia.) These results
strengthen our desire to ensure that little or no sodium
enters a dissolver.

State-of-the-Art Literature Review of Sodium

Deactivation and Removal Methods

We have completed a literature review and study of
deactivation and disposal information on sodium and its

compounds. During the study, it was assumed that one
or all of several different physical and chemical sodium
collection and deactivation operations would be con
sidered for application to the various LMFBR fuel
head-end processing steps. Particular attention was
directed toward establishing the relative worth of
processes that (1) remove sodium from the exterior of
an LMFBR fuel assembly, of fuel rods, and/or of any
discarded fuel hardware and (2) remove sodium from
the interior of fuel rods that are manufactured with

sodium bonding and/or are sodium-logged due to
venting or to failure of the cladding.

In the study, physical deactivation and chemical
deactivation methods for sodium cleaning were con
sidered separately. The principal physical deactivation
methods that were reviewed included:

1. Mechanical methods, in which a high-velocity inert
gas or liquid stream is used to dislodge sodium
present on exterior surfaces.

2. Distillation methods in an inert gas or in vacuum,
where considerations focus on the rates of oxidation

vs vaporization of sodium, the heat transfer environ
ment, and the geometry of the fuel shape that has to
be cleaned of sodium.

3. Dipping techniques, utilizing a molten form of a
low-melting alloy, metal, or molten salt (such as
NaK, mercury or lead, and NaCl-CaCl2), in which
the residual liquid metal remains liquid at all
handling temperatures.
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Table 2.4. Major sodium deactivation techniques for each head-end processing step

Cask cleaning

on-site

Receiving and

cleaning

Cropping,
deshrouding,

decanning, and
singularizing

Shearing Voloxidation" Dissolution

Mechanical

methods

Mechanical

methods

Steam-bearing

carrier gas
Flushing

techniques

Burning
(oxidation)

Water or water

vapor reactions

Steam-bearing
carrier gas

Dipping
techniques

Alcohols Dipping
techniques

Vaporization
into an inert

carrier gas

Dipping
techniques

Flushing
techniques

Flushing
techniques

Steam-bearing
carrier gas

Flushing
techniques

Steam-bearing
carrier gas

Dipping
techniques

Alcohols

"it may be possible to bypass all the other cleaning and deactivation schemes and deactivate the sodium presenton the exterior
of the fuel, as well as internal sodium exposed by the shearing operation, by a simple oxidation step. This method produces no
hydrogen and does not produce volumesof caustic waste solutions that must be concentrated and stored.

4. Flushing techniques in liquid ammonia (a process
that would exhibit rather high vapor pressures) or in
heavy oils in conjunction with ultrasonic techniques.

The important chemical deactivation methods re
viewed were:

1. Water and water vapor reactions, in which the
imminent hazards to be taken into consideration are

those associated with the high heat of chemical reaction
and the large amount of hydrogen that is evolved.

2. Reactions with alcohols, preferably the multi-
chained or highly branched types. Dowanol-EB,
C4H9-0-C2H4-OH, has recently been used at various
sites to deactivate sodium from the surfaces of LMFBR

fuel material.

3. Oxidation of the sodium on the surfaces of an

LMFBR fuel assembly by oxygen.

The above physical and chemical deactivation tech
niques were classified according to their applicability or
relative importance to each phase of the head-end
processing scheme (Table 2.4). The first procedure in
each processing phase is presently considered the most
favored.

2.3 REMOVAL OF VOLATILE FISSION

PRODUCTS

As the nuclear power industry grows and the number
and size of the fuel reprocessing plants increase, the
release of radioactive noble gases, tritium, and iodine to
the environment will become a much more important
consideration than at present. In the future, the

removal of essentially all radionuclides from the plant
off-gas may be required. Efficient retention of iodine,
which requires careful control even in present reprocess
ing plants, will become much more critical when
short-cooled LMFBR fuels are processed.

Tests were described previously3 '4 of a newhead-end
processing step (termed voloxidation) designed to re
lease volatile fission product gases from the fuel prior to
aqueous processing. The objective of this step is to
transfer most of the iodine, krypton, xenon, and
tritium from the fuel into a relatively small volume of
gas from which they can be efficiently removed in
concentrated form for storage or permanent disposal.
Conceivably, this objective can be met by heating the
oxide fuel to some reasonable temperature in flowing
oxygen. Use of this treatment appears to be of
particular advantage with respect to tritium control
since it would avoid large dilution of the tritiated water
with water in the fuel dissolution step.

Oxidation of Unirradiated Fuels

Unirradiated sintered fuel specimens containing 20
and 25 mole % Pu02 were oxidized isothermally and by
programmed heating in a thermal-gravimetric balance.
The final O/M ratio was deduced from the observed
weight gain. The phases produced by the oxidation
were identified by means of x-ray diffraction.

3. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1969,
ORNL4422, p. 67.

4. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, p. 54.
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Coprecipitated and mechanically mixed fuels of the
composition U0 8Pu0 202 were oxidized to O/M ratios
of ~2.55, the value expected if this composition obeys
the published phase diagram for the U-Pu-0 system.
The O/M ratio of ~2.55 corresponds to a composition
on the tie line between U308 and Pu02 in the ternary
system. Oxidation kinetics were very rapid while
crossing the M02+x and M409 + M02+JC phasefields in
the system and were relatively temperature insensitive
over the temperature range 450 to 600°C. No pulver
ization of the fuel occurred during this stage of the
oxidation. The ease of entry into the M409 + M308
phase field, however, was very temperature dependent,
and total oxidation was achieved in 20 min or less in

100-mg specimens only at temperatures of 600°C or
greater. All of the pulverization observed occurred
during this stage of the oxidation. Very fine powders
were produced during this stage of the process.

The oxidation of unirradiated homogeneous
U0 7sPu0 2502 has been studied only for mechanically
mixed fuel, and this material could not be oxidized

beyond O/M = 2.36, which represents the edge of the
M409 + M308 phase field. This material, after oxida
tion, consisted of an M409 phase having a lattice
parameter a = 5.428 A, which agrees with data that
have been reported for this system.

Programmed-rate heating experiments provided simi
lar results, which are shown in Fig. 2.8 for all three
types of fuel. X-ray diffraction results indicated that
the materials represented by curves A and B consisted
of two phases, with M308 the major one and a cubic
phase the minor. The material from curve C consisted
only of an M409 phase, as expected,since the material
was not pulverized by the oxidation procedure.

Some FTR-type pellets (mechanically mixed, 25%
Pu02) were oxidized in air at 750°C for 7 hr; this
treatment reduced them to a fine powder. The powder
was sieved, and the Pu/U ratio was determined for each
fraction. About 96% of the material was finer than 200

mesh. Within experimental error, the plutonium con
centration was uniform in all size fractions (Table 2.5);
hence there is probably no plutonium segregation due
to the voloxidation treatment. This conclusion is in

agreement with the conclusion inferred from our
dissolution tests.

Voloxidation of Irradiated Fuels

Studies of the effect of oxidation variables on the

release of volatile fission products were made with
coprecipitated 20% PuO2-80% U02 fuel that had been
irradiated to about 1800 MWd/ton by the General
Electric Company as their experiment F1F. The fuel
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Fig. 2.8. Programmed-rate oxidation of U02-Pu02 pellet
fragments.

Table 2.5. Particle size distribution of FTR pellets
after oxidation in air at 750° C for 7 hr

ORNL-DWG 71-5783

CURVE Pu/U+ Pu RATIO FUEL TYPE

A 0.2 MECH.M

B 0.2 COPREC

C 0.25 MECH. M

Ar/At = 5°C/min; ROOM AIR
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Screen size

Weight
retained

(g)

Amount

retained

(%)

Pu/U
ratio

+80 0.0392 070 0.31

+ 100 0.0211 0.37 0.31

+200 0.1551 2.75 032

+325 1.3386 23.74 0.36

+400 0.7653 13.57 035

^00 3.3204 58.88 0.33

Total 5.6397 100 0.33 (original)

rods were sheared in short lengths to release the fuel,
which was then crushed and sieved. The plutonium,
uranium, and 144Ce concentrations were essentially the
same for each of several different fractions over the size

range of +30 to -200 mesh. The 13 7Cs concentration,
however, was about 70% higher in the -200-mesh
fraction than in the +30-mesh fraction.

A 23 factorial voloxidation experiment was run with
sieved fractions. Parameters of the tests were:

Particle size

Time

Temperature

Oxidant

Large, +30 mesh; small,

16 and 4 hr

550 and 350°C

Air

-200 mesh
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Statistical analysis of the results, based on the percent
of the total 85Kr in the fuel which was released during
voloxidation, indicated that the major effect (95%
confidence level) was particle size. The temperature and
time-temperature interactions had a lesser effect (90%
confidence level), while the time after 4 hr had a very
small effect. The actual time required to release the
85Kr may be as short as 1 hr, since the major
conversion of U02 to U30g occurs in this time span.
Contrary to expectations, the larger lumps of fuel (J>30
mesh) released 8sKr more readily and completely (up
to about 60% at 550°C) than did the <100-mesh
particles, which released up to 32%(Fig. 2.9). Based on
the quantities of 8SKr released and the proportion of
large to small particles in the fuel, we calculated that
from 37 to 39% of the 8SKr would be released from a
mixture of the two sizes; actual measurements showed
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that 41% of the 8SKr was released when V2 -in.-long
segments of fuel rod were oxidized in the hot cell.

Additional experiments are planned to investigate
these effects, which may be due to restructuring of the
fuel during irradiation. It is possible that the ! 37Cs-rich
small particles came from the cooler outer radius of the
inner portion. Variations in the quantity of 8SKr
released may also be related to the agglomeration of gas
bubbles at grain boundaries, cracking, and other
thermal effects.

Tritium Removal. Voloxidation removed tritium ef

fectively from LMFBR fuel specimens. In tests with
specimens that had been irradiated to 3630 or 14,500
MWd/ton, the amounts of tritium in the fuel solutions
after dissolution of the voloxidized fuel were only 0.03
to 0.05% of the calculated amounts formed during
irradiation (Table 2.6). Samples of the fuels that were
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• 85Fig. 2.9. Release of "'Kr from 1800-MWd/ton (U,Pu)02 during oxidation with airat 550 C.
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Table 2.6. Tritium content of solutions of oxidized fuel

Fuel rod
Burnup

(MWd/ton)

Irradiated

in

reactor

Linear

heat

rate

(kW/ft)

Tritium in fuel solution

dismin"1 [g(U,Pu)02] _1
Percent of total

tritium

PNL X-l

PNL 59-5

3,630

14,500

EBRII

GETR

5.3

11.5

X 105

1.0

2.5

005

0.03

"Crushed 25% Pu02-75% U02 pellets oxidized for 6 hr in air at 650°C anddissolved in HN03.
Based on calculated amount produced during irradiation.

dissolved directly (without voloxidation) gave solutions
with tritium concentrations equivalent to about 2 to 4%
of the calculated yields. Apparently, more than 95%of
the tritium had escaped from the fuel during irradia
tion. Based on the amounts present in the irradiated
fuels, the voloxidation treatment (6 hr in air at 650°C)
removed more than 98% of the tritium.

LWR Fuels. Voloxidation treatment (4-hr oxidation
at 450°C) of pellet fragments from a blanket rod from
core 1 of the Shippingport PWR, which operated at a
linear heat rating of 4.85 kW/ft, released more than
99% of the tritium but only about 12% of the 8SKr
during the conversion from U02 of about 95% theoret
ical density to <200-mesh U308 powder. We attribute
the low release of 8SKr to the microdispersion of the
krypton at the individual fission sites; restructuring of
the fuel would have moved the fission gases to the grain
boundaries, where they could be more easily released
upon oxidation of the U02 to U3Og powder. We will
continue the studies as more typical BWR and PWR
fuels become available.

Voloxidation Equipment

An electrically heated cylindrical-shaped rotary cal
ciner (6.5 in. in diameter by 7.5 ft long; 1-12 rpm;
maximum temperature, 800°C) was purchased for
investigation of processing parameters in the voloxi
dation step. The calciner can be operated with a
reducing or an oxidizing atmosphere, and the interior is
equipped with lifting flights to cascade material through
the gas stream. Six runs were made with the unit using
1-in. sheared lengths of porcelain-filled stainless-steel-
clad prototype LMFBR fuel to determine the solids
holdup under steady-state operation conditions.

Data from four of the six runs are summarized in

Table 2.7. In each of the runs, sheared prototype fuel
was fed into the calciner at a constant rate until the

Table 2.7. Steady-state operation of the rotary calciner
(voloxidizer) with prototypeLMFBR fuel"

e"av * £ Run time Volume holdup Residence time
, , . , (hr) fraction0 (min)
(g/min)

83 3.5 0.06 48.3

183 5.5 0.15 52.5

354 3.2 0.26 48.4

536 3.0 0.36 43.2

"Calciner: slope = \ in./ft; 4 rpm; totalvolume =43.2 liters.
Simulated fuel: 0.25-ia-diam X 15-mil-wall-thickness stainless

steel tubing filled with porcelain (0.215 in. diam X 1.5 in. long;
bulk pour density of L5 g/cc).

Total weight of material fed (g)/total running time (min).

cBulk volume of fuel in calciner at steady state (cc)/total
volume of calciner (cc).

Weight of material in calciner at end of run (g)/time-averaged
feed rate (g/min).

weight of material being discharged from the calciner
per unit time was essentially constant. Steady state was
reached in 2 to 3 hr. At the end of a run the amount of

material remaining in the calciner was removed and
weighed. The residence time of the sheared prototype
fuel is about 50 min for a feed rate up to 400 g/min;
however, at feed rates higher than 500 g/min, material
is apparently forced through the rotating retort tube at
a faster rate, causing a decrease in the residence time.
Apparently this feed rate, or one near it, floods the
unit.

During run 5, a fixed volume of the sheared proto
type fuel was fed into the calciner every minute at a
time-averaged feed rate of 650 g/min. After 50 min of
operation, the sheared pieces had accumulated at the
rear of the calciner to the extent that no additional

material could be fed through the vibrating feeder.
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In run 6, sheared prototype fuel was hand-fed to the
calciner at a time-averaged feed rate of 179.2 g/min for
4.5 hr. The discharge rate was equal to the feed rate
after 3 hr. At that time, 75 sheared fuel lengths (180 g),
which had been painted yellow, were fed to the
calciner. The first piece came out of the calciner after
32 min, and half of the color-coded material had been
discharged after 49.2 min. All but one piece had been
discharged after 85 min. After 4.5 hr of operation, the
volume holdup fraction within the calciner was 0.14
and the calculated residence time was 50.7 min, in

agreement with the data of Table 2.7.
For a fixed slope and rotational speed, the fuel

residence time in the calciner is independent of the feed
rate for bulk holdup volumes up to about 25% of the
total volume available. The normally recommended5
volume holdup fraction for rotary dryers is between
0.05 and 0.15. With a required residence time of 50 min
and a volume holdup fraction of 0.1, the rotary calciner
throughput with sheared stainless-steel-clad U02-Pu02
fuel (bulk density = 4.5 g/cc) is estimated to be 23.4
kg/hr. For a required residence time of 2.5 hr, the
throughput with the same fuel would be decreased to
7.8 kg/hr.

2.4 DISSOLUTION AND FEED PREPARATION

Data on the leaching of irradiated fast reactor fuels
are relatively limited. Information is needed concerning
the dissolution rate and the metal recoveries to be

expected as a function of the preparation history, the
irradiation conditions, and the postirradiation tempera
ture history of the fuel. We are procuring irradiated
oxide fuels from as many sources as possible for testing.
In addition to metal recovery data, information con
cerning the composition and physical characteristics of
the leach residues is being obtained. Particular attention
is also being given, both in laboratory and hot-cell
studies, to the behavior of iodine in the dissolver-
condenser system and to the use of fumeless dissolving
techniques for minimizing the volume and fume con
tent of the off-gas to allow easier separation and
containment of the iodine, 8s Kr, and 133Xe.

Dissolution Rate Studies with Unirradiated

U02-Pu02 Pellets

Dissolution experiments with unirradiated FTR-type
(mechanically blended 25% Pu02-75% 238U02) pel
lets obtained from WADCO were completed. The

5. H. Perry, Chemical Engineer's Handbook, 4th ed., sect. 20,
p. 20, McGraw-Hill, New York, 1963.

pellets were leached with boiling 8 M HN03 (1) in the
"as received" condition, (2) after oxidation at 450 or
750°C in air, or (3) after being heat treated for 7 hr at
1450°C in argon—4% H2. None of these treatmentshad
a significant effect on the leaching results. After
leaching for 18 hr, 1 to 1.5% of the uranium and 14 to
15% of the plutonium remained undissolved. Initial
dissolution rates were faster for the oxidized pellets due
to a resulting increase in surface area; however, the final
values were unchanged. The results were fitted to an
equation of the type

R=SleS2t +S3eS4t +S5 ,

where R represents the percent remaining as a function
of time r, in minutes. A typical fit, with the constants
for both uranium and plutonium, is shown in Fig. 2.10.

A summary of the data from these experiments is
shown in Fig. 2.11. The 16% of the plutonium and the
1.3% of the uranium that remain undissolved after

extensive leaching represent the 5% of the total weight
of undissolved (U,Pu)02 previously reported by Lerch,
at WADCO,6 and by us.7 On the basis of these results,
we conclude that the dissolubility of the pellets in
boiling 8 M HN03 is not significantly affected by
voloxidation or the heat treatment at 1450°C. Similar
pellets manufactured by Nuclear Materials and Equip
ment Corporation are being characterized under the
same conditions.

Hot-Cell Tests

Analysis of the plutonium in the residues from
dissolution experiments with the General Electric Fl
group coprecipitated 20% PuO2-80% U02 (1800
MWd/ton) fuel rods (14 experiments) and with fuel
rods that had been oxidized (10 experiments) showed
little difference due to the voloxidation treatments. We

found 0.21 ± 0.12% of the plutonium in the residues
from the untreated fuel and 0.19 ± 0.08% in the

residues from the fuel that had been oxidized. The

Pu/(U + Pu) ratios in the residues were about the same
as in the original fuel; this contrasts with other leaching
results with unirradiated, mechanically blended pellets
which left a plutonium-rich residue.

Dissolution of Sol-Gel Microspheres. We have been
determining the effects of irradiation on the dissolution

6. C. R. Cooley, Application of Aqueous Technology to
LMFBR Separations Processes, Progress Report for August
1970, WHAN-IR-26-AUG (September 1970).

7. LMFBR Fuel Cycle Studies Progress Report for September
1970, No. 19, ORNL-TM-3180.
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of 15% Pu02 -85% U02 sol-gel microspheres in boiling
8 M HN03. In the experiments, we dissolved both
unirradiated microspheres and declad sieved micro
spheres that had been irradiated to 0.6% and 4.2%
FIMA (fissions per initial metal atom) as ORNL
experiments 43-112 and 43-115. Figures 2.12 and 2.13
show the quantities of undissolved plutonium and
106Ru as a function of leaching time and particle size.
The uranium curves, which are not shown, have similar
shapes; however, the amounts dissolved at equivalent
leachingtimes are about a factor of 10 lower.

Equations have been formulated for the dissolution of
the plutonium in the coarse (C) and fine (F) fractions
of the 15% Pu02-85% U02 sol-gel microspheres. The
equations are of the form R =S^i* +S^e?*' +Ss,
where R is the percent of the plutonium remaining as a
function of time, t. The calculated values of the
constants are:

Run No. Si 52 s3 S4 Ss

43-112-1C 98 -0.055 0.11 -0.00057 1.89

43-112-3C 98 -0.046 0.16 -0.0025 1.84

43-112-1F 98 -0.200 1.07 -0.00020 0.93

43-112-3F 98 -0.162 1.09 -0.001 0.91

43-115-4C 98 -0.119 0.03 -0.0002 1.97

43-115-4F 98 -0.160 0.09 -0.0004 1.91

For the runs with low-burnup material (43-112), the
coarse fraction dissolved at an average rate R =
98e-o.05or + o.l35e_00015f + 1.87; the average rate
for the fine fraction was R = 98e"018ir +
1.08e-°O0O6f + 0.92.

The rate of dissolution and the quantity of plutonium
that dissolved appeared to increase with irradiation for
both the coarse and the fine fractions of microspheres,
while ! 06Ru became more insoluble as the burnup was
increased. However, the dissolution behavior of the
43-112-1 coarse fractions was different from that of the

43-112-3 coarse fractions. We think that this is related

to differences in fabrication rather than irradiation

effects because the plutonium dissolution curves of
both the low-burnup samples of fine microspheres were
identical. In addition, 106Ru behavior was replicated
for each of the coarse and fine fractions of the two rods

at low burnup.
The greater solubility of the plutonium in the coarse

fraction over that in the fine fraction, regardless of
burnup, is a peculiarity of these old (1966) batches of
microspheres. The residues from these particular
batches of 15% Pu02-85% U02 fuel contained from
30 to 74% Pu02. The overall plutonium concentrations
of the two samples of fine fractions after irradiation

Table 2.8. Comparison of the dissolubilities of
reconstituted fuel

Fuel rod No.
Linear heat Burnup

rate(kW/ft) (% FIMA)

43-112-KF+C)

43-112-3(F+C)

43-115-4(F+C)

8.4

13.6

13.4

0.50

0.68

4.20

Amount insoluble

after 6 hr of

leaching (%)

Uranium Plutonium

0.04

0.02

0.01

0.34

0.29

0.03

were 13.9 and 14.7%. Newer (1970) batches that we
have tested have dissolved completely. Comparison of
the dissolubilities of the "reconstituted" fuel (obtained
by adding the results of coarse and fine fractions
together) indicates that a higher fuel operating tempera
ture and a higher burnup decreased the amount of
insoluble plutonium (Table 2.8).

Fumeless Dissolution of U02 Pellets

Uranium dioxide pellets were dissolved in nitric acid
in a closed system maintained at a constant pressure by
adding oxygen at the rate it was being consumed. The
dissolution of U02 can be written as follows:

2U02 + 6HN03 ->2U02(N03)2 + NO + N02 + 3H2 O .

In a closed system and in the presence of excess
oxygen, the net reaction becomes:

2U02 + 4HN03 + 02 •+ 2U02 (N03)2 + 2H2O .

In the laboratory experiments, sufficient oxygen was
supplied to a dissolver to maintain a constant pressure
that was equivalent to about 2 in. H20 below atmos
pheric pressure. The nitrogen oxides formed during the
dissolution reacted with oxygen and redissolved in
water in a downdraft condenser that was fitted to the

dissolver. The uranium dissolved at the rate of about
1.5 g/min at 75°C in the flask and condenser, each of
about 500 ml capacity. As the dissolution proceeded,
the temperature was increased to maintain a high
dissolution rate. Total dissolution of the U02 in 6 M
HN03 to produce a Purex feed solution (~350 g/liter
U, 2.5 N HN03) required about 4 hr.

Volatilization of Iodine from Feed Solutions

Variables affecting the volatilization of iodine from
nitric acid solutions are being studied as guidelines for
the development of methods for achieving efficient
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removal of iodine from the solvent extraction feed

solution. Separation of essentially all of the iodine from
the uranium and plutonium prior to solvent extraction
would greatly facilitate attainment of the very high
processing plant retention factors for iodine that will be
needed in processing short-cooled fuels.

As described previously,8 we have experienced dif
ficulties in volatilizing iodine completely from 4 M
HN03 solutions that initially contained *311-traced I2
at a concentration of about 10~4 M. The 131I
remaining after volatilization of most of the iodine (by
distilling a small fraction of the solution or by sparging)
does not exchange readily with fresh carrier iodine
added to the system. The hydrolytic reaction

I2 +H2O^HOI + H+ + I"

may be the source of the difficulty. Rapid oxidation of
the I" by the nitric acid solution (catalyzed by some
ever-present concentration of nitrite) essentially pre
vents the above reaction from being a true equilibrium.
The 131l is thereby trapped to some degree asHOI (or
some derivative), with reversibility to the I2 form being
prevented by the lack of a true equilibrium in the
hydrolytic reaction. Tests also have shown that small
amounts of chloride impurity in the nitric acid solution
can greatly increase the amount of the nonvolatile
nonexchangeable iodine formed. Presumably the
presence of chloride results in the formation of IC1 or
IC12".

As shown in Fig. 2.14, volatilization of iodine from 4
M HN03 becomes more difficult as the iodine concen
tration in the solution is decreased. In these tests, N203
was bubbled slowly into the solution to maintain the
iodine in the I2 state. The value of the iodine partition
coefficient (H = CLjCg), corresponding to the initial
portion of the volatilization curve, increased from 10 to
150 as the iodine concentration in the initial solution

was decreased from 2.5 X 10"4 to 2.5 X 10"8 M. The
partition coefficient is calculated from the equation

H =
VL In (C0IC) '

where the C refers to the aqueous iodine concentration
and Vg and VL are the respective volumes of gas and
liquid involved in the distillation (or gas sparging)
process. The partition coefficient H has a limiting value

8. Chem Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL^572, pp. 58-60.
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Fig. 2.14. Effect of initial iodine concentration on volatiliza
tion of iodine from 4 M HNO3 by distillation. Initial solution
volume was 4 liters. Numbers in parentheses show the approxi
mate iodine partition coefficient for the initial portion of the
curve.

of Hs at I2 saturation, defined by the equation

H,
CsRT

s P°

where Cs is the saturation concentration (moles/liter)
and p° is the saturation pressure of solid I2. The value
of Hs at 100°C has been calculated to be 8.9, which is
in reasonable agreement with the value of 10 for the
run with the highest I2 concentration in Fig. 2.14.

The differences in the solubility of iodine (I2) in
water and in nitric acid concentrations ranging from 4
up to 16 M are not significantly large at 25°C (Table
2.9). This signifies that the differences in Hs are also
not large. (We assume that the iodine is completely in
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Table 2.9. Solubility of iodine in water and
nitric acid solutions at 25° C

Solvent

H20

4 M HN03

8 M HN03

12Jt/HN03

16MHN03

1.48

1.65

1.85

1.63

1.71

Iodine solubility
(10~3 Munits)

1.50(21)

1.81 (20)

1.85 (17)

1.83 (41)

1.93 (20)

2.35 (20)

aThe first column of values was determined (by filtering off
solid I2 and measuring the activity of the filtrate) almost
immediately after addition of the KI. The numbers in paren
theses after the values in the second column indicate the time,

in hours, at which the solubility values listed in this column

were determined.

the 1° state, a condition which is maintained only with
difficulty at high nitric acid concentrations.) The Hs
value at 25°Cfor 4 MHN03, assuming a Cs value of 1.7
X 10"3M,is93.

Steam distillation tests, similar to those yielding the
data for Fig. 2.14, were carried out at nitric acid
concentrations of 8, 10, 12, and 16M. The volatiUty of
iodine from 8 M acid is similar to that from 4 M acid,

although somewhat more nitrite must be used to
maintain the desired 1° oxidation state. Distillation
from 10 M HN03,is difficult unless frequent additions
of nitrite are made to the solution (after cooling down
below the boiling point) to reduce any iodate formed.
Distillation from 12 to 16 M acid is almost impossible,
due to the difficulty of keeping the iodine in the 1°
state.

Studies of the exchange of fresh carrier iodine with
the 1311 that remains in the solution after volatilization

of most of the iodine have shown that the exchange is
reasonably rapid at temperatures of 135°C and higher
(Table 2.10). Autoclaving of the solution, therefore,
may be a feasible method of achieving a high degree of
iodine removal. The solution would pass from the
autoclave to a flash evaporator. If 99% of the i31l can
be removed in one distillation step (during or following
dissolution), then a second distillation after addition of
cold iodine (for isotopic dilution) followed by auto
claving may be capable of achieving 99.99% removal. A
small laboratory autoclave has been constructed and
will be operated to determine the effects of time,
temperature, and possibly other variables [such as
radiation density, fission products, impurities, and
major fuel constituents (U, Pu)] on the isotopic
exchange kinetics.

Table 2.10. Effect of autoclave treatments on

exchange of carrier iodine with I

Procedure: 5 ml distilled from a total of 35 ml of solution after

specified autoclave treatment Original solution in all tests was a
4 M HN03-5 X 10"4 M I2 solution (A previous distillation
treatment had converted most of the I to the nonvolatile

nonexchangeable form; carrier iodine was then added to the

specified concentration.)

Autoclave

time

(hr)

0.16

0.5

1.0

1.5

18

Percent of initial I remaining after
distillation test with

autoclave temperature of —

110°C

2X9

125°C

61.2

57.9

39.6

29.4

5.5

135°C

33.0

150°C

29.2

16.4

9.6

Dissolution Equipment

An extensive state-of-the-art study was made of
existing equipment and concepts for the dissolution of
sheared nuclear power reactor fuels.9 No system was
found to have all the necessary attributes for processing
sheared LMFBR fuels. As part of the study, some new
dissolver concepts were developed. These concepts
represent current approaches to continuous dissolution
methods and hopefully have the necessary features to
meet the requirements of residence time, mixing, fuel
feeding, transport and discharge, criticality, and off-gas
collection.

It appears that an effective dissolver for LMFBR fuels
could be developed from a combination of the desirable
features found in the existing equipment and concepts
and those exemplified by the new concepts.

Forward Mixing in a Continuous Dissolver. A mathe
matical study of forward mixing of sheared fuel was
made to determine whether rotary, "cement-mixer"
type, continuous dissolvers should, as a class, be
discounted for consideration in LMFBR reprocessing
concepts. Several variations of the cylindrical, longitu
dinally baffled design have been proposed as new
LMFBR dissolution concepts. In these concepts,
sheared fuel is transported through a dissolver by the
rotary motion of the unit. Should extensive forward
mixing occur, pieces of sheared fuel could be discharged

9. W. S. Groenier, Equipment for the Dissolution of Core
Material from Sheared Power Reactor Fuels, ORNL-TM-3194
(March 1971).
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without adequate dissolution time; this could signifi
cantly decrease the overall leach efficiency.

Treating the unit as a series of well-mixed stages, it
was concluded that, although both forward mixing and
back mixing do occur between stages, they do not
significantly affect the quantity of off-specification
product from a unit havingmany stages. The amount of
material that is involved in interstage mixing at any
time can be determined from the probabiUty age
distribution function. Similarly, the overall age distri
bution of the product can be calculated. For example,
for a typical urania-plutonia dissolution-rate-vs-time
relation, the amount of fuel undissolved after 10 hr
decreases from about 1% for a 2-stage unit to about
0.01% for a 20-stage unit, and to about 0.002% for a
system exhibiting no forward mixing.

The utility of a dissolver having forward mixing wiU
primarily depend upon the length of a stage, which is
not known at this time. The relative complexity of
systems that feature a positive material transfer will also
have a bearing on the acceptance of rotary dissolvers.

2.5 SOLVENT EXTRACTION WITH TBP

Emphasis in the solvent extraction studies has been
centered on establishing flowsheet conditions for the
interim processing of LMFBR fuels in an existing plant.
The reference first-cycle solvent extraction flowsheet is
based on the use of 15% TBP and feeds of low

plutonium concentration in existing geometrically un
restricted equipment. Neutron absorbers might also be
used for criticality control. The overall process calls for
the coextraction and partitioning of plutonium from
uranium in the first cycle, followed by two TBP cycles
for further purification of the plutonium. Laboratory
studies of these flowsheets with simulated feeds are

essentially complete, but tests with radioactive feeds to
verify their suitability are needed. Emphasis in the
laboratory studies is shifting to definition of the most
suitable flowsheets for use in plants designed specifi
cally for processing LMFBR fuels. Alternatives to TBP
extraction for plutonium isolation such as, for example,
high-pressure ion exchange will also be examined.

Recent studies have been concerned primarily with
improving the efficiency of stripping plutonium from
TBP and with determining the effect of variations in
temperature on the extraction and stripping processes.

Effect of Temperature

Because of the relatively high plutonium concentra
tions, operation at higher than ambient temperatures is

Table 2.11. Effect of temperature on plutonium stripping
with 0.3 MHN03

Organic: 15% TBP-85% zi-dodecane containing 5.2 g of
Pu(IV) per liter

Aqueous: 0.3MHNO3
Contact: Batch at an aqueous/organic phase ratio of 2/1

Temperature

Organic
plutonium

Pu(IV) in
Plutonium

stripping

(°C) concentration

(g/liter)
(% of total")

coefficient,
c a

*o

25 0.503 >99 4.4

30 0.487 99 4.6

35 0.497 98 4.3

40 0.437 -90 5.0

45 0.414 86 5.2

50 0.383 80 5.8

55 0.340 74 6.6

60 0.302 68 7.2

"Total plutonium in aqueous was about 2.2 g/liter. Amount
of Pu(IV) present was determined by TTA extraction; pre
sumably the balance of plutonium was Pu(III) + Pu(VI) since
other identification tests showed no significant amount of
polymer present.

necessary at certain points in the flowsheet to ensure
that third-phase formation does not occur.10 Tests
were made with plutonium and uranium separately to
more accurately define the effect of temperature on the
extraction of each.

Plutonium(IV) extraction from moderately concen
trated HN03 (3 to 4 M) was essentially independent of
temperature. However, in extractions from 0.3 M
HN03, the coefficient decreased by a factor of about 4
as the temperature was increased from 30 to 60°C.
Apparently the large effect at low acidity is due to an
increase in disproportionation of Pu(IV) to less-
extractable species as the temperature is increased (see
stripping data of Table 2.11).

Uranium extraction coefficients at acid concentra

tions of 0.3 to 3 M and at low uranium loadings
decreased by a factor of about 2 as the temperature was
increased from 30 to 60°C; at high solvent loadings, the
effect was much less (Fig. 2.15). These data were fitted
by computer to an equation readily applicable to the
SEPHIS computer code11 for simulation of a Purex
extraction cascade. The uranium extraction coefficient,

ET at low loadings (<15% of saturation, assuming 2
moles of TBP per mole of U) can be calculated for

10. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL4572, p. 61.

11. Ibid., p. 60.
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Fig. 2.15. Effect of temperature on uranium extraction from
nitric acid with 15% TBP-85% n-dodecane. Phase ratio of 1/1.

temperatures between 25 and 60°C:

ETi=ETlXe2220<1'T*-1tTri ,

where T is the absolute temperature and ETl is the
experimentaUy determined extraction coefficient at
25°C.

Plutonium Stripping

The minimum acid concentration for stripping plu
tonium has been set at 0.3 M to decrease the possibility
of forming undesirable plutonium polymer in the
stripping system. The stripping coefficient at this
acidity increases as the temperature is increased. This
apparently is at least partly caused by disproportion-
ation of Pu(IV) to Pu(III) and Pu(VI) at this low
acidity, the extent of disproportionation increasing as
the temperature is increased. This is shown in the data
of Table 2.11; the fraction of the total plutonium in the
aqueous strip solution that was present as Pu(IV)

Table 2.12. Plutonium stripping with various reagents

Organic: 15% TBP-85% n-dodecane containing about 0.2 g of
Pu per liter

Contact: Batch at an organic/aqueous phase ratio of 2/1

Pu stripping coefficient, SQa

Stripping solution 23°C 40°C

1 min 3 min 1 min 3 min

0.3MHNO3 1.6 1.5

0.3 MHNO3 -0.02 M 8.1 9.5 15 37

hydroxylamine nitrate

0.3 MHNO3 -0.02 M 6.2 7.8 13 31

hydroxylamine nitrate-
0.01 M hydrazine

0.3 M formic acid 3.2

0.3 M acetic acid 4.0

decreased from more than 99% at 25°C to about 68% at
60°C.

Although stripping with dilute acid alone is practi
cable, reduction of at least part of the plutonium has
the advantages of increasing the stripping efficiency and
allowing the preparation of more concentrated plu
tonium product solutions. Reducing agents and poten
tial complexing agents have been tested as aids in
stripping; emphasis has been centered on reagents that
subsequently can be converted to nonobjectionable
compounds. Hydroxylamine nitrate appears to be the
most effective of the reductants tested, although the
reduction reaction is known12'13 to be slow. Increasing
the temperature from 23 to 40°C appreciably increased
the reaction rate (Table 2.12). Both formic and acetic
acids stripped plutonium more effectively than nitric
acid. Formic acid, like hydroxylamine nitrate, can be
readily destroyed to yield products that would not
contaminate the plutonium.

Third-Cycle Demonstration

A batch countercurrent demonstration of the third

TBP cycle was made with simulated third-cycle feed at
40 to 45°C using the total stages available in a glove
box (five for extraction, one for scrubbing, and five for
stripping). The plutonium was stripped with 0.3 M
HNO3-0.02 M hydroxylamine nitrate-0.01 M hydra
zine. Plutonium recovery in the extraction step was
apparently considerably higher than 99.5% (Table 2.13)

12. J. M. McKibben and J. E. Bercaw, Hydroxylamine Nitrate
as a Plutonium Reductant in the Purex Solvent Extraction

Process, DP-1248 (January 1971).

13. R. L. Walser, The Hanford Purex Plant Experience with
Reductants, ARH-SA-69 (July 17,1970).
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Table 2.13. Batch countercurrent third-cycle extraction
and stripping at 40—45 C

Organic: 15% TBP-85% n-dodecane
Feed solution: 41.3 gofPu per liter; 4MHN03; 0.04 MFe3*
Scrub solution: 2 M HN03
Strip solution: 0.3 M HNO3-0.02 M hydroxylamine nitrate-

0.01 M hydrazine
Organic/feed/scrub/strip: 30/30/4/15
Contact time: 2 min

Organic phase Aqueous phase

Stage No. Pu HN03 Pu HNO3

(g/liter) m (g/liter) (M)

Strip-5 0.11 0.019 8.9 0.40

-4 2.9 0.028 25.5 0.37

-3 12.4 0.043 44.3 0.41

-2 22.8 0.025 63.1 0.59

-1 34.4 0.039 76.7 0.64

Scrub 40.5 0.079 30.1 2.42

Extr.-l 43.6 0.11 23.9 3.80

-2 23.9 0.25 6.0 3.90

-3 4.9 0.39 0.69 4.09

•A 0.89 0.42 <0.2 3.99

-5 0.10 0.41 <0.2 3.71

but was not measured accurately because of appreciable
interference from americium that was present in the
raffinate. No third-phase formation occurred even
though the 15% TBP solvent had a plutonium concen
tration at the feed stage of 43.6 g/liter (at 23°C,
third-phase formation occurs at a solvent loading of
about 25 g per liter). About 99.7% of the plutonium
was stripped in five stages at an organic/aqueous phase
ratio of 2/1 to give a product solution containing about
77 g of plutonium per liter. The strip solution con
tained hydroxylamine nitrate to provide partial reduc
tion of the plutonium and thereby improve the strip
ping efficiency in the last strip stages. Use of an
additional one or two stages apparently would have
provided complete recovery of plutonium from the
solvent.

2.6 OFF-GAS TREATMENT

The retention or control of iodine is one of the major
problems to be solved in the development of short-
decay processing capability for LMFBR fuels. Overall
plant retention factors approaching 108 will be required
for ! 3! I when 30-day-decay fuel is processed. In order
to achieve an iodine retention of this order, new and

highly reliable systems for removing iodine from all
plant effluent streams must be developed. A significant
reduction in the volume of all plant effluents, as
compared with past experience, will be necessary to

improve the economics of the required treatment
systems.

Increased emphasis on reducing all discharge from
processing to levels that are "as low as practicable" has
generated interest in removal systems applicable to
tritium removal. Numerous potential methods for con
trol of volatile fission product emissions are being
studied. During this report period, laboratory studies
were conducted on cold trapping for tritium and iodine
removal, iodine removal by scrubbing with concen
trated nitric acid, and the application of various solid
sorbents for iodine removal. An engineering-scale
(400-cfm) iodine removal system using solid sorbents
was installed and successfully operated on the TRU
cubicle and vessel off-gas stream.

Cold Trapping of Iodine and Tritium Oxide

Calculations show that cold trapping at a temperature
in the range of —75 to -125°C offers a potentially
attractive method for collecting into a small volume
most of the iodine and tritium oxide from the oxidizing
gas stream effluent from a fuel voloxidation treatment
system (see Sect. 2.3). A cold trap was constructed and
has been operated at temperatures in the range of —60
to —85°C with I2 at concentrations of 0.25 to 1 mg per
Uter of N2. Effluent gas is sparged through 1 M
NH4OH-O.I M (NH4)2S203 solutions to collect un-
condensed I2. The cold trap is eluted with nitrogen to
remove the collected iodine. Depending on the total gas
flow rate, iodine decontamination factors varied from
45 to 190 under the conditions mentioned above. Other

tests were performed in which water vapor was added
to the gas stream at concentrations of 1 to 5 mg per
liter of N2 and carbon dioxide was added at 0 or 90 mg
per liter of N2. However, in no case did more than 3%
of the injected iodine emerge from the short stainless
steel gas-mixing system. Although it has not yet been
proved, it is likely that the iodine reacted, in the
presence of water, with the stainless steel. This suggests
an additional technique for removing iodine from a gas
stream.

Scrubbing Methyl Iodide from Air with
Concentrated Nitric Acid

Hot concentrated nitric acid is an effective agent for
the destruction of methyl iodide, with the iodine being
retained in solution in the pentavalent form. An iodine
trapping process based on the use of nitric acid, which
is available in the processing plant, therefore appears
attractive for the removal of methyl iodide and free
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iodine from various gas streams expected to be en
countered in fuel reprocessing, particularly in the head
end of the plant, where the amount of iodine to be
handled would be large. Several process variations have
been considered, but the one which we prefer involves
use of refluxing concentrated nitric acid.

The destruction of methyl iodide by concentrated
nitric acid presumably proceeds by the following
reactions:

hno3
CH3I ^>C02 + 3/2H20+ V2I2 ,

I2 + 5N03" + H20 + 3H+ ^ 2I03" + 5HN02 .

The first reaction is irreversible; the second, however,
represents an equilibrium involving nitrous acid, the
concentration of which determines how much of the

free iodine is converted to the nonvolatile iodate form.

The advantage of the refluxing concentrated nitric acid
system is that the nitrogen oxides (hence the nitrous
acid) are effectively stripped out of solution.

Preliminary tests in which air that contained methyl
iodide was bubbled through nitric acid solutions estab-
Ushed that 16—17 M acid is much more effective than

lower acid concentrations and that the reaction rate

increases rapidly as the temperature is increased (Table
2.14).

A series of gas-liquid countercurrent scrub tests was
made in a 1-in.-diam column that contained 2 ft of

stainless steel packing; the CH3I concentration in the
air stream was varied from 50 to 20,000 ppm. The
decontamination factor (DF) increased from 50 at the
lowest concentration to about 103 at the highest
concentration.

A schematic of the equipment used to trap methyl
iodide from air with refluxing 16 M HN03 (the
azeotropic composition) is shown in Fig. 2.16. A silver
zeolite bed was used to trap any iodine that escaped
from the system. A large number of runs were made to
identify the more important variables affecting the
efficiency of the system. Some of the later typical
results are given in Table 2.15. Decontamination factors
in excess of 104 were obtained in the system at air flow
rates of 1.5 liters/min or less.

The experimental arrangement shown in Fig. 2.16 has
glass bead packing in the upper part of the reactor
column. Good results also were obtained at an air flow

rate of 1 liter/min without any packing. It is probable
that the methyl iodide hydrolytic-oxidation process
occurs primarily in the gas phase. We are not certain
how or where conversion of free iodine to iodate

occurs. The condenser system temperature is apparently

quite important in this respect. When the first con
denser was operated at 15°C, considerable absorption
of nitrogen oxides into the refluxing acid occurred, and
this caused some of the iodine to be retained in the

volatile I2 state. There was some indication that the
optimum temperature for the first condenser is between
35 and 60°C, the higher temperature possibly being
more efficient at air flow rates where nitrogen oxide
stripping from the nitric acid is less effective. The
upper, or second, condenser was of the spiral type and
was operated at 15°C or less to decrease the nitric acid
"dew point" to a low value. This, plus the use of a
spiral condenser, was found necessary to minimize the
carry-over of iodine in aerosol form.

Preliminary results indicate that the iodine concentra
tion in the nitric acid solution can be built up to a
relatively high value while still providing efficient iodine
trapping. The solubility of HI03 in concentrated nitric
acid is reported14 to be 0.114 M at 25°C. This is a
factor of about 103 higher than the I2 solubility in
nitric acid. Initial tests indicate that the iodine can be

recovered from the HN03-HI03 solution by cooling to
60—80°C and adding nitrite to produce an I2 precipi
tate, which could then be separated and converted to a
form suitable for long-term storage of the ' 29I.

Catalytic Oxidation of Organic Vapors

We are studying the destruction of organic vapors in
process air streams by catalytic oxidation to form
carbon dioxide and water.15'16 The objective is to
convert organic iodides to a form (I2) that can be more
readily trapped and also to prevent poisoning of the
iodine sorption beds with organic materials. Almost all
of the studies thus far have been made with Hopcalite
(CuO-Mn02) catalyst, but we have recently obtained
samples of some other, possibly more suitable, catalytic
materials for testing. A modified flame-ionization-gage
instrument (Beckman) is used to measure the concen
tration of organic material in the inlet and exit air
streams.

In a series of runs with butane-air mixtures at 195,
220, and 255°C, the efficiency of butane oxidation
increased as the temperature was increased; however,
the oxidation was not highly efficient even at 255°C.

14. J. W. Mellor, Mettor's Comprehensive Treatise on Inor
ganic and Theoretical Chemistry, Suppl. II, Part I, Longmans,
Green and Co., London, 1956.

15. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1969,
ORNL4422, p. 87.

16. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, p. 72.
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Fig. 2.16. Refluxing concentrated nitric acid system for removing methyliodide from an air strea^n.

Table 2.14. Removal of methyl iodide from air with
nitric acid solutions

Procedure: Air that contained 20 ppm of 1311-traced CH3I was
dispersed through a glass frit into 100 ml of solution at the rate

Table 2.15. Trapping methyl iodide from air with
refluxing 16AfHN03

Procedure: Equipment and conditions as shown in Fig. 2.16;
1-hr runs

of 100 cc/min
Air flow

rate

Liquid HN03
reflux rate

First condenser

temperature

Iodine

HNO3 concentration Temperature Iodine decontamination decontamination

(M) (°C) factor (liters/min)

1.0

(ml/min) <°C) factor"

12 90 2 7.5 55 5.7 X 105

13 90 6 1.5 7.5 45 2.0 X 104
2.5 X 104
1.2 X 104

14 90 9 1.5 5.0 45

15 90 , 36 1.5 5.0 60

16 25 7 2.0 5.0 55 830

2.8 X 103
16 50

75

34

74

2.0 5.0 35

16

16 90 140 "Calculated from the amounts of '311 found in the nitric acid

17 90 >500 solution and on the silver zeolite bed.
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Table 2.16. Oxidation of methane in atmospheric air
with Hopcalite catalystat 350°C

Conditions: 5 cc Hopcalite catalyst; air flow varied from 190 to
1330 ml/min; inlet methane concentration of about 2 ppm

Gas residence

time"

(sec)

0.79

0.37

0.25

0.19

0.15

0.13

0.11

Outlet CH4
concentration

(ppm)

0

0.03

0.27

0.50

0.69

0.90

1.17

Methane

oxidized

(%)

-100

98

86

75

65

55

40

"Calculation of residence time includes correction for temper
ature but uses bulk volume (5 cc) of catalyst.

For example, with air containing 31 ppm of butane, the
amounts oxidized were 12, 91, and 96%, respectively,
at 195, 220, and 255°C; with air containing 528 ppm of
butane, the amounts oxidized were 56, 79, and 94%.
These tests were made with 5 cc of Hopcalite
(~l-in.-deep bed) and in air (ambient) flow rate of
1225 cc/min.

Studies of the removal of methane from atmospheric
air with Hopcalite catalyst at 350°C showed the
importance of gas residence time in the catalyst bed on
the methane oxidation efficiency (Table 2.16). Atmos
pheric air contains about 2 ppm of methane. No
methane was detected in the effluent air when the

residence time was about 0.8 sec. The amount oxidized

decreased to 75% and 40%, respectively, for residence
times of about 0.2 and 0.1 sec.

Earlier tests16 showed that heating Hopcalite at
400°C and higher significantly decreased its surface
area, although no impairment of catalytic efficiency
was indicated. Additional surface area measurements

have since been made. Heating the Hopcalite in air for 1
and 60 hr at 400°C decreased its surface area from an
initial value of 132 to 123 and 94 m2/g respectively.
Heating for 1 hr at 500, 600, and 700°C decreased the
surface area to 68, 17, and 11 m2/g respectively.

A series of thermal degradation tests was made in
which the Hopcalite catalyst was subjected to three
consecutive long-term heat treatments in still air, first at
350°C, then at 450°C, and finally at 500°C. For a short
period each day during the heat treatments, a butane-air
mixture or atmospheric air (containing methane) was
passed through the bed, and the oxidation efficiency
was measured. The results show that each of the heat

treatments caused a large, although not catastrophic,
decrease in the oxidation efficiency (Table 2.17).

Table 2.17. Effect of heat treatments on the efficiency
of Hopcalite

Decontamination factor"

Inlet butane First heat Second heat Third heat

concentration
(cc/min) treatment treatment treatment

(ppm) (875 hr (138 hr (154 hr

at 350°C) at 450°C) at 500°C)

34 2550 2,900 1700 410

575 2550 100 58 47

34 1225 18,000 5100 3100

575 1225 870 190 107

"Ratio of butane concentrations, inlet/outlet, obtained in
characterization tests at the end of each heat treatment.

Qualitatively similar results were obtained with respect
to oxidation of the methane in atmospheric air (results
not shown).

The new catalysts that we are accumulating for
testing are reportedly much less subject to thermal
degradation.

Trapping of Iodine with Solid Sorbents

Evaluation of the iodine trapping efficiencies of
silver-containing solid sorbents was continued. The
objective is to find systems that have, and will maintain,
a high decontamination capability for iodine species
under all conditions expected to be encountered in
treating off-gases from LMFBR fuel reprocessing plants.

Prior tests17 surveyed the CH3I and C4H9I trapping
capabilities of several metal zeoUtes and of a silver-
treated alumina (GX-100). None of the materials tested
seemed to offer advantages over silver zeolite as an
iodine sorber.

Most of the tests reported here were made with silver
zeoUtes,18 which are prepared by treating Linde molec
ular sieves with silver nitrate solution. In most cases the

13X molecular sieve was treated to replace either 25%
(designated 25% AgX) or 90% of the sodium in the
cation sites with silver. Some tests were also made with

GX-135, a silver nitrate-treated mixture of alumina
and silica that was obtained from North American

Carbon, Inc. The silver contents of these materials, in
grams per cubic centimeter, are about 0.09 for 25%
AgX, 0.31 for 90% AgX, and 0.025 for GX-135.

17. Ibid., pp. 69-71.

18. W. J. Maeck, D. T. Pence, and J. H. Keller, "A Highly
Efficient Inorganic Adsorber for Airborne Iodine Species," pp.
185-203 in Proceedings of Tenth Air Cleaning Conference,
New York, August 28,1968, CONF-680821.
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With each material, several CH3I trapping tests were
done at temperatures ranging from room temperature
to 200°C (or higher). In most tests, the CH3I-laden air
stream also contained 3 vol % of water (which
corresponds to about 90% relative humidity at room
temperature); a few room-temperature tests were done
at zero percent relative humidity. I2 trapping effi
ciencies at 200°C were measured (again from 3 vol %
H20 atmospheres).

The trapping efficiency results for the three sorbents
(90% AgX, 25% AgX, and GX-135) are presented in
Figs. 2.17, 2.18, and 2.19, respectively, as plots of DF
vs loading of CH3I or I2. As can be seen, the 90% AgX
provided DFs of about 104 or higher at both 100 and
200°C up to loadings of at least 12 mg/cm3. At 26 to
27°C, CH3I was trapped efficiently from dry air but
not from wet air. At 200°C, I2 was trapped with a DF
higher than 105 up to loadings of about 15 mg/cm3.

The trapping efficiencies of 25% AgX (Fig. 2.18) for
CH31 from 3 vol % water atmospheres tended to show a
larger decrease as the loading was increased or the
temperature decreased than did the trapping efficiencies
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Fig. 2.17. Iodine trapping with 90% AgX.
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of the 90% AgX. Like 90% AgX, the 25% AgX traps
CH3I efficiently at room temperatures from dry air but
not from moist air. The I2 trapping efficiency (at 5
mg/cm3) was very high. Since this material does
perform well near 200°C up to practical loadings (i.e.,
~5 mg/cm3) and since it would be cheaper than
material of higher silver content, it is considered to be
potentially useful.

The GX-135 (Fig. 2.19) performedbest at 200°C; the
DFs were smaller at 100°C and at 255°C than at 200°C.
The DFs are very high (>104) at loadings of probable
interest (i.e., ~5 mg/cm3). Based on these tests, this
material is also considered to have high potential for use
in the cleanup of off-gas generated during fuel reproc
essing.

Results of a series of tests of CH3I trapping by 90%
AgX showed that the presence of C02 in the air stream
had no effect on trapping efficiency at 100°C and
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200°C. The C02 concentration was 10 vol %; 3 vol %
H20 was also included. This C02 concentration is
greater than that due to decomposition of Ag2C03 at
100°C (but less than the Ag2C03 decomposition
pressure at 200°C). The results (i.e., no loss of
efficiency) suggest that a substance similar to Ag2C03
probably does not tend to form.

Long-term tests in which sorbents will be subjected to
an air stream containing contaminants anticipated in a
chemical reprocessing plant off-gas stream are being
started in order to determine if the sorber beds will

perform satisfactorily after extended use in atmos
pheres containing potential poisons. In some of the
tests, the sorber bed will be preceded by a catalytic
oxidation system (containing Hopcalite catalyst at
350°C) to destroy organic vapors and to convert
organic iodides to the more readily sorbed I2 form.

Sorption on porous plastics. PreUminary results of
studies of the sorption of iodine by porous polymers
showed that all of the AmberUte XAD macroreticular

resins (Rohm and Haas Company) were effective in
removing iodine from dry air streams.1 s In recent
experiments at 25°C with dry air containing 2 to 4 mg

of I2 per liter, one of the more promising resins,
AmberUte XAD-12 (an acryhc ester containing a
nitrogen-oxygen group), sorbed 1.39 g of I2 per gram of
sorbent with only 0.6% iodine breakthrough. The resin
loaded to 995 mg of I2 per gram at 50°C with 0.015%
breakthrough and to 627 mg/g at 100°C with 1%
breakthrough. For comparison, at 25°C, iodized char
coal loaded to 2.1 g of I2 per gram with 0.05%
breakthrough and silver zeoUte to 126 mg/g with 0.08%
breakthrough. The resin was much less effective in
removing molecular iodine from wet air; at room
temperature, only 430 mg of I2 was sorbed per gram of
AmberUte XAD-12, with 2% I2 breakthrough. A 5-mm-
diam by 10-cm-long column of sorbent and an air flow
of 150 ml/min were used in each test.

All of the macroreticular resins sorbed some methyl
iodide from dry air at room temperature; two of them,
AmberUte XAD4 (a styrene-DVB polymer) and Amber
Ute XAD-12, sorbed more than 10 mg of CH31 per gram
of sorbent while still removing more than 99% of the
methyl iodide from the air streams. Increasing the
temperature decreased the efficiency of the AmberUte
XAD4 but increased the efficiency of AmberUte
XAD-12. With the latter resin, increasing the tempera
ture from 25 to 50°C increased the loading (to
detectable breakthrough) from 15 mg of CH31 per gram
of sorbent to 93 mg per gram. A further increase in
temperature to 110°C decreased the efficiency. In each
test, dry air containing 1 to 4 mg of 1311-traced CH31
was passed through a 5-mm-diam X 10-cm-long column
of sorbent at the rate of 150 ml/min.

Batch distribution coefficients for the sorption of
iodine from water and nitric acid by macroreticular
resins were determined with solutions that had an initial

I2 concentration of about 5 X 10~s M. The distribution
coefficients ranged from 10 to 24,000, depending on
the resin and the nitric acid concentration (Table 2.18).
Sorption of iodine by AmberUte XAD-12 was highly
efficient (D = 24,000) from water but much less
efficient from nitric acid. Conversely, the coefficient
for sorption of iodine from water with XAD4 was only
25 but increased to a maximum of 14,000 at an HN03
concentration of 3 M.

Column runs made with AmberUte XAD-12 showed

that it was possible to sorb molecular iodine from
water, elute the iodine, and reuse the resin in additional
sorption-elution cycles with Uttle, if any, deterioration
in sorption efficiency. A column subjected to three
sorption-elution cycles removed more than 99% of the
iodine during each cycle from water containing 5 X
10~4 M I2. The column was loaded to 60 to 130mgof
I2 per cubic centimeter of sorbent at flow rates that
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Table 2.18. Sorption of iodine from water and nitric acid
with macroreticular resins

Conditions: 0.1 g of resin contacted for 16 hr with 10 ml of solution that con
tained 5 X 10~5A/T2

Amberlite Iodine distribution coefficient"

sorbent Water 0.1MHNO3 1 M HN03 3MHN03 7 M HN03

XAD-2 31 1100 1600 3,100 3300

XAD-4 25 390 2900 14,000 3300

XAD-7 31 750 450 240 180

XAD-8 18 1200 500 300 360

XAD-9 10 650 22 1,100 60

XAD-11 15 1500 470 1,700 310

XAD-12 24,000 720 170 230 130

^Calculated from initial and final aqueous iodine concentrations.

ranged from 1 to 4 ml cm"2 min"1. Although allof the
sorbed iodine could not be eluted from the column,
about 90% was easUy eluted with either 0.1 MNa2S03
+ 0.05 M HNO3 or 0.1 M Na2S203 + 0.1 M NaOH to
yield solutions with an average iodine concentration of
0.02 M.

The Amberlite XAD-12 was equally effective in
removing iodine from very dilute iodine solutions.
Approximately 98% of the iodine was sorbed from 5
Uters of 1 X 10"6 M I2 in water as it passed through a
4-mm-diam X 10-cm-long sorbent column at an average
flow rate of 1.7 ml cm"2 min"1. Column efficiency
improved with time, suggesting that the presence of
iodine on the plastic enhanced the sorption process.
This was verified by the fact that, even at flow rates of
8 ml cm"2 min"1, more than 99% of the 131I was
removed on passing 1 X 10"6 M I2 (traced with i3ll)
in water through an Amberlite XAD-12 column that
had been preloaded at the top of the column with 2 mg
of nonradioactive iodine.

In cyclic sorption-elution tests with Amberlite
XAD-4, elution of I2 from the resin with 0.2 M NaOH
solution was incomplete, and the efficiency of sorption
of the iodine from 0.5 M HN03 decreased rapidly with
cycUng.

Chemistry of Uncommon Volatile Iodine Species

As described previously,16 reaction of I2 with caustic
solutions produces an unstable "active iodine" species
(presumably hypoiodite) that is readily extractable (or
reacts) with organic solvents. Relatively large amounts
(10-40%) of the iodine have been volatiUzed from
these solutions, and it appeared from earlier tests that
the active iodine species (HOI has been postulated19 as
a volatile iodine species) itself was being volatilized.

Recent results do not confirm this. It now appears
that the highly reactive iodine species rapidly iodinates
any organic impurities in the solution or in the sparging
air stream and that the iodine volatilized in our tests

probably has been mostly in the form of alkyl iodides.
By modifying the equipment and paying particular
attention to the source and method of preparation of
stock reagent solutions in order to avoid organic
contaminants, we have decreased the amount of iodine
volatilized in a standard test several-fold. Because the

iodine concentrations are low (10"4 to 10"s M),
however, even trace concentrations of organic impu
rities may be important since it may not be possible to
reduce these concentrations to the level where their

effects can be ignored.
The results suggest that the reaction of hypoiodite

with organic materials may be an important factor
affecting the operation of caustic scrubbers used to
remove radioiodine from gas streams. Also, they may at
least partiaUy explain the large differences in iodine
removal efficiency that have been observed in the
operation of these scrubbers.

Engineering-Scale Application of Solid
Sorbents for Iodine Removal

An iodine removal system (Fig. 2.20) consisting of a
catalytic oxidation step followed by sorption of iodine
on charcoal was installed on the equipment off-gas
stream at the Transuranium Processing Plant (TRU).
The system was placed in operation in September 1970
and has been on-stream since that time.

19. J. H. Keller et. al., "Hypoiodous Acid: An Airborne
Inorganic Iodine Species in Steam-Air Mixtures," pp. 467-81 in
Proceedings of Eleventh Air Cleaning Conference, Richland,
Wash., August 31-September 3, 1970, CONF-700816.
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Table 2.19. Performance of the primary off-gas removal systemat TRU during process campaigns 21 and22

Date

Average '311
inventory

in TRU

(Ci)

Average 131I
input to
system

(mCi/day)

Average '3! I
release from

system

(mCi/day)

Decontamination factor

Campaign
No.

First

charcoal

bed

Second

charcoal

bed

System

21

22

11/6-11/11/70

11/22-12/20/70

1/11-1/23/71

400

50

13

12.6-

0.5

1.5

<0.01

<0.005

0.018

30

17

>20

1.6

>103
MOO

83

Incoming off-gas (400 cfm) is heated to ~550°F in
passing through the tubes of a primary heat exchanger,
countercurrently to the exit gas from the catalytic
oxidation bed that contains Hopcalite catalyst. Addi
tional electric heat is provided to maintain the Hop-
caUte bed at 650 ± 25°F. The gases are then cooled to
~225°C in passing through the shell sideof the primary
exchanger andfurther cooled to ~175 ± 25°F in a smaU
water-cooled exchanger. The gases then pass through
two l-in.-thick charcoal absorption beds in series for
iodine removal. The oxidation step destroys organics in
the off-gas, thus improving the efficiency and extending
the useful Ufe of the charcoal beds. This system serves
as the primary iodine control for the TRU faciUty and,
in addition, wiU serve as an important test faciUty to
demonstrate the effectiveness and Ufe expectancy of
soUd sorbents in actual plant appUcation.

Two process campaigns with sufficient iodine input
for monitoring have been completed at TRU since
instaUation of the iodine removal system. Performance
of the iodine removal equipment is summarized in
Table 2.19. During campaign 21, iodine release rates
from the system were consistently less than the limit of
detection (10 /iCi/day) and system DFs approached
104. During the period immediately following the
active processing in campaign 21, release rates averaged
5 /iCi/day, but input rates were too low to permit
measurement of realistic DFs. In campaign 22, which
began about four months after installation of the iodine
removal system, a significant loss in efficiency was
evident. Iodine input rates had decreased by a factor of
10 as compared with campaign 21, and release rates
averaged 20 /iCi/day, more than a factor of 2 higher
than previous results. A similar loss of efficiency of
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charcoal in similar experimental applications had been
observed and is probably due to gradual poisoning of
the charcoal.

Future plans for the TRU system include continued
measurement of the efficiency of the existing charcoal
beds over a period totaling six to eight months. The
charcoal beds will then be replaced by silver zeolite
beds, and their efficiency will be determined over an
extended period of time. Based on laboratory data, the
silver zeoUte should have both a higher initial efficiency
and a longer effective Ufe than charcoal.

2.7 RADIATION, SHIELDING, AND
CRITICALITY STUDIES

The objective of this series of studies is to provide
basic nuclear data to support the design and develop
ment of the LMFBR fuel cycle. The studies of radiation
properties and shielding requirements of LMFBR fuels
involve correlation of basic nuclear data, including
decay schemes, neutron cross sections, energy spectra
of radiation sources, and thermal power; development
of computer programs for the calculation of transient
concentrations of radionuclides; calculation of attenua

tion kerma of shield materials of interest; and applica
tion of these data to LMFBR fuel cycle processes. The
criticality studies involve compilation and correlation of
basic data, Uaison with experimental groups, develop
ment and verification of computational techniques, and
development of criticality parameters and control tech
niques for specific process applications.

Radiation and Shielding Studies

During this report period, we evaluated the accuracy
of the ORIGEN program and developed parametric data
for use in the design of radiation shields.

Development of the ORIGEN program. The thermal
power of spent fuels computed by the ORIGEN
code2 ° '21 has been compared with published experi
mental and calculated afterheat data. Figure 2.21
presents a comparison of the thermal power computed
by ORIGEN for thermal-neutron fission of 235U with
values obtained from several independent sources of
data. The points labeled NSIC-5 are from ref. 22 and

20. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1969,
ORNL-4422, pp. 88-95.

21. Chem Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, pp. 75-77.

22. W. B. Cottrell and A. W. Savolainen (eds.), U.S. Reactor

Containment Technology, NSIC-5, vol. I, chap. 5 (August
1965).

represent the combined measurements and calculations
of a number of workers, as compiled by Shure.23 The
points labeled PHOEBE were obtained using the
PHOEBE code of Arnold,24 which computes the
activity, thermal power, and spectra of 23SU fission
products. This code uses an empirical fit of experi
mental data2S for decay times less than 1550 sec and
the calculated afterheats of Perkins and King26 for
decay times greater than 1550 sec. Also shown are the
calculated results of Blomeke and Todd.27 The ex
posure of the fuel is typical of that which is expected in
an advanced LWR converter. All the data agree to
within a few percent over the range of decay times from
1000 sec to 100 years. The ORIGEN gamma-ray power
falls below the other compilations at postirradiation
times of 100 sec or less. This results from uncertainties

in fission yields, half-lives, disintegration energies, and
decay schemes for nuclides with very short half-lives.
For those appUcations for which the code was de
veloped, decay times of a month or longer are of
primary interest.

A comparison has been made of the thermal power of
spent fuels as a function of decay time for 235U and
239Pu fission in both thermal and fast reactor spectra.
The fuels were assumed to be irradiated at a constant

specific power of 250 MW per metric ton of fuel to a
burnup of 100,000 MWd per metric ton of fuel in
spectra typical of an LMFBR core and of a light-water-
moderated research reactor core. The results (Table
2.20) indicate that the differences resulting from
different fuel are larger than those from differences in
the neutron spectra. At decay times less than 90 days,
the 235U afterheats area few percent higher than those
from fission of 239Pu.At longcooling times, the 239Pu
thermal power becomes considerably higher as the
result of radioactive decay of transplutonium isotopes.

A program has also been initiated to compare the
concentrations of individual nuclides in spent fuels

23. K. Shure, Bettis Technical Review, WAPD-BT-24, p. 1
(December 1961).

24. E. D. Arnold, PHOEBE - a Code for Calculating Beta
2 3Sand Gamma Activity and Spectra for U Fission Products,

ORNL-3931 (July 1966).

25. R. W. Peelle, W. Zobel, and T. A. Love, "Measurement of
the Spectrum of Short-Lived Fission Product Decay Gamma
Rays Emitted from a Rotating Fuel Belt," Appl. Nucl. Phys.
Div. Annu. Progr. Rep. Sept. 10, 1956, ORNL-2081.

26. J. F. Perkins and R. W. King, Nucl. Sci. Eng. 3, 726-46
(1958).

27. J. O. Blomeke and M. F. Todd, Uranium-235 Fission
Products Production as a Function of Thermal Flux, Irradiation
Time, and Decay Time, ORNL-2127 (1957).
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Table 2.20. A comparison of the postirradiation thermal power resulting from irradiation of U and Pu in thermal- and
fast-neutron spectra, at a constant specific power of 250 MW/metric ton, to a burnup of 100,000 MWd/metric ton

235U 23<'Pu

Thermal" Fast6 Thermal" Fast6

Mass of fission products, 106,000 105,000 107,000 106,000

g per metric ton of 23sU
or 239Pu charged to reactor

Fissions per initial atom, % 10.6 10.6 10.5 10.5

Total neutron flux, neutrons cm-2 sec-1
Initial 1.60 X 1013 1.51 X 101S 5.73 X 1012 1.65 X 101S
Final 1.81 X 1013 1.71 X 101S 6.62 X 1012 1.86 X 101S
Time average 1.70 X 1013 1.61 X 1015 6.15 X 1012 1.75 X 10ls

Fission product + actinide
thermal power, W per metric
ton of 23SU or 239Pu charged
to reactor, after decay time
(days) of:

1 1,120,000 1,130,000 1,070,000 1,020,000

3 804,000 801,000 770,000 738,000

10 552,000 545,000 511,000 505,000

30 330,000 330,000 304,000 310,000

90 161,000 164,000 158,000 164,000

150 103,000 105,000 110,000 113,000

365 37,000 37,500 49,700 52,200

730 15,900 16,200 23,000 25,200

1096 8,980 9,150 14,300 14,300

3650 3,270 3,080 4,270 4,170

"Spectrum is typical of a light-water research reactor (e.g., ORR, ETR, MTR).

6Spectrum is typical of an LMFBR core.
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predicted by ORIGEN with analyses of actual fuels
irradiated in the GETR and EBR-II.

FinaUy, a series of calculations was performed to
determine the isotopic changes to be expected in
stainless steels irradiated in fast reactor spectra.28 The
computed concentrations of hydrogen and heUum were
in good agreement withmeasured values.2 9

Parametric shielding data. Parametric data for use in
the design of neutron shields for LMFBR spent-fuel
shipping casks have been developed using the ANISN
code30 in the Sl6P3 approximation and a 27«-20y
coupled cross-section set. Cross sections for the attenua
tion of neutrons and photons and for the production of
secondary photons were compiled or calculated using
GAM-II, MUG, and P0P0P4.3 J

In this investigation, we have determined the neutron
shielding properties of iron, lead, and uranium when
used alone or with water placed either around the
source or around the outside of the shield. The shields

were assumed to be spherical sheUs surrounding a
spherical aluminum source having a radius of 1 cm. Two
source neutron spectra were used for the calculations: a
252Cf spontaneous fission (SF) spectrum and an (a,w)
spectrum typical of that expected from 244Cm2 03.

The results lead to the foUowing general conclusions:

1. The neutron spectrum for the (a,n) source is slightly
"harder" than the spectrum for the SF source and
results in a higher neutron dose rate.

2. For a given thickness of heavy metal, a 10-cm
thickness of water can be three to ten times more

effective when placed outside the shield instead of
inside.

3. For a given thickness of metal, the effectiveness of
the three shield materials in decreasing order is: U,
Fe,Pb.

4. For a given slab weight (g/cm2), the effectiveness in
decreasing order is: Fe, U, Pb.

28. H. T. Kerr, M. J. Bell, and E. E. Bloom, "Neutron Cross
Section Data Applied to the Materials Irradiation Studies at
ORNL," presented at the Third Conference on Neutron Cross
Sections and Technology, Knoxville, Tenn., March 15-17,
1971 (to be published in the proceedings).

29. N. D. Dudey, S. D. Harkness, and H. Farrar IV, Nucl.
Appl. Technol. 1,700-710(1970).

30. W. W. Engle, Jr., A User's Manual for ANISN, a
One-Dimensional Discrete Ordinates Transport Code with
Anisotropic Scattering, K-1693 (1967).

31. L. R. Williams and W. E. Ford, Computing Technology
Center, Oak Ridge Gaseous Diffusion Plant, unpublished data
(November 1969-February 1970).

5. Secondary gamma dose rates are only significant in
cases where water is placed on the outside of the
shield. In such cases, the secondary gamma dose rate
can be 20 to 60% of the total dose rate.

The results of the comparative calculations are sum
marized in Table 2.21. More complete results of these
studies wUl be presented at a topical meeting, "Neutron
Sources and AppUcations," of the American Nuclear
Society in April 1971. These results will be published in
the proceedings.

Criticality Studies

During this report period, we have been developing
parametric data for heterogeneous systems of (U +
Pu)02 in water and fissile solutions to complement the
data for homogeneous systems that were reported
previously. Computational techniques used for these
parametric calculations were evaluated by comparing
results with more exact Monte Carlo techniques and
with data from critical experiments.

Computational techniques. A study was made to
investigate the adequacy of the resonance treatment in
the cross-section preparation code XSDRN for prob
lems with "lumped" absorbers surrounded by moder
ators containing absorbers. The Monte Carlo code ESP
was utilized to determine the reactivity for a (U +
Pu)02 fuel, at 90% theoretical density, containing 20
wt % Pu02 and having the isotopic compositions 75 wt
% 239Pu, 25 wt % 240Pu, and 0.2 wt % 236U. The
code ESP takes basic cross-section data from the

ENDF/B tapes and generates an ultrafine energy group
structure to be used in the subsequent Monte Carlo
calculation. This investigation used 4096 energy groups
from version I ENDF/B data and approximated the
hydrogen scattering treatment with a free-gas model.

Results of the series of Monte Carlo calculations

(standard error, approximately ±1%) are given in Fig.
2.22. These results show that, in the vicinity of
optimum moderation for minimum critical volume with
a pure H20 moderator, introduction of dissolved fuel
into the moderator causes a decrease in k^. Conversely,
when the system is highly overmoderated for the pure
H2O moderator, introduction of dissolved fuel into the
moderator increases k^, since it moves the system
nearer to the effective optimum moderation.

We know from previous calculations that the approxi
mate resonance treatment of XSDRN predicts essen
tially the same results as the more exact Monte Carlo
treatment. Therefore, it is concluded that the code
XSDRN may be used effectively to estimate the
criticaUty parameters of this type of system.
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Table 2.21. Neutron and secondary gamma dose rates at the outer surface of multilayered spherical shells, resulting from an
internal spherical neutron source having a radius of 1 cm and spectra typical of those from spontaneous fission of

2S2Cfand ia,n) reactions in 244Cm203

4m -doserate {cm [(millirems/hr)/(neutrons/sec) ]}

Thickness of shield
SF source (a,n) source

Neutron Secondary gamma Neutron Secondary gamma
dose rate dose rate dose rate dose rate

lOcmU 6.63 X 10"s 2.49 X 10~7
20cmU 3.53 X 10"s 1.15 X 10"7
30cmU 1.45 X 10"s 5.04 X 10~8
10 cm U + 10 cm H20 5.89 X 10"6 7.31 X 10"6 8.28 X 10"6 1.44 X 10"*
20 cm U + 10 cm H20 1.06 X 10"6 8.49 X 10 7 1.31 X 10"6 7.96 X 10 7
30cmU + 10cmH2O 2.04 X 10"7 3.59 X 10"7 2.21 X 10"7 3.63 X 10~7
10 cm H20 + 10 cm U 1.48 X 10"5 7.77 X 10~8 2.24 X 10"s 1.01 X 10"7
10 cm H20 + 20 cm U 5.73 X 10"6 2.07 X 10"8 8.63 X 10"6 2.94 X 10"8
10 cm H20 + 30 cm U 1.98 X 10"6 7.53 X 10"9 2.97 X 10"6 1.09 X 10"8
10 cm Fe 1.01 X 10"4 4.13 X 10~8 1.12 X 10"4 3.29 X 10 8
20 cm Fe 9.17 X 10"s 9.26 X 10"8 9.85 X 10"5 8.53 X 10~8
30 cm Fe 6.96 X 10"5 1.49 X 10"7 7.37 X 10"5 1.39X 10"7
10 cm Fe + 10 cm H20 1.23 X 10"5 2.57 X 10"6 1.81 X 10"s 2.37 X 10"*
20 cm Fe + 10 cm H20 4.33 X 10~* 2.75 X 10"6 6.01 X 10"6 2.70 X 10 6
30 cm Fe + 10 cm H20 1.62 X 10"6 2.61 X 10"6 2.09 X 10"6 2.60 X 10"6
10 cm H20 + 10 cm Fe 2.47 X 10 5 5.94 X 10"7 3.83 X 10"5 5.41 X 10"7
10 cm H20 + 20 cm Fe 1.72 X 10"s 1.02 X 10 7 2.65 X 10"s 1.11 X 10"7
10 cm H20 + 30 cm Fe 1.18 X 10"5 4.72 X 10"8 1.81 X 10 s 6.30 X 10"8
lOcmPb 1.05 X 10"4 8.12 X 10"8 1.12 X 10"4 1.19 X 10 7
20cmPb 1.10 X 10"4 4.15 X 10"8 1.13 X 10"4 6.42 X 10 8
30cmPb 1.03 X 10"4 1.90 X 10"8 1.03 X 10"4 2.92 X 10"8
10 cm Pb + 10 cm H20 1.76 X 10"s 2.09 X 10"6 2.68 X 10"s 1.88 X 10"6
20 cm Pb + 10 cm H20 9.72 X 10"6 2.08 X 10"6 1.40 X 10"s 2.00 X 10"6
30 cm Pb + 10 cm H20 5.49 X 10"6 2.16 X 10"6 7.31 X 10"6 2.17 X 10"6
10 cm H20 + 10 cm Pb 2.77 X 10"5 8.67 X 10"8 4.32 X 10"5 8.00 X 10"8
10 cm H20 + 20 cm Pb 2.37 X 10"s 3.84 X 10"8 3.69 X 10"s 3.85 X 10 8
10 cm H20 + 30 cm Pb 2.04 X 10"5 2.29 X 10"8 3.15 X 10_s 2.31 X 10"8

Evaluation of nuclear data. The computational
methods and the cross-section data currently in use
have been tested by comparison of calculated results
with selected experimental results, as reported in the
Uterature. One series of particular interest is the
recently reported critical approach and exponential
experiments for prototype FFTF fuel.32 These repre
sent the first reported experiments for (U + Pu)02 rods
in water for which the plutonium weight fraction was in
the range of interest for LMFBRcore fuels. In this case,
the 25.2 wt %Pu02-U02 pellets, at 93% theoretical
density, were in 0.20-in.-ID, 0.230-in.-OD, 27.25-in.-
long 316 stainless steel rods. The isotopic content of
the plutonium was approximately 12 at. %240Pu and 2
at. %241Pu. The uranium had the naturally occurring
composition. The experimental results and the calcu-

32. C. L. Brown and C. A. Rogers, "Critical Approach and
Exponential Experiments with Prototype FFTF Driver Fuel
Pins in Water," Trans. Amer. Nucl. Soc. 13, 663 (1970).

lated A:eff's are shown in Table 2.22. The calculated
values are aU within 1.5% of unity, except the last
entry, and are thus considered to be in good agreement.
The 2.7% error in the last entry is not thought to be
severe since the reported material buckling was only
approximate and the moderator-to-fuel volume ratio is
beyond the range of interest to LMFBR fuel reproc
essing criticaUty safety.

The calculational procedure for determining the fceff 's
employed the code XSDRN to generate 16-group cross
sections for the equivalent homogenized ceU from a
123-group library of ENDF/B version II data. All
resonance nucUdes were treated exphcitly by the
Nordheim integral treatment with appropriate Dancoff
correction factors. The 16-group cross sections were
then used in one-dimensional diffusion theory calcula
tions with the code CITATION. The second dimension

in these calculations was treated by the use of an axial
buckUng calculated from the fuel height and the
measured extrapolation distance.
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Table 2.22. Experimentalresultsand calculatedfce«-'s for 25.2 wt %Pu02-U02 rods moderatedand reflectedby water

Lattice

pitch
(in.)

Water-to-fuel

volume ratio

Number of pins
for

criticality

Effective

critical

radius

(cm)

Material

buckling
(m~2)

Extrapolation
distance

(cm)

Calculated

*eff

0.450 4.26 417±5 12.25 153.8 ±2.7 8.01 1.0002

0.600 8.60 219.2 ±0.6 11.85 172.7 ±2.2 7.25 1.0113

0.779 15.42 156.2 ±0.8 12.98 160.9 ±1.0 6.89 1.0121

0.900 21.01 149.8 ±0.6 14.69 138.5 ±1.0 6.90 1.0143

1.039 28.45 165.0 ±0.2 17.80 111.6 ±0.3 6.61 1.0094

1.200 38.37 232.6 ±0.1 24.41 77.0 ±1.0 6.11 1.0004

1.350 48.92 410 ±10 36.45 -46.8 0.9736
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Fig. 2.22. Infinite system multiplication factors for 20 wt %
Pu02-U02 rods in fuel moderator solutions.

Parametric criticality data. Calculations are being
performed to develop parametric criticality datafor (U
+ Pu)02 rods in water, nitric acid, and fissile solutions
for isotopic compositions and U/Pu ratios characteristic
of those expected from LMFBR discharge fuels. These
data are being calculated with the XSDRN and

CITATION codes by the method described in the
previous section. The complete results will be tabulated
and charted in a separate publication for use in safety
analyses of preUminary plant component designs.

Typical results for hexagonal arrays of rods of 16 wt
% Pu02-U02, at 90% theoretical density, in water are
shown in Figs. 2.23 and 2.24. In making these
calculations, it was assumed that the plutonium con
tained 27 wt % 240Pu and the uranium contained 0.2
wt % 235U. The results indicate that "lumping effects"
can cause a reduction of as much as a factor of 3 in the

plutonium critical mass (at 340 g of Pu per Uter) and
that the minimum reflected critical cyUnder radius is
16% smaller for the O.lO-in.-diam rod system than for
the homogeneous system. Thus, in designing process
plant components such as dissolvers, which have
lumped fuel dispersed in moderating liquids, neglect of
the effect of heterogeneities could lead to serious
overestimates of allowable masses and dimensions.

2.8 ENGINEERING STUDIES

A study was made of the feasibility of the interim
reprocessing of fuels from the Fast Test Reactor (FTR
or FFTF) and other conceptual Follow-On LMFBR's in
the Nuclear Fuel Services (NFS) plant, West Valley,
New York. In general, this study showed:

1. The present NFS head-end equipment and facili
ties (including plant alterations planned for 1973) are
inadequate for the reprocessing of LMFBR fuels. The
downstream aqueous Purex facilities and equipment are
capable of handling LMFBR fuels, although some of the
steps (e.g., plutonium isolation and packaging) and
waste effluents limit the reprocessing rates to less than
half that (>1 metric ton of U + Pu per day) obtainable
in the head end. For fuels decayed less than 200 days,
the emission of 131I is restrictive both in gaseous
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Fig. 2.23. Effect of Pu02 concentration on the critical mass of plutonium (73% 239Pu-27% 240Pu) in awater-reflected sphere
containing rods of 16% Pu02 -84% U02 in water.

effluents and in low-level liquid wastes. For postirradi
ation decay times greater than 200 days, 129I in the
low-level wastes restricts the reprocessing rate. At
cooUng times of less than one year, heat dissipation
problems are severe.

Thus, some mechanical modifications and other
development work must be accomplished before even
long-decayed LMFBR fuels may be reprocessed. The
reprocessing of short-decayed fuel in the existing
system, even with the most extensive modifications
envisioned as being reasonable, would result in excessive
radioactive emission aswell as cause other problems.

2. LMFBR fuels could be processed in the NFS plant,
providing suitable additions or modifications (princi
pally to the head-end equipment and facilities) were

made. However, such modifications cannot now be
accompUshed within the framework of the existing
LWR fuel reprocessing technology. A substantial and
extensive research and development program to pro
duce the appropriate LMFBR reprocessing technology,
particularly for the entire head-end portion of the
plant, will be necessary.

The major modifications required for the NFS plant
in order to permit the processing of fuel decayed one
year or less would include:

a) Addition of a new fuel receiving and cleaning
facility.

b) Addition of an off-gas coUection and treatment
faciUty for the storage basin, process mechanical cell
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(PMC), and general-purpose cell (GPC). If the
cleaned fuel is canned for storage in water, an

off-gas coUection and treatment facility would not
necessarily have to be added to the storage basin.

c) Provision for disassembly in the PMC, and altera
tions to the bundle shear to produce short terminal
pieces and smalldiscrete pieces of shroud.

d) A voloxidation and/or internal sodium deactiva
tion33 capability in the GPC or in the chemical
processing cell (CPC).

33. The self-heating of sheared fuel in storage would promote
the evolution of fission gases and burn any sodium present,
which is the basic intent of the proposed voloxidation step
currently being developed.

e) Provision for heat removal in the PMC, GPC, and
CPC.

f) Addition of a third dissolver to the CPC if dissolu
tion times of up to 40 hr are found to be necessary.

Items a, c, d, and / are independent of decay time and
would be required for all LMFBR fuel. Fuels decayed
longer than one year would probably not require
modifications b and e.

The NFS facilities would require only minimal modi
fications if the fuel supplied to the plant could be
guaranteed to be free of sodium. For example, a new
fuel receiving and cleaning facility would not be
required. Sodium-free fuel of a postirradiation time of
one year or longer could be processed if a disassembly
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capabiUty was added to the PMC or if the bundle shear
was suitably altered to ensure that the shroud of each
subassembly was cut into smaU discrete pieces that
would pass through the restricted throat of the shear.
However, the reprocessing of sodium-deactivated spent
fuel after a long decay period would not permit overall
demonstration of the technology required for shorter-
decayed fuels.

Assuming that a plutonium inventory charge will not
be assessed for early LMFBR's, processing of fuel at
long decay times would appear to provide for minimal
initial reprocessing costs, whereas the development and
demonstration of short-cooled processing, using at least
a portion of the early fuels, would provide earlier
confidence in LMFBR fuel cycle technology and,
probably, increased cost benefit to the industry.

Table 2.23 is a comparative chart showing that the
development and demonstration of technology for
LMFBR fuels decayed longer than one year do not
produce all of the technology that is required for the
reprocessing of fuels decayed less than one year.

3. OveraU, it could be concluded that the processing
Umitations at NFS and the required modifications are
of such a magnitude that, for the shorter-decayed fuels,
the addition of a new reprocessing head-end facility (for
receiving and cleaning the fuel and for carrying out aU
the steps through feed adjustment) would probably be
more desirable than renovation of the existing facilities.

A more-detailed summary of each of the main
sections of the study in the order of their appearance in
the final report34 isgiven below.

Shipping. Shipping, per se, was not treated in this
study. It is being reported separately (An Engineering
Evaluation of LMFBR Fuel Shipment, ORNL-
TM-2723).

Fuel receiving and storage. If the fuel is aUowed to
decay for about one year and is then cleaned of sodium
prior to shipment in gas or water, the existing NFS
receiving faciUtiesmay be used. If the fuel is shipped by
an advanced method using .sodium as the primary
coolant or if the fuel is not precleaned of sodium, a new
NFS receiving facility will be required. This new unit
would contain equipment for sodium removal unless an
in-shipping-cask sodium removal and deactivation
method can be developed and proved feasible.

The existing storage facilities probably could be used
for storage of uncanned LMFBRfuel, provided the fuel
has been adequately cleaned of sodium. However, if

34. C. D. Watson et al., A Study of the Reprocessing ofSpent
Fast Test Reactor Fuel (and Other LMFBR Fuels) in the
Nuclear Fuel Services Plant, ORNL-TM-2906 (in press).

short-decayed material is to be stored in the NFS canal,
it will be necessary either to canister it or to establish
that in-canal failure of a fuel tube(s) wUl not result in
unacceptable fission product concentrations in the
water of the storage canal and the building that houses
it.

The heat removal capabilities of the storage canal and
the shielding of the various facilities are adequate, and
criticahty control does not appear to present any
unusual chaUenging problems.

Head-end reprocessing. The principal problems ex
pected to be encountered in the head-end processing of
LMFBR fuels are mechanical difficulties, heat dissipa
tion, sodium deactivation, and off-gas coUection and
treatment. (For summary comments on the head-end
off-gas problems, see "Site Effluents" below.)

Mechanical. The longest fuel assembly that can be
passed from the storage canal into the PMC is 16 ft;
thus AI Reference oxide fuel, which is 17 ft 8 in. long,
may have to be cropped. NFS does not now have an
underwater cropping capability.

The disassembly (removal of end fittings, de
shrouding, gas plenum removal) of LMFBR fuel is
desirable to control the heat release rate, by reducing an
assembly to a smaller array of rods, and to decrease the
amount of non-fuel-bearing material to be handled in
the downstream processing steps. The presence of a
shroud and gas plenum causes problems in the shearing
step, and the gas plenum causes problems in the
dissolution step.

Complete disassembly of the fuel into individual fuel
rods cannot be accomplished with the present PMC saw.
Although the end fittings and gas plenum could be
severed by the current method, there is no provision for
the coUection and disposal of the off-gases and/or
sodium released during the operation. The technology
for these operations, including shroud removal, would
have to be developed, and applicable new equipment
would have to be added to the PMC.

The NFS shear is capable of shearing each of the
LMFBR fuels, including the shroud and nickel reflector
sections of the FTR. However, neither shearing of
shrouded fuel in the presence of sodium (fire, galUng of
shear blades) nor collective shearing of the unfueled gas
plenum sections (possible excess wear on shear blades)
has been demonstrated. Further, if the shroud is not
broken into smaU discrete pieces by the shearing
operation (and this has not been demonstrated), the
throat of the shear and discharge chute could become
clogged with the sheared product (making the down
stream aqueous processing of fuel impossible). Some
developmental effort on the shear blade design plus
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Table 2.23. A comparison of LMFBR fuel reprocessing technology with regard to whether the technology derived
with long-decayed fuel is adequate for the reprocessing of short-decayed" fuel

Fuel decay time

Fuel handling or processing step Less than More than

one year one year

Shipping
1. Demonstration of advanced shipping methods, Yes No

canistered, or uncanistered in sodium, etc.

Receiving and storage
1. Sodium deactivation and disposal Yes No (not shipped in sodium)
2. Off-gas collection and treatment (from ruptured fuel) Yes No(131I, Xe);yes(85Kr,Xe, 3H)

Disassembly

1. Mechanical problems Yes Yes

2. Heat dissipation Yes No

3. Sodium collection and deactivation Yes Yes

4. Off-gas collection and treatment Yes No(131I, Xe);yes(8SKr, Xe, 3H)

Shearing

1. Heat dissipation Yes No

2. Shearing in the presence of molten sodium Yes Yes; no (if long-decayed)
3. Mechanical (shearing of gas plenums, Yes Yes

shredding of shroud, production of short
terminal pieces)

4. Collection and treatment of off-gases Yes No(131I,Xe);yes(8SKr,Xe, 3H)

Voloxidation

1. Iodine, Kr, Xe, 3H removal Yes No(131I, Xe);yes(8SKr, Xe, 3H)
2. Sodium deactivation Yes Yes

3. Heat dissipation Yes No

Separation of fuel from cladding
1. Mechanical problems Yes Yes

Dissolution

1. Dissolution of thermally hot fuel Yes No

2. Off-gas collection and treatment Yes No(131I, Xe);yes(85Kr,Xe, 3H)
3. Fate of noble metals and other insolubles Yes Yes

Feed clarification

1. Centrifugation, filtration, etc. Yes Yes

Solvent extraction

1. Solvent damage Yes No

2. Heat dissipation Yes No

3. High-level (IAW) waste collection and storage Yes No

Product purification and packaging
1. Quality of Pu product Yes No

"Heat and iodine tracer cannot be used to simulate short-decayed fuel because the iodine is not in the correct chemical form.

alteration of the shear to increase the cutting stroke to
a maximum length might result in an assured capability
for producing sheared fuel and shroud in sufficiently
small pieces to flow readUy through the shear discharge.
If this development were not accompUshed, the removal
of the shroud would be mandatory in the disassembly
step. Equipment for this operation does not exist, but it
could be developed and installed in the PMC.

Heat dissipation. The NFS head-end facilities lack a
means of controUing the temperature of LMFBR fuel
(such as by forced circulation of gas) in the PMC, GPC,

and CPC, as well as techniques and equipment for
handling thermaUy hot fuel assembUes. Heat (depending
on decay time) can cause difficulties throughout the
head-end process if the fuel has not been disassembled
previously; it becomes a special problem when the fuel
is sheared into baskets and stored. For example, AI
FoUow-On fuel decayed 265 days and collected in a
7.70-in.-ID basket would attain a calculated center-line

temperature of 1020°F andan outside waU temperature
of 520°F. In comparison, the same fuel decayed 180
days would attain temperatures of 1170°F and 630°F
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respectively. Assuming NFS could handle LWR fuel
decayed 180 days, the decay time required for LMFBR
fuel to roughly equal the temperature of PWR-type
LWR fuel would be 385 to 700 days.

Sodium deactivation. The NFS facility is not
equipped for the handling and disposal of sodium; thus
the presence of this metal would cause problems
throughout the receiving and storage, disassembly,
shearing, sheared fuel storage, and dissolution steps. For
short decay times, the higher the temperature of the
LMFBR fuel, the more reactive is the sodium. In this
sense, sodium associated with short-decayed fuel is
more difficult to deal with than sodium in fuel aUowed

to decay sufficiently long (two to four years) that the
temperature of the sodium is 400°F. If the fuel
subassembUes were shipped in sodium or were contam
inated with sodium upon arrival at the facility, a new
faciUty for removal of the fuel subassembUes from the
shipping cask and for removing the sodium from the
external surfaces of the fuel subassemblies would be

required. Within the head-end processing system, the
possible presence of sodium inside defective fuel rods
(internal sodium) causes concern over the potential for
fires prior to placing the fuel in the dissolver and for
violent reactions within the dissolver. The sodium

problem is probably most severe in the dissolver since
sodium reacts explosively with the oxides of nitrogen
even when blanketed with argon. Either the develop
ment of a reUable method for detecting fatted fuel rods
or the development of a suitable method for reacting
sodium harmlessly (voloxidation) after the shearing step
is required before LMFBR fuels can be processed at
NFS. The development of a proven and feasible sodium
deactivation technology will be required to solve the
head-end sodium problems, regardless of the fuel decay
time used.

Dissolution. The NFS dissolvers appear to be capable
of accommodating LMFBR fuel without modification.
It is estimated that sheared FTR fuel (including the gas
plenums) could be processed in the two existing NFS
dissolvers on a 12-hr dissolution cycle at a throughput
of 0.6 metric ton of U + Pu per day. If the gas plenums
are removed, the rate would be increased to 1.23 metric
tons of U + Pu per day. The dissolution times
recommended for the NFS dissolvers are 12 hr based on

8 M HN03 and 8 hr for 13 M HN03. Actually, NFS
may use a 20-hr dissolution time or longer for LWR
fuels when terminal pieces of sheared fuel up to 3% in.
long are present. Hopefully, new shearing technology
that will resolve the short terminal pieces problem can
be developed.

CriticaUty can be avoided in the dissolver by limiting
the fluid level to a point not significantly above the top

of the fuel baskets; however, nuclear poisons are
required to avoid criticaUty in the downstream feed
adjustment tank. It is proposed that a redundant system
be provided to ensure that aU solutions fed to the
dissolver contain a prespecified concentration of nu
clear poison. Such a system could guarantee that no
unpoisoned solutions would reach the large-diameter
feed adjustment tank.

Solvent extraction. The existing NFS solvent extrac
tion system has the capability for producing the desired
decontaminated uranyl and plutonyl nitrate solutions.
The basic system would be comprised of a 15 vol %
tri-w-butyl phosphate—n-dodecane coextraction col
umn, a partitioning column, a uranium stripping
column (plus two solvent extraction purification col
umns), and plutonium solvent extraction and stripping
(two cycles). The second plutonium cycle would be
used for final purification of the plutonium. Flowsheets
were developed for each of the LMFBR fuels, using a
combination of experimental data and the computer
code SEPHIS. The solvent extraction system can easily
process 1 metric ton of U + Pu per day, except in the
case of the plutonium stripping columns, which Umit
the throughput to about 0.3 to 0.6 metric ton of U +
Pu per day. Nuclear safety in the solvent extraction
columns wiU not be of concern, provided the 240Pu
isotopic content is 12% or greater.

Plutonium packaging and shipping. The NFS plu
tonium packaging and shipping facility can be used to
recover plutonium as plutonyl nitrate from LMFBR
fuels. However, the plutonium stripping contactor
(second plutonium cycle) can supply twice as much
feed to the faciUty as that part of the plant can process.
Thus, it becomes a processing bottleneck at the product
end of the NFS plant. The estimated maximum
processing rates for the bottleneck are 0.3 and 0.6
metric ton of Pu per day for FTR and the AI-GE fuels
respectively.

Site effluents. Gaseous. A review of the present NFS
equipment and operations (including the 1973 altera
tions) indicates that emissions of gaseous fission prod
ucts will probably not exceed the quantities permitted
by current regulations when up to 1 metric ton of U +
Pu from LMFBR fuel cooled longer than 200 days is
processed per day. The control and the release of iodine
govern the selection and restriction of the 200-day
decay time. The processing of fuels decayed 200 days
or less would probably require the addition of a new
off-gas treatment system to the fuel receiving and
storage facUity, the PMC, the GPC, and the waste
storage tanks.

The release of tritium to the environment via the NFS

stack would fall within the present Umitation on the
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routine stack release for up to 5 metric tons of typical
LMFBR fuel per day; the 8SKr restraints would allow
the processing of 1.1 metric tons per day.

Liquid. With the exception of the discharge of iodine,
the present procedures and equipment at NFS for
handling low-level Uquid waste effluents appear to be
adequate for LMFBR fuels.

Assuming that 10% of the tritium produced in the
fuel3s reports to the low-level waste, it is estimated
that 1.5 metric tons of typical LMFBR fuel could
probably be reprocessed per day without exceeding the
current guideUnes of 5% of 10 CFR 20 limits in
Cattaraugus Creek. If it is assumed that all the tritium
produced in the fuel reports to the low-level waste, a

35. Present experience would indicate that about only 5% or
less of the tritium produced in the fuel would arrive at the
reprocessing plant.

throughput of only about 0.14 metric ton per day
would be permissible. The estimate of the release of
10% of the tritium to the low-level waste assumes that
the bulk of the tritium would diffuse from the fuel
during irradiation, since most of the tritium in fuel that
is processed reports to the low-level waste.

Experience indicates that the discharge of1291 to the
creek would limit LMFBR production rates, regardless
of the decay time, while the discharge of 131I would
cause an even more severe Umitation at short decay
times. The l29l concentration (without the addition of
new equipment) would possibly limit the throughput of
the NFS plant to only ~0.25 metric ton of typical
LMFBR fuel per day. However, iodine-removal tech
nology currently under development has the potential
of alleviating this problem to the extent that it would
no longer appreciably influence the capacity of the
plant.



3. Development of Methods for Reprocessing HTGR Fuels

3.1 HEAD-END REPROCESSING STUDIES

WITH UNIRRADIATED FUEL

Comminution Studies with Resin-Bonded Fuel

Two unirradiated graphite fuel samples containing
resin-bonded TRISO-coated1 ThC2 and UC2 particles
were crushed in the hammer mill, using %- and 3/8-in.
grate spacings, to determine the size distribution and
particle coating breakage (Table 3.1).

Fuel particles or pieces of the fuel rod were found in
all +60-mesh or larger size fractions from both tests.
Particle coating breakage was determined by leaching
the product with Thorex dissolvent (13 M HN03; 0.04
M F~, 0.1 M Al3+). Coatings were broken on 1.6% of
the fertile and 0.8%of the fissile particles in the -%-in.
hammer mill product and on 17% of the fertile and
3.4%of the fissile particles in the -%-in. hammer mill
product. In the head-end reprocessing flowsheet, aU of
the fertile material will be recovered; thus the 17%
breakage of fertile particle coatings in the —3/8-in.
hammer mill product is not significant. The 3.4% loss
(crossover) of fissile material due to broken particle
coatings in the —3/8-in. product is well below the 10%
crossover allowed for the reprocessing flowsheet.2

Comminution and Fluidized-Bed Burning Studies
with Pitch-Bonded Fuels

One pitch-bonded fuel rod, containing TRISO-
coated1 fissile and BISO-coated1 fertile ThC2 particles,
was received from Gulf Energy and Environmental
Systems. It was crushed in a hammer mill with the

1. These particles were made and coated by Gulf General
Atomic Division, Gulf Energy and Environmental Systems, Inc.
The TRISO coatings consist of a porous carbon buffer layer on
the fuel kernel, a thin sealer layer, and two outer isotropic
pyrocarbon layers separated by a silicon carbide layer; BISO
coatings consist of two pyrocarbon layers.

2. Chem Technol Div. Annu. Progr. Rep. May 31, 1970,
0RNL-4572, p. 85.

Table 3.1. Size distribution of the product

obtained by crushing HTGR fuel

in a hammer mill

Hammer mill product (wt %)

Size fraction 3/4-in. %-in.
grate spacing grate spacing

+% in. 0.8

-% +% in. 19.7 0.2

- /8 in. +4 mesh 27.0 14.6

—4+12 mesh 14.8 20.1

-12+30 mesh 19.3 30.6

-30 +45 mesh 9.3 13.0

-45 +60 mesh 2.5 4.7

-60 +80 mesh 1.3 3.3

-80 mesh 5.6 13.6

100.3 100.1

grates set to pass —3/8-in. material. Microscopic exami
nation of the crushed material showed very few, <1 %,
broken TRISO particles. The crushed fuel rod was then
combined with graphite at a 1 to 4 ratio, and the
mixture was burned in the fluidized-bed burner (3 psig,
1.25 fps superficial gas velocity, 16.3 kg of carbon per
square foot per hour); 90- to 120-mesh alumina was
used as the heat transfer medium. No operating
problems were encountered, and the buildup of fine
particles on the filters, as indicated by the pressure
drop, was similar to that obtained when TRISO-TRISO
fuel is burned. Microscopic examination of the burner
residue indicated that the breakage of TRISO-coated
particles was low and that the BISO-coated ThC2
particles had been converted to a fine Th02 powder
which was associated with the alumina. Leaching tests
of two samples riffled from the burner residue showed
4.0% breakage in one and 1.3% breakage in the other

80
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sample (average, 2.6%) of the TRISO-coated particles
broken in the crushing and burning step. Some of this
material was also burned with the fluidized-bed burner

operating at a much higher carbon burning rate (47.5 kg
ft-2 hr-1, 22 psig, 1.75 fps superficial velocity).
Breakage of the TRISO coatings, based on microscopic
examination of the residue, appeared to be similar to
that obtained with the lower carbon burning rate.

Fluidized-Bed Burning Rates

Tests were carried out in the 2-in.-diam fluidized-bed

burner using crushed graphite (material passing a 3/8 -in.
grate spacing in the hammer mill) to determine the
maximum burning rate as a function of oxygen partial
pressure and superficial gas velocity. Norton RR grade
alumina (—90 +120 mesh) was used as the heat transfer
medium. The reagent gas composition was held con
stant at 70% oxygen—30% diluent since previous work
indicated that, with 100% oxygen, breakage of the
fertile particle coatings increased and sintering of the
bed occurred.3 Wall temperature was held at 750 ±
25°C. Increasing the bed overpressure from 3 to 18 psig
while holding the superficial gas velocity constant at
1.25 fps increased the carbon burning rate from 16.3 to
30.1 kg ft-2 hr-1 (see Table 3.2). A further increase in
pressure to 22 psig caused a hole to be burned through
the side of the burner. Repeating these tests with a
superficial velocity of 1.75 fps increased the burning
rate from 22.8 to 47.5 kg ft"2 hr"1 as the bed
overpressure increased from 3 to 22 psig. These values
can be used to obtain an idea of the size of the primary
burner that would be required for a TURF demonstra
tion plant reprocessing 9.7 Fort St. Vrain reactor
(FSVR) fuel elements per day (i.e., a burning rate of
~41 kg/hr). The diameter of the burner would decrease
from the 22 V2 in. required for a superficial velocity of
1.25 fps at 3 psig to 12% in. for a superficial velocity
of 1.75 fps at 22 psig.

TURF Process Flowsheets

Detailed process chemical flowsheets have been pre
pared for the head-end and Acid-Thorex pilot plants.
These flowsheets are presented in simplified form in
Figs. 3.1 and 3.2. Calculations were based on the
following assumptions: (1) production capacity (three
shifts) will be 12 kg of (Th,U)02 microspheres (Th/U
ratio = 4.25) per day, and (2) all of the uranium will be
233U recovered from the fertile particles in spent

3. Chem Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, p. 90.

Table 3.2. Fluidized-bed burning rates

Superficial
gas velocity

(fps)

Burning
pressure

(psig)

Oxygen
flow rate

(std liters/min)

Carbon

burning rate
(kgft"2hr"')

L25 3.0 11.0 16.3

1.25 12.0 17.0 24.5

1.25 18.0 20.4 30.1

1.25 22.0 22.9 a

1.75 3.0 15.5 22.8

1.75 12.0 23.5 34.6

1.75 18.0 28.5 42.0

1.75 22.0 32.2 47.5

"Hole burned in the reactor wall.

FSVR fuel. For simplicity, the uranium, thorium, and
fission product concentrations and isotopic composi
tions that were calculated by the ORIGEN code for
fertile particles discharged from the FSVR after two
years of full-power operation were used as the average
values for all fuel reprocessed. Thus, reprocessing
approximately ten fuel elements per day will provide
sufficient uranium, when combined with the internal
uranium recycle stream, to produce 12 kg of micro
spheres per day.

Burner Off-Gas Decontamination Studies

Hot-cell studies4 '5 have shown that the burner off-gas
evolved during the head-end reprocessing step will
contain 98+% of the tritium, noble gases, and iodine
present in spent HTGR fuel elements. The expected
analysis for the burner off-gas produced during the
head-end reprocessing of FSVR fuel in TURF is given in
Table 3.3.

j" Although it is anticipated that at least 99% of the
[radioactive contaminants must be removed from the
burner off-gas stream, the chemically reactive contami
nants should present no special separation problems.
Charcoal trapping, Freon absorption, membrane per
meation, etc., are effective in separating the noble-gas
contaminants from dissolver-type off-gases, but the
physical similarity of carbon dioxide (in the burner-
type off-gas) and the noble gases with respect to such
separations practically precludes the direct use of these

[Procedures for burneroff-gas cleanup.
Thus it appears likely that the critical stage in the

decontamination of burner off-gas will be the selective

4. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, p. 92.

5. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1969,
ORNL-4422, p. 114.
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Fig. 3.1. Head-end processchemical flowsheet
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removal of the bulk of the carbon dioxide. In line with

both pretreatment and final cleanup procedures, three
carbon dioxide removal processes are presently being
investigated. These processes are discussed below.

Liquefaction of the carbon dioxide fraction, coupled
with gas rectification. Because the phase characteristics
of carbon dioxide differ appreciably from those of
other burner off-gas constituents, it is possible that the
bulk of the carbon dioxide can be removed by
liquefaction. Subsequent gas rectification would be
necessary since the solubility of the noble gases in
liquid carbon dioxide and the vapor pressure of liquid
carbon dioxide will be significant at the probable
fractionation conditions.

Catalyzed sorption in hot potassium carbonate. This
is a process that typically employs both high tempera
ture and high pressure in a continuous packed-tower
operation. The carbonate-bicarbonate sorption-regen-
eration cycle is generally aided by a catalyst such as
arsenious acid.

Solidification of the carbon dioxide. By forming solid
carbon dioxide, the remaining off-gas components
could be swept away in relativelypure form. Occlusion
and interstitial trapping of contaminants in the carbon
dioxide snow can hopefully be controlled by properly
manufacturing and collecting the dry-ice crystals.
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Table 3.3. Expected analysis" of burner off-gas
evolved during the head-end reprocessing step

Major components scfm Mole fraction

C02 28.9 0.897

o2 2.4 0.075

N2 09 0.028

Contaminants ppm Ci/day

85Kr 5 X 10"1 1024

3H 9X 10"4 16
131, 1 X 10"6 1

Total Xe 23

Total Kr 6

Total I 1

"See head-end reprocessing flowsheet (Fig. 3.1);
based on ORIGEN code, 9.7 FSVR blocks per day,
2-year exposure, 150-day cooling period.

3.2 HEAD-END REPROCESSING STUDIES

WITH IRRADIATED FUELS

Head-end methods are being developed for the reproc
essing of HTGR fuel. The reprocessing studies cover
both the Fort St. Vrain reactor (FSVR) and the
1100-MW(e) reference reactor fuels. The primary em
phasis is on FSVR fuel since it will be the first HTGR
fuel to become available for use in recycle studies in the
Thorium-Uranium Recycle Facility (TURF). A recent
important programmatic change that affects the head
end reprocessing studies is the firm decision by Gulf
General Atomic (GGA) to use bonded graphite fuel
sticks rather than loose fuel particles in the graphite
block. Fuel sticks for the FSVR contain TRISO-coated

(U,Th)C2 fissile and ThC2 fertile particles that are
expected to maintain their integrity during exposure in
the reactor and through the reprocessing steps. A
method is being developed to separate fertile from
fissile particles, based on their difference in size after
the block graphite, binder graphite, and the outer
pyrocarbon (PyC) layer are removed by burning.

The reference 1100-MW(e) reactor fuel uses TRISO-
coated 23SUC2 fissile and BISO-coated ThC2 and
(233U,Th)02 fertile particles. Burning should convert
the ThC2 particles to a finely powdered oxide, which
must be separated from the fissile particles. The
(Th,U)02 fertile particles are expected to maintain
their integrity during the burning step. A method is
being developed to recover the fertile material by
leaching all the fluidized-bed burner ash except the

recycle alumina. The bred uranium will be separated
from the thorium in the Acid-Thorex solvent extraction

process. Although fissile particles will probably be
stored, the uranium and thorium can be recovered by a
separate crush-burn-leach process, followed by a solvent
extraction step. The previously published reprocessing
flowsheet has been modified to reflect these changes.

The lowest calculated power cost for an HTGR occurs
when only the bred uranium (233U) is recycled. Since
cost penalties accrue for crossover of 233U to the
discarded 23SU fraction, or of 23SU to the 233U
fraction, emphasis has been placed on determining the
efficiency of separation of the fertile (233U) particles
from the fissile (23SU) particles in both engineering-
scale and hot-cell tests. Crossover can occur by particle
breakage and/or by inefficient particle separation. For
example, the particles cannot be separated by screening
if they stick together in small agglomerates after
burning.

A second set of irradiated fuel compacts and unir
radiated controls was obtained through the courtesy of
the Dragon Project. The fuel compacts that were
received are listed in Table 3.4. Unirradiated compacts
of the following fuel types have been studied: 2M4,
19M, 18M, and 38M. The study of irradiated compacts
of fuel types 2M4 and 19M is now in progress.

The processing flowsheets used in these small-scale
studies are dependent on the fuel type. As seen in Table
3.4, fuel type 2M4 is a BISO-coated mixed oxide fuel of
the reference recycle type; however, it is not sol-gel
derived. The reference flowsheet for this fuel is crush-

burn-leach. It is of interest to determine if the oxide

kernels retain their integrity adequately to be separated
from the alumina according to size, because recycle of
the alumina to the burner without leaching would be
advantageous. In addition, both the fissile and fertile
particles of the reference fuel proposed for future
HTGR's have BISO coatings. If this fuel is to be
recycled in such a way that the 236U is always kept
separated from the 233U, the fertile oxide kernel must
retain its integrity through the burning step so that it
can be separated from the alumina and fissile particle
ashes (U308) by a procedure based on size difference.
It is virtually certain that the BISO-coated fissile
particles will convert to powdered U308 because of
their high burnup.

Fuel types 18M (TRISO UC20) and 38M [BISO
(U/5Th)C2 4] were mixed to simulate a reference B
block makeup fuel. In this concept, the TRISO coating
preserves the fissile (2 35U) particle through the burning
step so that crossover of uranium between the fuel
types is minimized.



Table 3.4. Irradiated Dragon compacts" received forORNL head-end studies

Experimental Th/U

fuel atom ratio

no. (93%23SU) composition

Kernel

diameter

Gum)

Type of
coating

Thickness

of coatings
(ium)

2M4

2M7

2M10

3M

18M

19M

38M

ORNL sol-gel*

10 (U,Th)02 500 BISO 130

10 (U,Th)02 500 TRISO 160

10 (U,Th)C2 500 TRISO 150

10 (U,Th)C2 900 TRISO 50/30/80

3,4.5

UC20

ThC2

UC10

(U,Th)C2

(U,Th)02

500

900

500

500

290

TRISO

TRISO

TRISO

BISO

BISO

25/30/70

25/30/70
25/30/70

40/80

aTo a burnup of about 7%fissions per initialmetalatom and 2.5 X 10 fast fluence.
612 to 18% fissions per initial metal atom. Not yet received.

Comments

Simulates (233U,Th)02 reference (BISO) recycle particle
for 1100-Mw (electrical) HTGR. Will be compared with
ORNL sol-gel recycle particle.

Simulates (233U,Th)02 alternate (TRISO) recycle particle
for 1100-Mw (electrical) HTGR.

Suitable for comparison of carbides vs oxides in head-end
studies. Simulates Ft. St. Vrain fertile-fissile particle.

Large kernel size; can be mixed with other fuels for particle
separation studies of TRISO-TRISO and TRISO-BISO
mixes (18M and ORNL sol-gel BISO-coated fuels).

Simulates fissile (23SU) particles. Will be used inparticle
separation studies.

Simulates Ft. St. Vrain fuel particles. Will be used in
particle separation studies.

1100-Mw (electrical) HTGR simulated fertile-fissile

particle with accelerated burnup. Could be mixed with
UC10 TRISO-coated particles (which are presently
available) for separation studies.

1100-Mw (electrical) reference recycle fuel (fertile).

oo
in
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Fuel type 19M is analogous to the FSVR fuel; that is,
it consists of a mixture of small TRISO-coated UCi0
and larger TRISO-coated ThC2. Since both particles are
TRISO coated, a postburning particle separation based
on size can yield three fractions: fertile, fissile, and
alumina (plus broken particle ash). An unirradiated
compact of this type has been studied, and results are
reported below. Work on the irradiated compact is in
progress.

Crushing Studies with Dragon Compacts

In each head-end flowsheet, the preliminary step is
size reduction to provide suitable feed for a burner.
Typically, one compact of each fuel type was available.
For these cases, half a compact (napkin ring) was saved
for an archive sample. The remaining half was crushed
and sieved to determine the product size distribution
for correlation with breakage results.

The half compacts were crushed by the standard
procedure (first by the s/8-in. jaw opening and then by
the ~V8-in. jaw opening). Since sawing has been found
to break all particles contacted by the saw, the weighed
fines were usually combined with the crusher product
before sieving. However, the saw fines (a total of 5.9%
of the compact) from compact 22365, containing
irradiated BISO-coated oxide (2M4), were sieved sep
arately to obtain an estimate of their size distribution.
Table 3.5 shows the size distribution of these fines as

well as the results for the crusher-product—fines com
binations for the other compacts.

Two general observations can be made on examining
the early crushing results: (1) The particle loadings are
lower (i.e., the burnable carbon content is greater) than
was the case in compacts received previously. The

results show a steadily decreasing weight with decreas
ing size (similar to the results of crushing pure
graphite), without a large weight of loose whole
particles in the +42-mesh size fraction. (2) There is
evidence for some differences in crushing behavior due
to fuel type (e.g., TRISO vs BISO) and level of
irradiation, but these are not excessive. Additional
confirmatory experiments are needed to determine the
relationship.

Head-End Studies of Unirradiated Dragon Compact
14719, Fuel Type 19M (TRISO UC10-TRISO ThC2)

Fuel type 19M is an experimental fuel from the
Dragon Project Metallurgical Series I. The fissile particle
kernel is fully enriched UCi0, 60 to 70% of theoretical
density, 422 to 600 /im (509 jum, av) in diameter, with
PyC/SiC/PyC coatings of 18/31/63 /im respectively.
The fertile particle kernel is 850- to 1200-/im-diam
ThC2, 60 to 70% of theoretical density, with PyC/SiC/
PyC coatings of 30/29/56 /amrespectively.

Compact 14719 was weighed and sawed into two
rings. One became an archive sample, while the other
was used in further studies (Fig. 3.3). The sawdust was
burned and leached to determine particle breakage.
(The thorium and uranium carbide kernels exposed by
breakage are readily soluble.) One ring was crushed by
the standard procedure and sieved (Table 3.5), and then
each sieve fraction was divided into duplicate samples.
Overall handling losses were <1%. Each sample was
mixed with about 2 g of Al203 per gram of fuel and
was burned in a fluidized-bed burner at 750°C using a
superficial gas velocity of 1 to 1.5 fps. Burning
proceeded over a 4- to 8-hr period with oxygen-nitrogen
mixtures. About 90% of the fuel weight charged was

Table 3.5. Crushing and sieving results

Type Comment
Percent by weight on screens

Total

handling
loss (%)+4 -4+9 -9+20 -20+42 -42+100 -100

19M TRISO-TRISO" 3.4 48.7 27.3 11.0 4.4 5.3 09

19M TRISO-TRISO6 4.5 58.0 25.3 6.9 3.1 2.2 0.4

2M4 BISO-oxide" 0.7 45.6 38.7 9.6 2.6 2.9 0.1

2M4 BISO-oxide6 4.7 53.9 26.9 8.7 2.6 3.2 05

18M TRISO UC20" 13.8 40.4 18.1 14.1 6.4 7.1 2.2

38M BISO (U,Th)C24" 0.4 45.5 400 8.4 2.7 3.0 0.4

2M4 BISO-oxide

sawdust^

0 0 0 21.1 34.8 44.1 4.1

"Unirradiated; standardized procedure for the laboratory crusher was used.
"Irradiated; standardized procedure for the hot-cell crusher was used.
cAbout 6% of compact
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ORNL-DWG 71-6325

FUEL TYPE 19M

DC 14719

55.7192 g

wt, 100%

< r

SAW

wt, 50.71%

" " "

SAWDUST

wt.1.23%

BREAKAGE,

U C/P,1.6%
ThC/P, 2.1%

ARCHIVE

wt, 47.96%

LOSS

wt,0.10%

< 1

CRUSHER

wt, 50.71%

' ' ' 1 " "

SPLITTER

wt, 48.65%

FINES

wt,3.77%

ARCHIVE

wt,1.69%

LOSS

wt,0.37%

1 r " "

R1

wt, 24.40%

R2

wt, 24.04%
LOSS

wt,0.20%

C/P = COATED PARTICLE

Fig. 3.3. Results of sawing, crushing, and sievingunirradiated Dragon compact 14719, type 19M.

lost during burning. Sample Rl contained some un-
burned carbon. The burner product was screened, and
then the screened fractions were inspected and com
bined to give three fractions: whole SiC-coated ThC2
particles, whole SiC-coated UCi0 particles, and alumina
plus broken particles of both kinds. Since there were
very few whole SiC-coated particles, only the alumina
was processed further. Theweights, expressed in grams,
of leached uranium and thorium were converted to
equivalent weights of SiC-coated particles by dividing
by the factors 0.44 and 0.75 respectively.

Particle breakages, based on the calculated total
weight of coated particles, are given in Fig. 3.4.
Although a small sample burned in a ceramic dish and

leached indicated that about 2% of the fissile and about

5%of the fertile particleswerebroken in the uncrushed
fuel, breakages of about 6 to 9% of the fissile particles
and about 20 to 24% of the fertile particles were found
in crushed fuel.

Head-End Studies on Unirradiated Compact
22396, Type 2M4 (BISO Oxide)

This experimental Dragon fuel is from the Dragon
Project Metallurgical Series II. The kernel is (lOTh/
U)02, 60 to 70%of theoretical density, 422 to 600 jum
in diameter (523 /xm, av), and has two pyrolytic carbon
coatings (40/80 /am). The density of the outer coating is
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ORNL-DWG 71-6326

wt, (3.5986 g wt, (3.3940 g

R3

wt, (3.(6%
(NO CRUSHING)

1

BOAT BURN

wt, LOSS 90.2%

1

LEACH

SOLUTION RESIDUE

U C/P, 2.0%
Th C/P, 5.(%

U C/P, 98.07.
Th C/P, 94.9%

Al203 FEED
FBB

Al203 FEED

wt, 28.3617 g wt, 28.0568 g

SIEVES SIEVES

wt, 30.2940 g wt, 29.3583 g

FERTILE
Th C/P, 80.2%

FISSILE

U C/P, 93.4%

ALUMINA

U C/P, * 6.6%
Th C/P, *19.8%

LOSS

wt, 0.(8%

FERTILE
Th C/P, 76.4%

FISSILE
U C/P, 90.6%

ALUMINA

U C/P, * 9.4%
Th C/P, *23.6%

LOSS

wt, 0.30% * CALCULATED FROM
LEACH RESULTS

Fig. 3.4. Results of fluidized-bed burning, sieving, and leaching steps with Dragon compact 14719, type 19M.

2.0 g/cc, with a Bacon anisotropy factor of 1.18. The
compact contained 14% coated particles by volume.

This type of fuel is similar to the reference recycle
fuel proposed for commercial 1100-MW(e) reactors.
Although separation of 233U from 235(236)rj is not
required for the recycle fuel blocks, this type of particle
might also be used with a TRISO- or a BISO-coated
U02 fissile particle (which would convert to U308
powder on burning) in makeup fuel blocks. Conse
quently, separation by sieving was tested on the burner
product before leaching.

The compact was sawed in half. The saw fines were
collected, weighed, and added to the crusher product
before sieving. One half of the compact was crushedby
the standard procedure to give the fractions shown in
Table 3.5. The crushed material was sieved, and each
sieve fraction >42 mesh was divided into two samples
(Fig. 3.5). Each of the samples was composited with
one sample from the other sieve fractions to produce
duplicate samples of crushed fuel. The crusher fines
(<42 mesh) were burned and leached. Crusher breakage
was about 1.2%. Handling losses were less than 1%.

Each of the duplicate samples was burned in a
fluidized bed at 750°C, as before. The burner product
was sieved into a series of sizes, inspected, and
composited into +60-and -60-mesh fractions(Fig.3.6).
The fractions were leached, and 82 to 85% of the fuel
was found in the +60-mesh fraction and 15 to 17.5% in
the -60-mesh fraction. This result indicated that more

durable oxide kernels than those in this compactwould
be required if particle separation based on size is
required for BISO-coated oxide particles. The burn-
leach process is suitable for this unirradiated recycle

type fuel if particle separation is not required. Overall
losses to insoluble residues were 0.05% of the uranium

and 0.21 % of the thorium.

Head-End Studies of a Synthetic Mixture - TRISO
UC20-BISO (5Th/U)C2 4 [a Possible HOO-MW(e)

Makeup Fuel Type]

Compact 14397, Dragon Project Metallurgical Series
II, containing type 18M fuel, has a kernel of UC20 that
is 422 to 600 /urn in diameter and 60 to 70% of
theoretical density. The standard Dragon TRISO coat
ing was used (PyC/SiC/PyC, 25/30/70 /am). Compact
14158 (Metallurgical Series II), containing type 38M
fuel, has a kernel of (5Th/U)C2 4 that is 600 jum in
diameter and 60 to 70% of theoretical density. It has a
two-layer PyC coating 121 nm thick.

In a synthetic mixture made up of these two fuel
types, the BISO (U,Th)C2 particle represents the 233U
recycle particle. Briefly, head-end reprocessing consists
of crushing, burning, and leaching. The unbroken
TRISO particles are recovered for storage by separation
according to size after burning or after leaching. The
BISO particles, which should burn to a fine oxide
powder, would be recovered from the alumina by
leaching.

The flowsheets for the crushing step and the results
obtained are given in Figs. 3.7 and 3.8. The three
middle-size fractions (+9, +20, +42) were each divided
into two samples, which were combined between
compacts to give duplicate samples Rl and R2 for
burn-leach testing. The fine fractions (-42 mesh) were
burned and leached to determine particle breakage
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ORNL-DWG 71-6327

FUEL TYPE 2M4

DC 22396

95.0747 g

wt, 100%

''

SAW

wt, 50.23%

"

SAWDUST

wt,0.59%

LOSS

wt,O.H%

ARCHIVE

wt, 49.07%
CRUSHER

wt,50.10%
'<

1

LOSS

wt,0.12%'

SIEVE

wt, 50.69%

' r

'' "

FINES

wt,2.77%

BREAKAGE, 1.2%

LOSS

wt, 0.06%SPLITTER

wt, 47.86%

1 1

' 1 ' ''

R1

wt, 23.41%

R2

wt, 24.09%

LOSS

wt,0.36%

2 LOSS = 0.65%

Fig. 3.5. Results of crushing and dividing Dragon compact 223%, type 2M4.

R1

22.2572g

' '

Al203
50.4074g

FBB

< '

SIEVE
54.3848g

FUE

tC02+C0,

18.2798 g

+ 60

wt, 3.2704 g
U, 0.3123 g

Th, 2.6335 g

•LEACH'

-60

wt, 50.9283 g
U, 0.0566 g

Th, 0.4963 g

LOSS

0.1861 g
(0.34 %)

ORNL-DWG 71-6328

R2

22.9036 g

' '

,C02+C0, FBB Al203
50.0158 g18.8276 g

' 1

FUEL+ AI203 SIEVE
54.0918 g

+ 60

wt, 3.4583 g
U, 0.3143 g

Th, 2.8402 g

-LEACH -

-60

wt, 50.6738 g
U, 0.0665 g

Th, 0.5420 g

LOSS

-0.0403g
(-0.07%)

Fig. 3.6. Results of fluidized-bed burning, sieving, and leaching steps with unirradiated Dragon compact 223%, type 2M4.
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+ 4

wt, 0.217o

ARCHIVE

wt, 44.99%

+ 9

wt, 24.92%

FUEL TYPE
18M

DC 14397
55.1100g
wt, 100%

BROKEN PIECES

+20

wt, 21.947o

CRUSHER

wt, 55.017o

SIEVE

wt, 54.92%

+42

wt, 4.58%

ORNL-DWG 71-6329

LOSS

wt, 0.09%

-42

wt, 3.147„
BREAKAGE, <0.1%

TO R1

wt, 12.45%
TO R2

wt, 12.35%
TO R1

wt, 11.11%
TO R2

wt, 10.80%
TO R1

wt, 2.36%
TO R2

wt, 2.227o
LOSS

wt, 0.267o

Fig. 3.7. Results of crushing and sieving unirradiated Dragon compact 14397, type 18M.

during comminution operations. Less than 0.1% of the
TRISO UC20 and 4% of the BISO (5Th/U)C2 4
particles were found to be broken.

Samples Rl and R2 were burned in a fluidized bed
with about 1 g of Al203 per gram of fuel (Fig. 3.9).
The burner product was sieved to recover a fissile
fraction (TRISO particle, +35 mesh), a fertile fraction
(—35 +60 mesh), and the alumina fraction (—60 mesh).
The three fractions were leached, and 3 to 11% of the
leachable oxides (Th + U) were found in the fissile
fraction, 52 to 58% in the fertile fraction, and the
remaining 32 to 45% in the alumina fraction. Losses to
the insoluble residues consisted of <0.1% of the heavy
metals.

A rather unexpected result was the finding of 3 to
10% of the oxidized carbide particles in the fissile
(+35-mesh) fraction. The oxidation apparently occurred
without completely reducing the carbide particle to a
fine ash. This occurrence makes leaching of the fissile
fraction of this fuel mandatory. It may be necessary to
determine whether it was failure of the particles to
crumble during oxidation or agglomeration of ash
particles in the fluidized bed which led to this result. In
experiments6 with compacts irradiated in the Peach
Bottom Reactor, reuse of the alumina fraction was

precluded by an accumulation of heavy metals in this

fraction when the bed ash was sieved into an alumina

(+120-mesh) fraction and a fines (—120-mesh) fraction.
This accumulation was attributed to heavy-metal oxide
sticking to the alumina particles. In light of the above
result, this might have been due to incomplete powder
ing of the fuel kernel and separation of a third fraction
(i.e., +80-mesh oxide). This question can only be
answered by alumina recycle tests using irradiated
BISO-coated thorium-uranium carbides.

In the experiment as carried out, the sieved burner
products were leached in three fractions. However,
using the original sieve weight distribution, we cal
culated that, if the alumina had been screened to the
size range of the original alumina (—80 +100 mesh),
only about 10 to 15% of the heavy metals would have
been found with the alumina. Thus, it may be possible
to recover 85 to 90% of the heavy metals by leaching
only the small amounts of material present with +80-
and —100-mesh fractions. By close-screening (—80 +100
mesh) the alumina, it may be possible to recycle the
alumina fraction to the burner without leaching.

6. V. C. A. Vaughen et aL, Hot-Cell Evaluation of the
Burn-Leach Method for Reprocessing Irradiated Graphite-Base
HTGR Fuels, ORNL-4120, p. 45 (February 1970).
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I I
+ 4

wt, 7.097o

TO R1

wt, 10.347o

+9

wt, 20.737o

TO R2

wt, 10.397o

FUEL TYPE
38 M

DC 14158

59.4813g
wt, 100 7o

SAW

SAMPLE

wt, 52.367o

CRUSHER

wt, 51.577o

SIEVE

wt, 51.577o

+ 20

wt, 9.31 7o

TO R1

»t, 4.937o
TO R2

wt, 4.387o

ARCHIVE

wt, 46.617o

+42

wt, 7.257o

TO R1

wt, 3.427o

FINES
wt, 0.90 7o

BREAKAGE, 1.07o

-42

wt, 6.967o

BREAKAGE, 47..

TO R2

wt, 3.81 7o

LOSS

wt, 0.12 7o

LOSS

wt, 0.80 7„

LOSS

wt, 0.237o

Fig. 3.8. Results of sawing, crushing, and sieving unirradiated Dragon compact 14158, type 38M.

ORNL-DWG 71-6331

Rl

wt, 25.3990g

FERTILE

U, 55.1 %
Th, 57.7 7o

FISSILE
U, 11.57o

Th, 10.77o
SiC C/P, >997o

FBB

SIEVE

ALUMINA

U, 33.37o
Th, 31.57o

LOSS

wt, 0.057o

R2
wt, 25.1165g

Al203 FEED

28.00 g 28.00 g

WEIGHT LOSS
ON BURNING

21.70g 21.22g

FERTILE

U, 52.8 7o
Th, 52.0 7o

FISSILE
U, 2.97o

Th, 2.87o
SiC C/P, >98.37=

FBB

SIEVE

ALUMINA

U, 44.37=
Th, 45.2 7o

LOSS

wt, 0.227o

Fig. 3.9. Results of fluidized-bed burning, sieving, and leaching steps with unirradiated Dragon compacts 14397
and 14158, types 18M and 38M.
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3.3 PROCUREMENT OF HTGR FUEL

FOR HEAD-END STUDIES

Unirradiated Fuel

Gulf General Atomic (GGA) is the only source of
unirradiated fuel elements typical of the Ft. St. Vrain
reactor (FSVR) first core loading. Since these elements
are the same as those that will be processed in TURF,
we are negotiating to obtain some rejects for use in
head-end small-scale engineering studies.

Irradiated Fuel

A comprehensive study is planned with the following
prototype HTGR fuels:

1. ORNL BISO-coated (Th,U)02 sol-gel microspheres
being irradiated as compacts in the Dragon reactor,

2. ORNL test capsules being irradiated in the ETR for
combined head-end reprocessing and irradiation per
formance testing,

3. recycle test elements (RTEs) fabricated jointly by
GGA and ORNL, and now being irradiated in the
Peach Bottom reactor.

ORNL BISO-Coated (Th,U)02 Sol-Gel
Microsphere Compacts

A number of Dragon compacts were fabricated with
BISO-coated ORNL sol-gel (Th,U)02 microspheres.
These compacts will be irradiated to about 12 to 18%
FIMA. Samples adequate for use in head-end studies
will be made available when these compacts are received
at ORNL.

ORNL Test Capsules

The irradiation performance and behavior of small
quantities of three types of candidate coated-particle
(plus one accelerated reference fuel) 1100-MW(e)
HTGR fuels under proposed methods of head-end
reprocessing are being studied jointly by the Metals and
Ceramics and the Chemical Technology Divisions. The
four types of fuel particle combinations, a, c, g, and /
(see Table 3.6), under test in small loose beds and in
fuel sticks (~2.5 in. long), are the reference recycle
fuel, the accelerated reference recycle fuel, and an
alternate recycle fuel (all block A), and the reference
recycle (block B) fuel respectively. Only the UC2
particles have TRISO coatings. The particles in blended
beds and in fuel sticks will be irradiated in two capsules
at temperatures of 750, 950, 1050, and 1300°C to
burnups of approximately (4 to 6) X 1021 fast fluence

in the ETR. Although the quantities of fuel are quite
small, they will be adequate for an early preliminary

determination of the head-end reprocessing behavior of
highly irradiated recycle and alternate fuels. Studies will
include the separation of fertile and fissile particles
(BISO and/or TRISO coated), determination of ura
nium crossover, estimates of particle breakage, and
measurement of the release of volatile fission products
such as 8SKr, 3H, 90Sr, and 137Csin various head-end
steps.

The two capsules, designated H-l and H-2, will be
inserted into the ETR in April 1971; they are expected
to be discharged in the fall of 1971 after an exposure of
approximately 120 equivalent full-power days (~4—6 X
1021 neutrons/cm2).

Recycle Test Elements

Seven RTEs have been inserted into the Peach

Bottom reactor, six in the summer of 1970 and one in
the spring of 1971, in a cooperative program between
GGA and the Metals and Ceramics and Chemical

Technology Divisions. Reference and advanced recycle
and makeup fuel particle mixtures in these elements are
being tested at operating temperatures (1050 to
2250°F) of interest for use in commercial HTGRs.
Bonded beds and some loose particles (blended beds)
are being irradiated for one, two, or three years at
exposures of 1.4,2.8, and 4.2 X 1021 fast fluence.

The types of fuel combinations in the RTEs and an
indication of the reasons for their inclusion are given in
Table 3.6. A more detailed breakdown of the loading
combinations and irradiation conditions of the RTEs is

given in Table 3.7. Odd-numbered RTEs are the
primary source of material for the hot-cell head-end
studies. The emphasis is on particle combinations a, c, f,
and g, which are the reference candidates; however, all
fuel combinations are covered in each odd-numbered

element. The six 15-in. sections of the odd-numbered

elements will be quartered lengthwise to obtain one
sample (two fuel channels) of each fuel type. RTE 7
will be discharged in April 1971. It contains particle
combinations typical of FSVR fuel and will provide the
earliest demonstration of the behavior of such fuel

during head-end reprocessing.

Even-numbered RTEs will provide larger amounts of
the various fuel combinations for additional hot-cell

studies as desired and may also be the first irradiated
specimens representative of actual HOO-MW(e) reactor
fuel that will become available for use in reprocessing
studies in TURF.
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Table 3.6. Fuel combinations in the RTE program and justifications for each

Particle

combination

Particle makeup in combinations

Fissile particle
(and coating)

(Th, 20% U)02 (BISO)

U02 (BISO)

Fertile particle
(and coating)

ThC2 (BISO)

(Th, 33% U)02 (BISO) Th02 (BISO)

(Th, 33% U)02 (BISO) ThC2 (BISO)

e UC2 (BISO) ThC2 (BISO)

f UC2 (TRISO) ThC2 (BISO)

g U02 (BISO) ThQ2 (BISO)

UC2 (BISO) Th02 (BISO)

UC2 (TRISO) ThC2 (TRISO)

U02 (TRISO) Th02 (BISO)

"Applies to tests of all combinations.

Justification

1. Reference recycle fuel

2. Evaluate:0
Equipment and chemical process checkout
Bed sticking
Metallic fission product behavior
Kernel migration

1. Backup fuel type if economics indicate
that Th should be eliminated from recycle
fissile particle

1. Th/U ratio of 2 to obtain reference burnup in 3 years

2. Th02 backup if oxide process is adopted
for economic reasons

3. Over a period of time, the desired Th/U
ratio will move from 4 toward 2

1. Reference-type recycle combination with
a Th/U ratio of 2 for accelerated burnup
in fissile particle

1. Reference startup loading

1. Reference B block, makeup fuel loading

2. TRISO coating necessary to permit required
separation of particles during reprocessing

1. Backup fertile particle if thorium is
eliminated from recycle particle

2. Backup fertile particle if sol-gel process
is used

1. Backup B block loading

2. Possible particle separation by chemical
processes (e.g., selective burning or leaching)

1. Needed if cleaner primary heat exchanger
circuit becomes requirement

2. Ft. St. Vrain type fuel

1. Proposed new reference B block



94

Table 3.7. RTE loading combinations"

One-year elements will receive a maximum dose of = L4 X 10 neutrons/cm
Two-year elements will receive a maximum dose of =s 2.8 X 10 neutrons/cm
Three-year elements will receive a maximum dose of =s 4.2 X 10 neutrons/cm

Position of
Center-line

temperature

range

(°F)

Discharge after irradiation period of —

fuel body Nine months

RTE76

Two years Three years

in element
RTE2C RTE4C RTE ld RTE5d RTE6d RTE8d

6e 1950-2050 acfg f </ k d e i b d e i g f

5 2050-2250 acf g a/ d kdei bdeh f i

4 2250-2300 bdgh e f acfg acfg f d

3 2050-2250 bdgi if a/ acfg acfg d e

2 1650-2050 bdgi d if acfg acfg f i

1 1050-1650 bdgi e/ e acfg acfg e if

"Loadings are indicated by letters (a, b, c, etc.), which are defined in Table 3.6.
^Scheduled to be discharged in April1971.
Scheduled to be discharged in April 1972.
^Scheduled to be discharged in June 1973.
eTop of reactor.
•^Blended beds (unbonded).

3.4 DESIGN SUPPORT

FOR HEAD-END STUDIES

The design support for HTGR head-end studies has
been limited to three efforts: (1) an evaluation of
existing burning technology as related to a 15,000-
MW(e) reprocessing plant, (2) the design of a whole-
element burner and a C02 sorption column for feasibil
ity studies, and (3) planning of work schedules and of
manpower requirements to meet the goals of the
National HTGR Fuel Recycle Program Plan.

A plant for reprocessing fuel from a 15,000-MW(e)
HTGR economy would have to reprocess about 30
FSVR-type fuel elements per operating day (80% load
factor). According to our present plan, this would result
in the burning of about 3000 kg of carbon and produce
about 200,000 ft3 (STP) of C02 per day. Because of
the complexity of fluidized-bed burner feed preparation
equipment, the complexity of the design of a fluidized-

bed burner which would keep the heat flux sufficiently
low to ensure a reasonable burner life, and the
difficulties anticipated in removing any "clinkers" from
a fluidized-bed burner, it is strongly recommended that
other types of burners be evaluated. Thus, a burner that
is capable of handling whole elements without fluidiza-
tion is being considered; a test burner in which
feasibility studies will be carried out has been designed.

The off-gas from any of the burners under considera
tion will consist of very large volumes of carbon dioxide
containing small quantities of tritium, iodine, krypton,
and xenon. The most difficult task in the treatment of

off-gas is the separation of C02 from krypton and
xenon because of the similarity of physical properties.
One method being considered is the reversible sorption
of C02 in hot pressurized K2C03-KHC03 solution. A
4-in.-diam C02 sorption column suitable for use in
feasibility studies has been designed.



4. Waste Treatment and Disposal

4.1 RADIOACTIVE WASTE REPOSITORY

We have been involved in a rather substantial effort

leading to the establishment of a national repository for
radioactive wastes in a bedded salt formation near

Lyons, Kansas. While the Chemical Technology Division
has participated to some extent in virtually all phases of
this project, our major responsibilities have been cen
tered in the conceptual design and safety analysis of the
repository, in a survey of the sources and characteristics
of transuranium-contaminated solid ("alpha") wastes,
and in experimental investigations needed to establish
criteria for packaging those alpha wastes to be stored in
the repository.

Conceptual Design and Safety Considerations

The conceptual design and preliminary safety analysis
were completed in collaboration with Kaiser Engineers,
who served as architect-engineers. The principal compo
nents of the repository are (Fig. 4.1): (1) the existing
salt mine, situated about 1000 ft below the surface,
which will be used for storage of the alpha wastes; (2) a
building in which the alpha waste packages are received,
monitored, and transferred to the existing mined area
by direct handling techniques; (3) a building equipped
to receive containers of high-level wastes and transfer
them remotely from their shipping casks to the mine
level; (4) a newly mined area for burial of the high-level
wastes; and (5) various support facilities such as
operations and office buildings, a warehouse, and those
other services and utilities that are required for mining
and underground storage operations. All facilities will
be designed to ensure that the necessary confinement
potential and radiation safety are maintained following
exposure to any credible internal and external forces
(including tornadoes and earthquakes).

An 18-ft-diam multipurpose "men and materials"
shaft with three completely independent compartments
will be used for lowering alpha wastes into the mine, for
transferring personnel and materials, and for admitting
ventilation air into the mine. The alpha waste receiving

building will provide earthquake- and tornado-resistant
facilities in which waste packages can be removed from
returnable cargo containers, assayed, recanned and
repaired as necessary, and lowered into the mine. We
expect that the alpha waste will be shipped to the
repository in gasketed metal drums and in metal crates
with outside dimensions no greater than 4 X 6 X 6 ft
high and that individual burial units will weigh no more
than 5 tons. Initially, shipments of alpha waste will be
made only by rail in specially designed ATMX rail cars,
but it is probable that provisions will be made later to
receive motor freight also.

The high-level waste receiving building will be located
about 500 ft from the alpha waste building. Solidified
high-level wastes will be sealed in steel containers and
transferred by rail to the repository in shipping casks
weighing up to 100 tons The containers will be
unloaded here and lowered individually into the mine
through a 4-ft-diam shaft. The individual waste con
tainers may vary from 6 to 14 in. in diameter and from
2 to 10 ft in length, may weigh up to 4000 lb, and may
possess up to 5000 W of thermal power from radio
active decay.

The presently mined-out area will provide space for
storing about 20 million cubic feet of alpha wastes, and
the alpha facility will have the capability to store 1
million cubic feet of waste per year. The alpha waste
transfer shaft will terminate in an alpha-confinement
room at mine level. Here the packages of waste will be
unloaded from the hoisting cage by a forklift truck and
transported to the disposal rooms where they will be
unloaded and stacked. When an area or room has been

completely filled, it will be backfilled with salt and
sealed with masonry stoppings. The mine will be
ventilated with 20,000 cfm of air supplied through the
18-ft-diam multipurpose shaft, directed through the
mine with brattices, and combined with the exhaust air
from the high-level mine.

The high-level mine will be developed over the life of
the repository in a northeasterly direction from the
alpha mine, using conventional salt-mining techniques.

95
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ORNL DWG 71 21921

ALPHA MINE

LEVEL 1024 ft

Fig. 4.1. Artist's conception of the demonstration repository.

The facility will ultimately have the capability of
handling up to 300 containers of waste per week. The
required rate of mining will increase during the life of
the facility from about 200,000 tons/year initially to
about 1.3 million tons/year during the last several years
of operation. About 50% of the salt will be used for
backfilling; eventually the remainder will be raised to
the surface and offered for sale.

The containers of high-level waste will be transported
to rooms mined in the salt formation and buried in

holes in the salt. The spacing between containers will be
such that the radioactive decay heat will be dissipated
without causing excessive temperatures in the salt or in

the neighboring geological formations. After the burial
area of a room has been utilized, the room will be

backfilled with crushed salt and sealed from the

remainder of the mine.

Ventilation air leaving the high-level mine will be
drawn through ventilation tunnels above the corridors,
combined with the air from the alpha mine, and
exhausted to the atmosphere through the mine air
exhaust shaft, filter station, and stack. The mine
exhaust filter station will consist of two banks of

roughing filters in series to remove most of the salt
particles, followed by two banks of HEPA filters in
series to remove practically all the remaining particles.
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Assuming FY 1972 funding, Title I design of the
alpha facility will begin in October 1971. Title II and
some early mine cleanup and shaft work should begin in
April 1972. Construction of the alpha facility will begin
in May 1973; it should be ready to begin operation as a
demonstration facility early in 1975. The high-level
facility will proceed apace, with construction starting in
1974 and operations, again on a demonstrational basis,
beginning early in 1976.

Repository systems for protection against exposure to
radioactive and physiologically hazardous materials are
being designed to comply with all federal regulations
that apply to radiation safety, mine safety, and in

dustrial safety. The projected waste inventories are
given in Table 4.1.

The only significant source of off-site exposure to
radioactive or other materials originating from the
repository will be from very small quantities of airborne
radioactive materials that escape through high-
efficiency particulate air (HEPA) filters. It is planned
that there will be no discharge of liquid waste from the
repository. Solid wastes generated at the repository will
be packaged and buried in the mine. Aqueous wastes
will be recycled, with any excess water being evapo
rated to the atmosphere.

Table 4.1. Projected waste inventories at the repository

Calendar year

1980 1990 2000

Number of annual shipments

High-level waste" 23 240 590

Alpha waste 420 1200 0

Accumulated high-level wastec

Volume of waste, ft 3170 74,200 319,000
Salt area used, acres 9 200 900

Total thermal power, MW 1.17 24.4 94.9

Total activity, MCi 329 7030 27,700

90Sr 59.0 1310 5290

137Cs 83.1 1850 7500
238pu

0.102 2.34 9.88

239Pu 0.00157 0.0368 0.158

240Pu 0.00400 0.101 0.470

24'Am 0.151 3.54 15.3

244Cm 1.58 34.1 133.3

Accumulated alpha waste0'

Volume of waste, 106 ft3 2.1 10.3 19.3

Salt area used, acres 20 96 180

Total thermal power, MW 0.0142 0.170 0.476

Total activity, MCi 14.2 151 300

Total mass of actinides, metric tons 1.40 15.8 38.3

Activity, MCi
238pu

0.232 2.57 6.02

239Pu 0.0515 0.580 1.41

240Pu 0.0741 0.834 2.02

24'Pu 13.8 146 286

24'Am 0.0617 1.03 4.74

"Each shipment consists of 57.6 ft3 of waste in thirty-six 6-in.-diam cylinders.
Each cubic foot of waste represents 10,000 MWd(t) of reactor operation. Half of
the waste is aged five years, and half is aged ten years at the time of its shipment.
Last shipments are assumed to be made in the year 2000.

Shipments are made in ATMX rail cars; each shipment contains 832 ft3 of
waste. Last shipments are assumed to be made in the year 1999.

cAt end of year.
The isotopic composition of Pu at the time of its receipt is 1% 238Pu, 60%

239Pu, 24% 240Pu, 11% 241Pu, and 4% 242Pu.
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Table 4.2. Estimated release rates and average annual off-site concentrations of radioactive and other materials
resulting from full-scale operation of the repository

Material

Average annual
rate of release

to atmosphere

Average annual off-
site concentrations

resulting from
repository effluents"

Percent of

applicable
standards

for exposure
of the public

Percent of

estimated

present concentration
in the atmosphere

High-level waste particles 0.007 Ci/year 2X 10"'s Ci/m3 0.02 5.0

Alpha waste particles 0.04 iiCi/year IX 10"20Ci/m3 0.0001 0.02

8SKr (spontaneous fission) 0.014 Ci/year 4 X 10"1 s Ci/m3 0.000004 0.04

H (spontaneous fission) 0.0009 Ci/year 3X 10"16Ci/m3 0.0000004 0.002
222

Rn (natural sources) 0.9 Ci/year 2X 10"'3 Ci/m3 0.02 0.2
220

Rn (natural sources) 0.04 Ci/year 1 X 10"'4 Ci/m3 0.0003 0.2

H2 (corrosion, radiolysis, electrolysis) 37 scfm 0.2 ppm 0.002 40.

He (alpha decay) 0.001 scfm 0.000004 ppm 4 X 10~8 0.00008

HC1 (brine decomposition) 0.07 scfm 0.0003 ppm 0.006 100.

C02 (diesel exhaust) 50 scfm 0.2 ppm 0.004 0.07

CO (diesel exhaust) 0.05 scfm 0.0002 ppm 0.0004 0.2

N02 (diesel exhaust) 0.05 scfm 0.0002 ppm 0.004 7

S02 (diesel exhaust) 0.03 scfm 0.0001 ppm 0.002 1

CH20 (diesel exhaust) 0.0007 scfm 0.000003 ppm 0.00003 0.05

Soot (diesel exhaust) 2 lb/year 0.1 iig/m3 0.0007 0.2

Salt particles 5 lb/year 0.2 iig/m3 0.001 0.8

"These are the maximum concentrations which result at the southern boundary of the site.

Based on one-third of limits in 10 CFR 20, Table II, column 1 for radionuclides and threshold limit values (American
Conference of Governmental Industrial Hygienists) for other materials.

Instrument systems will be provided for continuous
monitoring of radiation levels and concentrations of
airborne materials in work areas, in stack effluents, and
at the boundary of the site.

The materials that will escape to the atmosphere in
small concentrations include: (1) solid waste particles
resulting from resuspension of surface contamination;
(2) gases (85Kr, 3H, He) that result from decay of the
waste; (3) radon gas that occurs naturally in the mine;
(4) nonradioactive gases (H2, HC1) that result from
decomposition of the salt, corrosion, electrolysis, and
radiolysis; (5) exhaust fumes from diesel equipment;
and (6) salt particles. Concentrations in work areas of
the repository will be maintained well below the
applicable standards for occupational exposure.

Present estimates of the rate of release of these

materials to the atmosphere and the maximum off-site
concentrations that will result at the southern boundary
of the site are presented in Table 4.2. These maximum
concentrations are less than 0.1% of the applicable
standards for exposure of the public and, in general, are
well below the concentrations of the same materials

that exist at present due to natural and man-made
sources.

It is estimated that the buildup of off-site surface
contamination of various species over the life of the
repository will ultimately result in a level that is less
than 1% of the level that presently exists for the same
species (including such radioisotopes as 90Sr, 137Cs,
and 239Pu, which have been deposited by fallout). At
these levels of surface contamination, the experience
has been that the materials cannot be reconcentrated to

hazardous levels in food chains.

Additional experimental work is planned to provide a
more precise preoperational background of the radi
ation environment of the site and surroundings. In
addition, continuing studies of the chemical inter
actions of the waste containers and salt will provide a
better definition of the concentrations of the materials

that may be released to the atmosphere.

Survey on Sources and Characteristics of Alpha Wastes

Solid wastes containing plutonium and other trans
uranium elements are routinely produced during opera
tion of nuclear fuel production and spent-fuel re
processing plants as well as operation of AEC labora
tories and production facilities. The major AEC sites
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were surveyed during the past year to determine current
sources, amounts, characteristics, and practices for the
disposal of these alpha-contaminated solid wastes. The
wastes consist of a wide assortment of solid materials

generated inside glove boxes during work with trans
uranium elements and outside the boxes during con
tamination control measures, such as the treatment of
liquid waste streams. The transuranium-element content
of the wastes ranges from trace amounts to several
grams per cubic foot. About 60 vol % are combustible
and can be reduced to 2 to 5% of their original volumes
by incineration. About 50 vol % are compactable and
can be reduced in volume by factors of 2 to 10 by
compression. Since they are virtually free of penetrating
radiation and evolve only a few hundredths of a watt
per cubic foot, they do not require remote handling
techniques. Plants in favorable geographic locations
bury such wastes on theii premises, while those less
favorably located ship them to commercial or AEC
burial grounds. AEC regulations require that these
wastes be packaged and buried in such a fashion that
they can be readily retrieved as contamination-free
packages for several decades.

Feasibility of Storing Combustible Alpha Wastes

Since about 60% of the alpha wastes are combustible,
it is highly desirable to evaluate the feasibility of storing
combustible alpha wastes in the repository. We have
performed several series of experiments in which
simulated wastes contained in both plywood and metal
containers were burned under controlled conditions;

results of these experiments have led to the tentative
conclusion that combustible wastes packaged in metal
containers could be accepted, whereas those packaged
in combustible containers could not.

To evaluate the possibility that hazardous quantities
of noxious fumes may be given off by smoldering or
burning waste in combustible containers, several series
of experiments were carred out using small plywood
boxes, 2 to 6 in. along each dimension, filled with
combustible material such as blotter paper, cleaning
tissues, cheesecloth, and polyethylene film. In some
experiments the combustible mixture was wetted with
an equal part (by weight) of an organic solvent. The
mixtures were packed in the boxes to give bulk
densities ranging from 5 to 10 lb/ft3. The filled boxes
were heated to temperatures representative of those
expected from slow oxidation or spontaneous com
bustion (200 to 1300°F)by electrical resistance heaters
distributed throughout the waste. In some tests, the
boxes were fully exposed to air; in others, they were
covered with about 3 in. of crushed salt. In none of the

tests was a flame produced by heating alone. However,
the material gave off fumes and gray smoke that could
be ignited with an open flame. In those tests in which
the boxes were covered with salt, the flame was more

difficult to establish. The results indicated that a flame

is not easily achieved in these combustibles and that
crushed-salt backfill makes the establishment of a flame

even more difficult. However, they also show that
plywood containers do not ensure against the entrance
of air to the package or egression of smoke and fumes
from the package in the event that pyrolysis or
combustion should occur. We conclude therefore that

combustible wastes in combustible containers should

not be accepted at the repository.
To evaluate the feasibility of storing combustible

wastes in noncombustible containers, the synthetic
waste mixture mentioned above and cotton (dry,
wetted with small amounts of organic solvents, and also
soaked in nitric acid or sodium nitrate solution and

dried) were used to simulate typical combustible
wastes. Small mild-steel drums with a volume of 0.1 ft3,
an open head, a bolt-ring closure, and a hollow
neoprene gasket were used as noncombustible con
tainers. Tests were carried out in these drums in an oven

at temperatures ranging from ambient to about 400°F.
To ensure uniform temperatures in the systems, the
drums were encased in a massive aluminum can.

Selected representative results are given in Table 4.3.
These results lead to the tentative conclusion that

combustible waste in noncombustible containers should

be acceptable in the repository, provided they are
emplaced so that their temperatures do not exceed
about 250°F. If allowed to reach temperatures around
400°F, the gaseous products lead to excessive pressure
and breaching of the drum's gasket.

4.2 ENGINEERING, ECONOMIC, AND SAFETY
EVALUATIONS

During the past year, we have extended our studies of
the economics of high-level waste management to
include consideration of fluidized-bed calcination as a

method for solidifying the wastes, and we have revised
an earlier study on shipment of solidified wastes' to
include provisions for neutron shielding.2 Also, a

1. J. J. Perona et aL, Evaluation of Ultimate Disposal
Methods for Liquid and Solid Radioactive Wastes. IV. Shipment
of CalcinedSolids, ORNL-3356 (October 1962).

2. J. J. Perona, R. S. Dillon, and J. O. Blomeke, Design and
Safety Considerations of Shipping Solidified High-Level Radio
active Wastes, ORNL-TM-2971 (December 1970).
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Table 4.3. Results from the heating of combustible solid wastes in noncombustible containers"

Run Composition
Temperature

CF)

Time at

temperature

(hr)

Maximum

pressure

(psig)

Weight
loss

(g)

Comments

1 Standard 196 42 9.6 None No obvious change in solids

2 Standard* 262 135 14 None Slight discoloration of
solids; incipient melt
ing of plastic

3 Standard wetted with

2 N HN03 and air
dried

257 86 12 1.6 Solids brown in color;

incipient melting of
plastic

4 Standard wetted with

NaN03 solutionc and
air dried

248 109 9.4 0.5 Solids light tan in color;
incipient melting of
plastic

5 Standard6 401 9 d 4.4 Solids dark brown in

color; plastic melted; lid
bulged and drum leaked

6 Standard* 392 105 26 6.7 Solids dark brown in

color; plastic melted; lid bulged
and drum leaked

"Container volume is 0.1 ft , and wastes are packed to a density of 5 lb/ft .
Standard dry waste is 0.25 wt % blotter paper, 0.25 wt % cheesecloth, 0.25 wt % facial tissue, and 0.25 wt % polyethylene film

cut into 1-in. squares.

cFinalmixturecontained 27 wt %NaN03 and 73 wt %standarddry waste.
Exceeded the range, 0 to 28.8 psig, of pressure recorder being used at the time.

theoretical analysis was made of the leaching of the
radionuclides from solid wastes.3

Fluidized-Bed Calcination

A tentative procedure was developed for estimating
the costs of solidifying high-level aqueous wastes by
fluidized-bed calcination, and it has been incorporated
in a computer program for calculation of the total costs
of waste management. The cost of solidifying the waste
from reprocessing 3 tons of fuel per day by fluidized-
bed calcination is only 65 to 75% of that for solidi
fication by pot calcination, resulting in a reduction of
10 to 20% in the total cost of high-level waste
management. These early estimates are subject to
experimental confirmation of the flowsheet upon which
they are based, however.

With steam as the atomizing and fluidizing medium,
the flowsheet for a fluidized-bed calcination plant is
similar to that for pot calcination. The first-cycle
solvent extraction raffinate was assumed to be evapo
rated in the fuel reprocessing plant to the desired
composition for feeding to the calciner, as was assumed
in the pot calcination study.4 However, the steam used
for atomization and fluidization imposed an additional

load on the evaporator, rectifier, and tankage capacity
over that needed for pot calcination. According to
Schneider,s the volume of gas required for atomization
and control of bed particle size is 400 to 600 times the
volume of the liquid feed, and the fluidizing gas
requirements are generally in the range of 0.5 to 1.5
fps. Using a specific volume for steam of 24 ft3/lb,
about 1 lb of steam is required for each pound of
concentrated waste solution.

An estimate of the calciner cost was made by adding
together cost estimates for (1) the vessel, (2) internal
filter elements, (3) heaters, (4) labor cost for fabri
cation, and (5) instrumentation and insulation. A
procedure for estimating the vessel size as a function of
throughput was developed. The basic assumptions are
that the particle size distribution and residence time are

3. M. J. Bell, An Analysis of the Diffusion of Radioactivity
from Encapsulated Wastes, 0RNL-TM-3232 (February 1971).

4. J. J. Perona et al., Evaluation of Ultimate Disposal
Methods for Liquid and Solid Radioactive Wastes. II. Con
version to Solid by Pot Calcination, 0RNL-3192 (September
1961).

5. K. J. Schneider, Status of Technology in the United States
for Solidification of Highly Radioactive Liquid Wastes,
BNWL-820, p. 32 (October 1968).
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independent of vessel size. Therefore, we can assume
that the fluidizing velocity is constant; then, if bed
temperature and pressure are also constant,

throughput cc tjD2 V

and

D a V throughput ,

where D is the calciner diameter and V is the superficial
fluidizing velocity. Since D = 8 in. for a 300-ton/year
plant, we would predict that D = 16 in. for a 1200-
ton/year plant.

A correlation for transport disengaging height (TDH)
as a function of calciner diameter and fluidization

velocity is given by Kunii and Levenspiel6 for catalyst
in the 20- to 150-/i range. This correlation should be
reasonably conservative for waste calciners, which have
average particle sizes in the range of 400 to 600 u. It
yields a disengaging height of 60 in. for an 8-in.-diam
calciner and can be represented by

TDH
= 11.8- 5.3 \/7T.

D

We expect to extend these estimates to include
interim storage of the fluidized-bed solids in air- or
water-cooled bins and to develop costs for solidification
by the spray solidification and phosphate glass proc
esses as well.

Shipment of Solidified High-Level Wastes

The high-level waste from processing a ton of spent
fuel that has been irradiated to about 30,000 MWd/ton
may contain from 20 to 30 g of 244Cm. The neutron
flux from spontaneous fission of this isotope is such as
to require that a hydrogenous material be included in
the shielding of casks to be used for shipment of the
solidified wastes. Design calculations were made for a
nominal 100-ton cask, which has an internal cavity
about 5 ft in diameter and can carry thirty-six
6-in.-diam cans, nine 12-in.-diam cans, or four 24-in.-
diam cans. The gamma shield is 24 cm of lead, 40 cm of
iron, or 13.5 cm of uranium. Water containing 1%

borate was selected for the hydrogenous shield; thick
nesses of 11.5 cm are required on the outside of the
lead and uranium shields, and 5 cm on the outside of
the iron shields, to reduce the neutron dose to 5
millirems/hr at 8.5 ft from the center of the casks.

6. D. Kunii and O. Levenspiel, Fluidization Engineering, p.
94, Wiley, New York, 1969.

The outer-surface temperature of the cask is limited
to about 380°F by the maximum allowable pressurein
the neutron shield. Circular steel fins V2 in. thick and
spaced 4 in. apart in lengths of 18 in. for lead and
uranium casks and 12 in. for iron casks can dissipate
240,000 to 300,000 Btu/hr, which would allow solidi
fied wastes from reprocessing light-water reactor fuels
to be shipped as early as two to three years after the
fuel had been removed from the reactor.

A precise calculation of the probability of the release
of activity by a shipping accident must await the
compilation of accident severity statistics. Until then,
we can only point out that the probability of a single
accident for the estimated number of shipments which
will occur in the year 2000 is 1/77, assuming the
accident frequency rate for passenger trains. We cannot
estimate the probability that an accident, if it occurs,
would be sufficiently severe to breach a cask passing the
impact, puncture, fire, and submersion tests specified in
current regulations.

As a continuation of this study, we are developing a
computer code for use in parametric studies of various
design features of waste shipment casks. This will assist
in the development of an optimal cask design.

Leaching of Radionuclides from Solid Wastes

In this analysis the movement of radionuclides
through the solid matrix was assumed to obey Fick's
laws of diffusion. It was found that the loss rates of

activity were dependent on a single dimensionless
parameter, L/R2\, which can be interpreted as the ratio
of a characteristic time for radioactive decay to a
characteristic time for diffusion. For small values of this

parameter, it is possible to approximate the exact
solution to the diffusion equation for a particular
geometry by the solution for diffusion in a semi-infinite
medium. This asymptotic solution was shown to be
valid for all feasible experimental and actual disposal
conditions for which the diffusion model applies. Thus
the fraction of the initial activity present in the
environment at any instant of time is given by diffusion
theory as

2F

V

Lt -\t

and the total amount of activity released over all time is
given by the simple expression

FA0 IL
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The time of maximum activity of an isotope of half-life
tyi2 in the environment occurs at 0.721r1/2 after
disposal, and the activity present at this time represents
48% of all the activity which will be lost from the
matrix by diffusion.

4.3 HIGH-LEVEL RADIOACTIVE WASTE

The shipping, handling, and storage of pots containing
solidified high-level waste, each evolving 4 to 5 kW of
power, require reliable knowledge of thermal, chemical,
and structural integrity of the solidified waste and its
container. For more than a decade, ORNL and other

national and private laboratories have maintained pro
grams to measure and evaluate the properties of
high-level aqueous wastes, the solidified products made
from these wastes, and the containers for the products.
As a part of its properties evaluation program this year,
ORNL continued to study the thermal conductivity of
waste solids and the solubility of boron in aqueous
waste and initiated studies on energy storage and
buildup of electric charges in waste solids. The meas
ured thermal conductivity of a waste product con
taining 50 wt % oxides from waste and 50 wt %
borosilicate glass varied from about 0.75 Wm_1 (°C)"'
at 65°C to 0.94 W m -1 (°C)"' at 585°C. These
conductivities are about one-fourth of the values which

would be expected for this product if it had been a
dispersion of macroscopic crystalline waste oxide parti
cles in a glassy matrix. Batch dilutions and evaporations
of simulated high-level aqueous waste from the re
processing of spent LMFBR fuels showed that solutions
and slurries of this waste with B033"concentrations of
0.30 to 1.35 M could be readily pumped and stored at
temperatures above 65 to 70°C. In a new area of
investigation (energy storage and buildup of electric
charges in waste solids), glass products containing from
25 to 50 wt % waste oxides were irradiated with

electrons to doses more than 100 times that which

would cause electric discharge in lead glass doped with
cerium. No discharge effects were observed.

Thermal Conductivity of Solidified High-LevelWaste

Foremost among the properties that determine tem
perature rise in solidified waste is thermal conductivity.
Conductivity measurements were carried out7 in a
radial heat flow apparatus. The specimen (Table 4.4,
No. 2) was prepared by incorporating the solidsfrom a
high-level aqueous waste from the reprocessing of spent

7. R. J. Dippenaar, Metals and Ceramics Division, personal
communication.

Table 4.4. Composition of glassy waste products
used in conductivity and irradiation studies

Products from

LWR (PW-4m")wastes

No. 1 No. 2

Composition, wt %
Corrosion product oxides

Fe203 0.99 1.64

Cr203 0.22 0.37

NiO 0.15 0.25

A1203 0.01 0.02

Na20 0.77 1.28

P2O5 0.05 0.09

Si02 0.15 0.15

Fission product oxides

K20 1.08 1.80

SrO 0.91 1.52

BaO 1.55 2.59

La203 11.03 18.38

Zr02 4.35 7.26

M0O3 5.73 9.54

Fe203 1.61 2.69

CoO 0.25 0.41

NiO 0.79 1.31

CuO 0.08 0.14

SO3 0.28 0.47

Added oxides

B203 31.50 22.50

Si02 24.50 17.50

Na20 14.00 10.00

Waste oxides 30 50

Density, g/cc 2.52 2.93

"Composition of aqueous waste givenin Table 4.5.

LWR fuel (Table 4.5) in a borosilicate glass composed
of 45 wt % B203, 35 wt % Si02, and 20 wt % Na20.
The final product contained 50 wt % oxides from waste
and 50 wt % glass and had a measured conductivity that
varied from about 0.75 Wm"1 (°C)"' at 65°C to about
0.94 Wm"' at 585°C, as shown in Fig. 4.2. The results
of other investigators with a borosilicate glass8 and a
borosilicate glass incorporating 25 wt % waste oxides9
are also presented in Fig. 4.2. Although the composi
tion of the borosilicate glass is not the same in each
case, comparison of the plots in Fig. 4.2 leads to the

8. R. W. Powell, C. Y. Ho, and P. E. Liley, "Thermal
Conductivity of Selected Materials,"Nat Stand. Ref. DataSen,
Nat. Bur. Stand 8, 72 (1966).

9. D. B. Auty and J. R. Grover, Thermal Conductivity of a
Borosilicate Glass Suitable for Fission Product Wastes, AERE-R
4685 (December 1964).
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Fig. 4.2. Thermal conductivities of borosilicate glass and
borosilicate glasses incorporating waste oxides.

tentative conclusion that incorporating increasing
amounts of foreign oxides in borosilicateglass decreases
its conductivity. The measured values for the 50% waste
oxide—borosilicate glass product are one-third to one-
half of those previously reported for waste oxide
particles dispersed in a lead silicate glass10 and in a
borosilicate glass1' and are about one-fourth of those
which would be expected for this product if it were
composed of macroscopic crystals of waste oxides
dispersed in glass. These lowvalues may be explained if
most of the waste oxides are dissolved in the glass or if
the waste oxide crystallites are so small that they can be
considered amorphous.

Solubility of Boron in LMFBR Waste

The use of boron as a neutron absorber during the
reprocessing of spent LMFBR fuels isbeing considered.
Thus a series of batch dilutions and evaporations was
carried out with a simulated LMFBR waste (Table 4.5)
to evaluate difficulties that might arise in handling and
storing this type of waste because of the limited
solubility of boron in nitric acid solutions. During these
tests, the boron concentration was varied from 0.30 to

10. Chem Technol Div. Annu. Progr. Rept. May 31, 1969,
ORNL-4422, p. 139.

11. Chem. Technol Div. Annu. Progr. Rept. May 31, 1970,
ORNL-4572, p. 105.

Table 4.5. Chemical compositions of high-level
LWR and LMFBR aqueouswastes"used for

studies on waste properties

Constituent

From fuel processing

H +

Fe3*

Cr*

Ni2

At
3(-

Na1"

N03"

P043"
SKV

From nuclear fission

Mo6*
.2+Sr

Ba

Cs+

Rb+

(Y+ RE)3
Zr4*

Ru3*
Rh3*
Pd*

Ag+
Cd2*

Sn4*

2+

J*-
Sb

Te4
4*Se'

Nbs
La*

Concentration

Substitute

chemical

(M at 100 gal/metric
ton of U + Pu)

LWR fuel LMFBR

(PW-4m) fuel

0.5 0.5

0.050 0.16

0.012 0.046

0.008 0.023

0.001

0.10 0.10

2.4 4.7

0.003 0.060

0.010

0.130 0.24

0.036 0.040

0.041 0.068

K+ 0.078 0.21

K+ 0.014 0.019

La* 0.27 0.53

0.14 0.22

Fe3* 0.082 0.22

Co2* 0.013 0.060

Ni* 0.043 0.16

Cu* 0.0016 0.019

0.0025 0.010

0.0016 0.010

As* 0.0004 0.003

S6*" 0.014 0.034

s6+
O 005

Zr4* 0.002

0.058

"More detailed information on these wastes is given in sect. 2
of BNWL-1073, ed. by K. J. Schneider (August 1969).

6Burnup of PW-4m fuel: 45,000 MWd/metric ton at a specific
power of 30 MW/metric ton; burnup of LMFBR fuel: 100,000
MWd/metric ton at a specific power of 200 MW/metric toa

1.35 M, the nitrate from 1.25 to 12.7 M, the acid from
1.0 to 12.5 M, and the temperature from 25 to 108°C.
The general conclusion drawn from the results (Table
4.6) was that all the solutions and slurries obtained with
this waste could be readily pumped and stored at
reasonable temperatures.
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Table 4.6. Results of studies on the solubility of boron in simulated high-level aqueous waste from the reprocessing
of spent LMFBR fuel as a function of nitric acid concentration and temperature

Mix

No.

B03'
(A/)

NO3"
(M)

H*

m

1A 1.35 1.76 1.0

IB 1.35 1.76 1.0

1C 1.35 1.76 1.0

2A 0.45 1.25 1.0

2B 0.45 4.59 4.3

2C 0.30 12.7 12.5

3A 0.69 1.92 1.5

3B 0.90 2.50 2.0

3C 1.35 3.75 3.0

4A 1.35 3.75 3.0

4B 1.35 3.75 3.0

4C 1.35 3.75 3.0

Temperature
CC)

Conditions and mode of operation

25 Waste prepared as shown in Table 4.5
50 Mix 1A heated and stirred

55 Mix 1A heated and stirred

25 Mix 1A diluted with 2 volumes of 1 A^ HNO3
25 Mix 1A diluted with 2 volumes of 6 N HNO3
25 Mix 1A diluted with 3.5 volumes of 15.8 N HNO3

102 Mix 2A volume reduced by a factor of 1.54
in glass evaporator

102 Mix 2A volume reduced by a factor of 2.0
in glass evaporator

108 Mix 2A volume reduced by a factor of 3.0
in glass evaporator

108 Mix 2A volume reduced by a factor of 3.0
in stainless steel evaporator

60 Mix 4A cooled

55 Mix 4A cooled

Observations and comments

10 to 15 vol % precipitate
1 to 2 vol % precipitate
No precipitate

No precipitate
No precipitate
5 to 10 vol % precipitate

Hazy mixture, well suspended
precipitate (readily pumpable)

Hazy mixture, well suspended
precipitate (readily pumpable)

Hazy mixture, well suspended
precipitate (readily pumpable)

Hazy mixture, well suspended
precipitate (readily pumpable)

Hazy mixture, well suspended
precipitate (readily pumpable)

Precipitate begins to settle out

Table 4.7. Charge buildup effects in glassy solids incorporating waste oxides

Sample
No.

Type of product

35 wt % HTGR waste oxides dispersed in
lead silicate glass

30 wt %LWR waste oxides incorporated
in borosilicate glass

50 wt %LWR waste oxide*0 incorporated
in borosilicate glass

25 wt % TBP-25 waste oxides" dissolved
in aluminophosphate glass

Borosilicate glass (Pyrex)

Lead glass doped with cerium

"Primarily Al203-
6Table 4.4, No. 1.
cTable 4.4, No. 2.

Electric Discharge in Glassy Products

The storage of energy in a wide variety of materials,
including silicates, as a result of their irradiation is a
familiar phenomenon. Adverse effects, such as very high
temperatures and melting, might result from a sudden
release of stored energy. Electric discharge of charges

Electron

energy

(MeV)

Dose

(MC/cm2)
Results

2

1.2

70

1200

Darkening but no sparks

2

1.2

70

1200

Nothing

Nothing

2

1.2

75

1200

Nothing

Nothing

2

1.2

75

1200

Nothing

Nothing

1 1200 Darkening but no sparks

2

1.2

6

18

Sparking
Sparking

built up in some glasses with unidirectional irradiation
can be of sufficient magnitude to shatter the glass.
Several glassy solids being considered for the long-term
storage of solidified waste were irradiated12 with
electrons having energies of 1.2 to 2 MeV (Table 4.7).

12. E. Sonder, Solid State Division, personal communication.
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The products incorporating 25 to 50 wt %oxides from
waste were prepared with glasses based on the lead
silicate, borosilicate, and aluminophosphate systems.
Charge buildup and destructive discharge have been
observed upon electron irradiation of lead glass doped
with cerium (Table 4.7, sample 6). However, the waste
products and a commercialborosilicate glass showed no
discharge effects after irradiation to doses up to 1200
uC/cm2. The glassy product containing HTGR waste
oxides and the commercial borosilicate glass showed
some darkening as the result of irradiation (Table 4.7,
Nos. 1 and 5). This darkening was not observed in the
glassy products containing LWR and TBP-25 waste
oxides since they are dark prior to irradiation (Table
4.7, Nos. 2 to 4). The doses to which these glassy
products containing waste oxides were irradiated are
more than 100 times the electron irradiation that would

cause discharging in a lead glass doped with cerium.

4.4 COMBUSTION OF PLUTONIUM-BEARING

SOLID WASTES

The AEC proposes to construct an underground
repository for the storage of solid radioactive wastes in
bedded salt formations in central Kansas. In order to

minimize underground space requirements, various
processes and procedures for reducing the volume of
these wastes have been investigated. Because some of
the contaminated waste will include combustible ma

terial such as paper, cloth, rubber, and plastics, burning
of this material prior to shipment would significantly
reduce the volume of waste to be stored and eliminate

the problem of spontaneous combustion. Pressurized
aqueous combustion (PAC), also known as wet oxida
tion, is being considered for the oxidation of the
combustible materials contaminated with long-lived
radionuclides (primarily plutonium). PAC offers po
tential advantages over conventional incineration, in
cluding: (1) positive containment of plutonium and
other transuranium nuclides, (2) close control of gas
input and minimization of off-gas volume, (3) simpli
fied off-gas cleaning, (4) operation at lower tempera
tures (200 to 260°C), and (5) the use of continuous or
semicontinuous systems.

The PAC process consists in heating the waste
material in the presence of liquid H20 and oxygen (e.g.,
air) in a reactor to a temperature at which oxidation
occurs. Carbonaceous material is converted mainly to
C02, with only a small amount of CO being formed;
sulfur is oxidized to sulfate. The required pressure is a
function of the operational temperature and of the
mode of operation; for continuous or semicontinuous
processing, it will amount to the vapor pressure of

water plus the pressure required to supply the air for
oxidation. At 235°C, for example, a total pressure of
about 460 psig should suffice (444 psi for water vapor
plus about 16 psi for air). For simple batch oxidation
the operational pressure must be higher since all of the
oxygen must be introduced into the reactor at one
time.

The wet oxidation process was first described by
Strehlenert13 and was later applied to the disposal of
paper mill wastes, sewage sludge, etc., by Cederquist14
in Sweden and by Zimmerman15 and others in the
United States. It has been proposed for use in the
disposal of urban waste and for various other applica
tions.16'17 Controlled wet oxidation is used com
mercially for the production of vanillin from the
lignin-containing waste that is generated in the sulfite
process for producing paper pulp.18

Laboratory Studies

Previous studies concerning the wet oxidation of
municipal waste19 showed that waste consisting of 85%
cellulosic material, 11% gelatin (simulated food waste),
and 4% polyethylene was 56% oxidized during a 30-min
exposure at 193°C and 89% oxidized during a 1-hr
exposure at 222°C.16 The degree of oxidation obtain
able at a given exposure time and temperature can be
increased by the addition of heavy metals (Co2+, Fe3+,
Cu2+, Zn2+, and Mn2+ as nitrates), by the addition of
small amounts of HN03 (e.g., sufficient to give a final
concentration of 0.1 M), and particularly by the
addition of a silica gel catalyst. Recycle of the effluent,
particularly the sludge, is about as effective in

13. R. W. Strehlenert, Swedish Pat 43,860 (Apr. 13, 1918);
R. W. Strehlenert, Pulp Paper Mag. Can. 16, 671 (1918); R. W.
Strehlenert, Sv. Papperstidn. 22, 136 (1919).

14. K. N. Cederquist et al, Swedish Pat. 90,896 (Nov. 23,
1937); K. N. Cederquist et aL, U.S. Pat. 2,668,099 (Feb. 2,
1954); K. N. Cederquist et al, Sv. Papperstidn. 58, 154-64
(1955).

15. F. J. Zimmerman, U.S. Pat. 2,665,259 (Jan. 5, 1954) and
U.S. Pat. 2,824,058 (Feb. 18, 1958) (both assigned to Sterling
Drug Co.); F. J. Zimmerman, Ind Water Wastes 6, 102-6
(1961).

16. W. J. Boegly, Jr., W. L. Griffith, and W. E. Clark, The
Development of a Wet Oxidation Processfor MunicipalRefuse,
ORNL-HUD-15 (February 1971).

17. C. G. Golueke and P. H. McGauhey (eds.), Compre
hensive Studies of Solid Wastes Management. First Annual
Report, SERL report No. 67-7 (May 1967).

18. J. R. Salveson et aL, U.S. Pat 2,434,626 (Jan. 13, 1948).

19. These were carried out at ORNL for the U.S. Dept. of
Housing and Urban Development (HUD).
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Fig. 4.3. Batch oxidation of pure cellulose at three temperatures.

producing oxidation as any combination of the cata
lysts tested. The presence of heavy metal ions is of
further benefit in hastening the degradation of polyeth
ylene2 ° and thus decreasing the tendency of this plastic
to melt and stick to the hot wall of the autoclave.

When pure water was used, the effluent resulting from
the oxidation of cellulosics and plastics was acidic (pH
2 to 4). The complete oxidation (99%) of waste
containing 10% protein produced effluents that were
slightly alkaline (pH 8 to 9). In the absence of chloride
the acid effluents had a mildly corrosive effect on type
430 stainless steel but did not attack titanium. In the

presence of small amounts of chlorinated plastics (e.g.,
polyvinyl chloride), the acidic solution was increasingly
corrosive, although titanium was resistant except when
the plastic melted and stuck to the specimen. Nickel
was severely corroded by alkaline effluents.

Initial tests, including two recycle runs, were carried
out in a 1.4-liter rocking autoclave to test the feasibility
of oxidizing various waste constituents. The results
(Table 4.8) show that:

1. in the presence of 57 to 76% cellulosics (paper,
cloth, wood, etc.), all the materials tested except
Teflon are satisfactorily oxidized during a 1-hr
exposure at 294°C;

2. rubber, Bakelite, and epoxy are incompletely oxi
dized at 250°C;

3. the corrosion of stainless steel can be expected to
increase upon recycle of acidic effluents even in the
absence of appreciable amounts of chloride;2 x

4. titanium is resistant to chloride in strongly oxidizing
media.

Experiments were initiated to determine the reaction
rates of various components of waste by taking periodic
gas samples and determining the rate of oxygen
depletion and the rate of C02 (plus CO) generation.
These data for pure cellulose are plotted as a function
of time in Fig. 4.3 at temperatures of 200, 217, and
251 °C. There is qualitative agreement between the
results obtained from analysis for the two different
gases; however, both gaseous monitoring methods give
lower total oxidation values than were obtained by
chemical oxygen demand (COD) analyses of the liquid
effluents. Preliminary data were obtained for epoxy
resin, 10 to 20 mesh, at 299 and 319°C. Qualitatively,
the oxidation characteristics of the epoxy resin were
the same as those of cellulose at 251°C. Since cellulose

is one of the most readily oxidizable constituents and
epoxy is one of the most difficultly oxidizable constitu
ents expected to be present in contaminated waste,
these data effectively bracket the conditions of opera
tion.

Experiments22 designed to determine the thermal
stability of solid residues resulting from the partial

20. H. Alter, Ind Eng. Chem 52,121-24 (1960).

21. Walter E. Clark, The Status of Pressurized Aqueous
Combustion for Burning Solid Wastes Contaminated by Radio
nuclides, ORNL-TM-3170 (October 1970).

22. These were run by H. Kubota of the Analytical Chemistry
Division using a new technique.



Waste composition

Table 4.8. Pressurized aqueous combustion of simulated contaminated solid wastes

Wastes constituted 9% by weight of slurry. Reaction time at temperature was approximately 1 hr.
Run in stainless steel autoclave except as indicated.

Experiment
No /-. .a Percent by1NO- Component . ,,

weight

Additives

Concentration

of

additives

Temperature
(°C)

Effluent

COD

(gof02/liter)

Nominal Apparent corrosion on
reduction exposed coupons
inCOD* (mils/month)

(%) 430SS Ti HastelloyC

Remarks

Cellulosics 60 Silica gel ~5.5 g/liter
Polyethylene 20 HN03 0.3 N

Latex rubber 20

Cellulosics 60 Silica gel -5.5 g/liter
Polyethylene 20 Cu2* 0.038 M

Latex rubber 20 Fe3* 0.036 M

Mn* 0.08 M

N03" 0.344 M

Cellulosics 56.4 La(N03): 0.02 M

Polyethylene 24.9

Latex rubber 8.5

PVC 10.2

Cellulosics 55.2 La(N03); 0.02 M

Polyethylene 27.3

Latex rubber 9.0

PVC 9.5

Cellulosics 75.6 None

Silicone rubber 12.5

Bakelite 12.0

Cellulosics 75.9 None

Silicone rubber 11.6

Bakelite 12.5

Cellulosics 73.6 None

Nalgene 13.2

Tygon 13.3

Cellulosics 72 None

Teflon 9

Epoxy 10

Butyl rubber 9

Single Experiments

250 17.4

246 13.6

294 5.4

294 6.3

252 2.8

293 5.7

293 4.2

290 3.7

91

96

96

98

96

97

98

16 Rubber remained

2.1 0 Rubber remained

114 Slight
weight
gain

No solid remnant; corrosive to

autoclave; free acid = 0.13 N;
pH = 3.9

18 Severely No solid remnant; titanium auto-
pitted clave; free acid = 0.08 N;

pH = 4.3

Silicone partly attacked; Bakelite
slightly attacked

Some black particles and white
ash

No solid remnant; corrosive to
autoclave

Teflon unattacked; epoxy
charred

o



Table 4.8 (continued)

Waste composition
Experiment

No. Component'

Concentration _
, Temperature

lQ Percent by Additives of

Effluent

COD

(gof02/liter)weight additives

9-1 Cellulosics 50 Si02 -4.5 g/liter
Polyethylene 19 La(N03) 3 0.02 M

Butyl rubber 11

Bakelite 9

Epoxy 9

PVC 2

9-2 None

10-1 Cellulosics

Polyethylene
Butyl rubber

Bakelite

Epoxy

49

19

13

10

9

None

10-2 None

10-3 None

10-4 None

(°C)

Recycle Experiments

303 4.5

300

-300

320

320

318

5.4

2.8

2.9

5.6

7.7

Nominal Apparent corrosion0 on
reduction exposed coupons
inCOD6 (mils/month)

(%) 430SS Ti HastelloyC

Remarks

97

V 2.2

96 J

98

98

96

95

<l
Titanium autoclave leaked

slightly during these exposures

Temperature control poor on
10-1; residual charred

chunks

Some black residue (Bakelite and

epoxy)

No appreciable remnant solids

No appreciable remnant solids;
autoclave corroded; pH = 6.7

"Cellulosics included cheesecloth, wood chips, and various types of paper. Polyvinyl chloride is abbreviated as PVC. Tygon is polyvinylidene chloride; it yields more
chloride on oxidation than does PVC.

Based on effluent only and are therefore high. Not corrected for remnant solids.

cExposure timeswereso short that the accuracy was low. Corrosion rates < about 5 mils/monthmay thereforebe negligible.
PVC had melted and stuck to this specimen.

e91% of the effluent was recycled to the following run in each case and distilled water was added for makeup. Additives [e.g., silicagel, La(N03)3] were included only
before the first cycle.

o
CO
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oxidation of cellulose indicated that some charring took
place below 500°C but that little exothermic reaction
occurred. These experiments will be repeated on resi
dues from other waste types.

Results may be summarized as follows:

1. Except for Teflon, the most resistant organic ma
terials included in the tests oxidized almost com

pletely in 1 hr at temperatures between 290 and
300°C. Cellulosic materials with or without polyeth
ylene oxidized sufficiently in 1 hr at temperatures as
low as 217°C.

2. Size reduction is not critical for the more common

constituents such as the cellulosics and polyethyl
ene; even for polyethylene bottle caps and necks,
oxidation is complete in 1 hr at 290°C. Size
reduction is particularly helpful with PVC and
rubber because it shortens the reaction time and also

because it promotes more effective mixing, thus
decreasing the chance of melting and sticking to the
walls. Residual chunks of relatively inert organics
such as Tygon, epoxy, and Bakelite can probably be
safely stored without further treatment.

3. Titanium is the most promising containment ma
terial tested thus far.

Future studies will be designed to: (1) test the
performance of the semicontinuous method of opera
tion (batch charging of solids, with continuous passage
of air through the autoclave), (2) determine the degree
of oxidation required to produce essentially noncom
bustible waste residues, and (3) perform more compre
hensive corrosion tests on candidate materials of con

struction.

Design and Engineering Development

Results of a survey23 of waste generation rates at
major AEC sites in the United States were used to
estimate the capacities of full-size PAC plants that
would be required at each of the sites. It was found that
a plant with a capacity of about 1 ton/day would be
compatible with the requirements of nearly all of the
AEC sites considered; furthermore, it was judged that a
pilot plant with a capacity of about 0.1 ton/day would
be of a reasonable size to demonstrate the feasibility of
the concept and to provide the necessary scaleup
information for the full-size plant.24

23. H. W. Godbee and J. P. Nichols, Sources of Transuranium
Solid Waste and Their Influence on the Proposed National
Radioactive Waste Repository, ORNL-TM-3277 (January
1971). (Official Use Only.)

24. W.C. Ulrich, personal communication, Jan. 18, 1971.

An engineering design survey was made to determine
the best mode of operation for the pilot plant.25
Process flowsheets for semicontinuous and continuous

pilot plants were prepared and analyzed. (Simplified
versions of the flowsheets are shown in Figs. 4.4 and
4.5.) In the semicontinuous system (Fig. 4.4), shredded
waste and water are added to the reactor in batches, the

system is heated to operating temperature, and air (or
oxygen) is passed through continuously until the
reaction has reached the desired state of completion. In
the continuous system (Fig. 4.5), both solids (in the
form of a slurry) and air (or oxygen) are pumped
through the reactor continuously. Results of this survey
indicated that it would be more feasible to design and
build a semicontinuous pilot plant to determine the
basic operating parameters such as temperatures, pres
sures, and feed concentrations, and to solve problems
involving gas cleanup, corrosion, feed and product
handling, etc. On the other hand, the results of the
survey revealed that a continuous system would be
more practical for a full-scale (1-ton/day) plant. The
latter decision is largely based on reactor size con
siderations; that is, the pressurized reaction vessel can
be made much smaller in a continuous system at

comparable operating temperatures, pressures, and
holdup times because turnaround times between
batches are eliminated. In the semicontinuous system,
the reaction time is only a fraction of the total process
cycle time of charging the reactor, heating the system
to operating temperature, carrying out the reaction,
cooling, and draining the system.

It was recommended that (1) a semicontinuous pilot
plant capable of handling 0.1 ton of combustible waste
per day be designed, built, and operated; (2) a detailed
analysis be made of a full-size plant designed to burn 1
ton of contaminated combustible waste per day; (3) an
equipment design and development program be initi
ated to produce the specialized components (such as
the high-pressure slurry pump) and establish the nec
essary concepts needed for a continuous full-size plant;
and (4) consideration be given to the design, con
struction, and operation at ORNL of a full-size proto
type plant based on the results of the pilot plant and
development program.

4.5 INCORPORATION OF INTERMEDIATE-LEVEL

WASTES IN POLYETHYLENE

Laboratory tests have shown that aqueous inter
mediate-level wastes can be incorporated in DYDT and
DYLT Bakelite polyethylene to produce stable, fire-

25. W. C. Ulrich, personal communication, March 1971.
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Fig. 4.4. Semicontinuous pilot plant for pressurized aqueous combustion of contaminated solid wastes.

retardant products.26 The products have low leach
rates in water and should be suitable for burial in

licensed surface burial grounds. Five ~2-hr tests were
made in the existing pilot plant, which had previously
been used for incorporating wastes in asphalt,27'28 to
demonstrate the feasibility of the process in large-scale
equipment. A 20 wt % sodium borate solution was used
to simulate wastes produced at power reactors. DYDT
polyethylene was selected because of its lower softening

26. C. L. Fitzgerald et al, "The Feasibility of Incorporating
Radioactive Wastes in Asphalt or Polyethylene," Nucl. AppL
Technol 9.821-29(1970).

27. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1969,
ORNL-4422, pp. 147-49.

28. H. W. Godbee, J. H. Goode, and R. E. Blanco, "Develop
ment of a Process for Incorporation of Radioactive Waste
Solutions and Slurries in Emulsified Asphalt," Environ. ScL
Technol 2, 1034-40 (1968).

point and viscosity at the proposed operating tempera
ture. The pilot plant was first modified by replacing the
liquid asphalt feed system with a system capable of
feeding solid polyethylene; also a means of supplying
additional heat to the exposed uninsulated sections of
the wiped-film evaporator was included.

Contacts with polyethylene manufacturers indicated
that it would probably be possible to melt and meter
the polyethylene into the evaporator in a single
operation by passing it through a polyethylene extruder
driven by a variable-speed motor. However, subsequent
testing showed that the low-melting DYDT polyethyl
ene had a tendency to soften prematurely, causing
plugging of the solids feed nozzle to the extruder. As a
compromise, a steam coil was installed in the solids
reservoir, and the polyethylene was completely melted
and fed to the extruder as a viscous solution. Accuracies

of better than 3% were demonstrated with this metering
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system. Calrod heaters were installed on the wiped-film
evaporator head and the product discharge nozzle. This
supplementary heat to the evaporator was necessary to
compensate for heat loss from the molten polyethylene
to the waste solution (Ar60°C) at the contact point on
the rotor distribution plate and to prevent the polyeth
ylene from solidifying. The additional heat supplied to
the product discharge nozzle ensured that all surfaces
contacting the product were at a temperature that
would maintain fluidity.

The data from the five tests are shown in Table 4.9.

In each test, the waste solution and the polyethylene
were preheated to 85°C and to approximately 140°C,
respectively, before they entered the evaporator. In
runs 1 through 3, the evaporator was operated at a wall
temperature of 185°C; in runs 4 and 5, it was operated
at 200°C. The evaporator rotor speed was nominally
300 rpm in all the runs except run 5, where the speed
was reduced to 190 rpm. When the evaporator was
disassembled after the completion of run 1, an accumu

ORNL-DWG 71 - 55 14
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Fig. 4.5. Continuous pilot plant for pressurized aqueous combustion of contaminated solid wastes.

lation of solids was found in the bottom half of the

evaporator; the wiper blades were destroyed in this
area. However, the waste solids content of the product
was near the desired value (30%), and the residual water
content and leach rates (over a nine-week period) were
nearly as good as those observed in subsequent runs. In
order to obtain more effective evaporator performance,
runs 2 through 5 were made under conditions selected
to give products with a solids content of about 20 wt %.
The results showed that neither increased evaporator
temperatures nor rotor speed had a marked effect on
the quality of the product. However, the amount of
sodium entrained in the overhead vapors increased as
the operating temperature increased. The water content
of the product decreased as the processing rate de
creased. This confirms results obtained in tests with

asphalt. Graphite wiper blades were used in runs 4 and
5 in place of the standard rotor blades (Teflon-
impregnated Fiberglas) used in the asphalt demon
stration tests. These blades appeared to suffer less wear



Table 4.9. Incorporation of NaB02 waste in polyethylene

Waste Polyethylene" Evaporator Evaporator
Run feed feed boilup sodium
No. rate rate rate decontamination

(lb/hr) (lb/hr) (lb/hr) factor

65.1

34.6

62.6

65.1

64.3

31.6

27.8

52.6

52.7

52.9

-50.9°

24.5

44.2

49.9

45.5

-2970

2740

2350

1470

1030

"DYDT polyethylene, a product of Union Carbide Corp.
By difference.

Product

rate

(lb/hr)

45.9

34.9

72.1

73.6

74.9

Product

solids

content

(wt %)

31.5

22.0

19.3

19.6

19.0

Product

water

content

(wt %)

3.8

1.5

4.5

3.6

5.2

Product

temperature

(°C)

155

175-180

175-180

195-200

Product leach rate

[fraction sodium leached (cm /g)

Week 1 Week 2 Week 4

day-1 ]
Week 9

7.1 X 10 3 6.0 X 10"3 3.1 X 10-3 1.4 X 10 3

1.8 X 10"

4.2 X 10"

2.0 X 10"

4.3 X 10"

3.4 X 10~3 2.6 X 10"3

1.3 X 10"

1.1 X 10"

1.4 X 10"

8.9 X 10"

6. IX 10"

9.8 X 10"

195-200 6.0 XlO-3 3.0 XlO"3 1.7 X 10"3 1.3X10"
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than the standard blades. Material balances ranged from Although the process demonstration was successful,
95 to 105%. Product leach rates were acceptable for all we do not believe that the full potential of the process
of the runs and, based on the nine-week test periods, will be realized until the process has been demonstrated
were comparable with similar products produced in the in equipment that can operate at higher temperatures,
laboratory equipment



5. Transuranium-Element Processing

The Transuranium Processing Plant (TRU) and the
High Flux Isotope Reactor (HFIR) are operated at
ORNL as the primary production facilities for the
USAEC Heavy Element Program. During this report
period, which corresponds to the fifth year of operation
of these facilities, efforts at TRU were devoted pri
marily to the recovery of 200 mg of 2s2Cf for the
commercial sales program sponsored by the Savannah
River Plant.

The phases of the program that are under the
direction of the Chemical Technology Division, in
cluding the operation of TRU, isolation and purifi
cation of products, development of chemical processes,
and some chemical studies of the actinide elements, are
reported here. Target fabrication work, which is di
rected by the Metals and Ceramics Division, is described
in detail in reports issued by that Division.

5.1 TRU OPERATIONS

The functions of TRU are to recover large quantities
of the transuranium elements and distribute them to

researchers. Since it began operation in 1966, TRU has

been the only source of significant quantities of
berkelium, californium, einsteinium, and fermium in
the United States.

The purpose of this section is to report the pro
duction of transuranium materials and to describe

recent changes in the processes and equipment being
used in TRU. More detailed information is presented in
a series of semiannual reports on production, status,
and plans.1 '2

1. W. D. Burch, J. E. Bigelow, and L. J. King, Transuranium
Processing Plant Semiannual Report of Production, Status, and
Plans for Period Ending June 30, 1970, ORNL-4588 (January
1971).

2. W. D. Burch, J. E. Bigelow, and L. J. King, Transuranium
Processing Plant Semiannual Report of Production, Status, and
Plans for Period Ending December 31, 1970, ORNL-4666 (in
press).

Status and Progress

During the first four years that TRU was in operation,
we recovered and shipped to researchers all of the
elements from americium through fermium as we
demonstrated the process steps that are required to
recover transuranium elements from irradiated HFIR

targets and to fabricate curium oxide recycle targets.
Feed materials were primarily from HFIR irradiations,
and about 75 mg of 252Cfwas recovered. During the
current report period, our major effort was the proc
essing of 164 curium slugs that had been irradiated as
part of the Californium-I program at the Savannah
River Plant (SRP). This program is designed to evaluate
the commercial market for 252Cf. The slugs contained
about 430 g of 244Cm (550 g of total curium) and 200
mg of 252Cf. Most of the 252Cf has been returned to
SRP. The curium will be purified further, converted to
oxide, and then returned to SRP. The other trans

uranium elements, 25 mg of 249Bk, 400 Mg of 2S3Es,
and 3 X 109 atoms of 2S7Fm, were distributed to
researchers through the Transplutonium Committee.
Ninety-six shipments were made during this report
period. Although the final portions of this campaign
will extend a few weeks beyond the end of the report
period, total quantities are shown to present the overall
picture of this campaign.

The scope of processing operations was increased
considerably this year. The slugs contained about three
times as much irradiated curium and four times as much

californium as were processed in any previous year. The
TRU operations group was expanded by about one-
third to handle the increased processing load. The
expanded group will be retained for about one year in
order to process about 20 irradiated 242Pu tubes
containing about 400 mg of 2S2Cf; these are also
Californium-I materials. The increased operating costs
are being borne by the AEC Division of Production.

Production and Processing

Two processing campaigns were made to produce
americium-curium oxide for use in fabricating targets

114
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Table 5.1. Amounts of materials recovered from the processing of SRP-Californium-I slugs

Campaign 21 Campaign 22 Campaign 23 Campaign 24a Campaign 25a Total

Numberof slugs* 35 32 30 32 35 164

243Am,g 0.2 0.2 0.2 0.2 0.2 1.0

244Cm,g 80.8 69.7 96 86 95 428

246Cm,g 32 17 24 21 23 117

249Bk, mg 10 4 4 4 3 25

252Cf, mg 76 43 30 28 27 204

2s3Es, Mg 312 65 18 8 4 407

2S7Fm, atoms 1 X 109 6 X 108 4X 108 4X 108 3X 108 3X 109

"Calculated quantities; data incomplete at end of report period.
*Feed material for the campaigns included various amounts of rework material plus the indicated number of slugs.

for the HFIR, and five campaigns were made to process
SRP-reactor slugs. About 22 g of 243 Am and 50 g of
244 Cm were converted to oxide. The amounts of
transuranium materials recovered in the SRP-slug proc
essing campaigns are listed in Table 5.1.

The SRP-Californium-I slugs are similar to HFIR
targets in that they contain aluminum-clad pressed
compacts of actinide oxides blended with aluminum
powder. The processes and equipment used to process
the slugs are generally the same as those used to process
HFIR targets.

Differences that were noted are as follows:

1. The radioiodine reported almost entirely (94%) to
the caustic-nitrate solution used to dissolve the alu

minum from the slugs. Only about 50% of the
radioiodine reports to the aluminum dissolvent when
HFIR targets are processed. During the first slug
campaign, we performed a Pubex batch extraction to
collect iodine in a small volume so that we could store

it to permit decay prior to transfer to the high-level
waste tanks. This step was unnecessary in subsequent
campaigns because there was much less radioiodine to
process and essentially all of it was in the aluminum
dissolvent.

2. The acidic dissolver solutions contained large
amounts of inactive solids, which hampered solution
transfers. Following the first SRP-slug campaign, we
installed a larger filter (eight times the solids capacity of
the original filter), which reduced the time required for
transferring solutions from six days to one day.

3. The decontamination of the actinides from fission

products, using the Tramex solvent extraction process,
was complicated because of equipment performance
problems and chemical problems, all of which are not
fully understood. We were unable to establish satis
factory operation of the continuous solvent extraction
columns; thus, much of the Tramex processing was

done by three-stage batch extractions. Decontamination
factors were poor by either method —about a factor of
10 lower than was anticipated.

The other processing steps (dissolving, Cleanex batch
extraction, LiCl-based anion exchange, and chromato
graphic elution using a-hydroxyisobutyrate) were ac
complished without significant difficulty. Because of
the poor decontamination factors in Tramex, the purity
of the curium product is marginal. Specifications are
based on gross gamma and neutron dose rates of
packaged oxide, and measurements of actual packages
must be required in order to determine whether the
specifications have been met. If further cleanup is
required, it will probably be accomplished by IiCl-
based anion exchange.

Equipment and Modifications

Some new equipment was installed, and the existing
equipment was modified. These changes were made
partly to make it possible to process the SRP-
Californium-I materials and partly for general improve
ment of the TRU facilities. About 100 changes were
made in the cell piping.

Several minor plant revisions were required prior to
processing the SRP slugs. New4.75-in.-diamslug chutes
were installed in cubicles 1 and 7, which will accommo
date the 4.22-in.-diam by 5-ft-long SRP-Californium-I
reactor tubes as well as the shipping packages of
thirteen l-in.-diam by 6-in.-long SRP-reactor slugs.

A new equipment rack was installed for use in
separating and purifying the transcurium elements,
utilizing chromatographic elution from an ion exchange
column with a-hydroxyisobutyrate. The equipment
employed previously was inadequate for processing the
large amount of transcurium elements contained in the
SRP slugs.
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The liquid wastes that are being generated during the
processing of SRP-Californium-I materials contain sig
nificantly more radioactivity than wastes being handled
routinely in TRU. The high-level wastes from processing
the slugs are being segregated and transferred to a
stainless steel high-level tank in Building 2531 for
storage. Final disposal will be deferred, pending ORNL
decisions concerning future waste disposal. A waste
loading station was installed in the TRU limited-access
area, an unloading station and containment enclosure
was installed in Building 2531, and a 450-gal-capacity
Isotopes Division shielded transfer tank was modified to
effect the transfer of waste solution. Several shipments
of waste have been made without difficulty, although
some precipitated fission products have remained in the
carrier as evidenced by the high level of residual
radioactivity when the carrier is emptied.

A cask (DOT-SP-6323) that provides adequate shield
ing for transporting about 50 mg of 2s2Cf and about
160,000 Ci (gamma) was designed and built for use in
shipping the SRP-Californium-I slugs to ORNL. It
weighs 28,800 lb and consists of two 66-in.-diam
hemispherical ends joined by a 15-in. cylindrical sec
tion. The inner cylindrical cavity is 4.026 in. in
diameter by 15 in. long. The shielding consists of a
4-in.-thick cylinder of depleted uranium, which is
encased in stainless steel, surrounded by Blackburn
limonite concrete. The outer shell of the cask is

V2 -in.-thick stainless steel. The slugs were shipped in
groups of up to 13, packaged in a 4-in.-diam by
13-in.-long aluminum holder having a central hole
surrounded by six outer holes. The aluminum holder,
which is not reused, may be placed into, or removed
from, the carrier through either the top or the bottom.
In the latter stages of the fabrication, defects were
discovered in the depleted-uranium gamma shield. The
defects resulted from swelling due to the reaction of the
uranium with water. The water was admitted through
the stainless steel encasement surrounding the uranium
during drilling operations with water-based coolants.
Through oversight, this water was not removed. Repairs
involved the remote welding of an insert tube inside an
existing housing for a valve-operating rod and ma
chining to remove a bulge in the central cavity. The
repairs appear to be adequate; measurements taken
after each of the nine shipments that have been made
show that no further deformation has occurred.

General improvements to the TRU processing fa
cilities included the installation of (1) four 20-liter-
capacity tantalum-lined product storage tanks, (2) an
iodine-retention system that is capable of handling the
entire 400-cfm vessel off-gas flow, (3) a pneumatically
actuated rabbit system for transferring californium

between the TURF californium facility and TRU, and
(4) a shielded facility for decontaminating targets and
sources prior to shipment.

The iodine removal unit, which consists of a catalytic
oxidation bed to destroy organic vapors, followed by
charcoal beds for adsorbing iodine, has been installed
for treating the entire vessel and cubicle off-gas flow.
Entering off-gas is heated to about 550°F in passing
through the tubes of a regenerative heat exchanger
(countercurrent to the exit gas from the catalytic
oxidation bed). Additional electric heat (about 20 kW)
is provided to maintain the catalyst (Hopcalite) bed at
650 ± 25°F. The gases from the Hopcalite bed are
cooled to about 225°F in the shell side of the primary
heat exchanger and then cooled further to 175 ± 25°F
in a small water-cooled exchanger. The cool gases pass
through two 1-in.-thick charcoal beds in series for
iodine removal. The oxidation step destroys organic
materials in the off-gas and thus improves the efficiency
of the charcoal bed for sorption of iodine. (See Sect.
2.6 for detailed results of tests made during the
SRP-slug campaigns.)

The pneumatic-rabbit system for transferring 252Cf
between TRU and the TURF californium facility has
greatly simplified this operation. Previously, our only
shipping carrier that can handle more than a milligram
of 252Cf had to be used for such transfers. The
handling cost was high, and scheduling was incon
venient. Transfer rabbits travel the 700 ft of l-in.-diam

stainless steel line in approximately 12 to 14 sec.
During a transfer of 50 mgof 2s2Cf, doses to personnel
would be less than 1 millirem even though the
instantaneous dose rate 1 ft from the line is expected to
be about 1250 rems/hr.

The rabbit transfer line terminates at TRU in a small

portable water-shielded cell located above the target
chute at cubicle 1. This cell provides an interface
between TRU and TURF, as well as with off-site
carriers, where packages may be decontaminated before
transfer or shipment. This should eliminate the con
tamination problem we have created for some of our
customers in the past.

Target Fabrication

Seventeen targets containing americium and curium,
one special target, and eight rabbits were fabricated
during this report period. This work was performed by
personnel of the Metals and Ceramics Division and is
reported in detail in their reports.

Since our last annual report, three targets have failed
during irradiation in the HFIR. One of them was a
90%-dense plutonium target whose failure was antici-
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pated by our mathematical model for target failures.
However, the other two targets, in which the pellets
were pressed to 80% of theoretical density, should not
have failed according to the model, investigation of
these failures is incomplete.

5.2 ISOLATION AND PURIFICATION

OF TRU PRODUCTS

The final purification of transplutonium elements, the
isolation of second-growth isotopes, and the fabrication
of actinide shipping packages and neutron sources are
accomplished in equipment installed in cell 5 in TRU,
the californium facility at TURF, and in supporting
shielded-cave facilities. When products reach certain
levels of purity, they are moved into these cleaner
facilities, which are used only for handling products.

Final Purification and Isolation of Transplutonium
Elements

The purified products are obtained from the trans
curium fraction (from the LiCl anion exchange process)
that is produced routinely in the plant equipment. This
processing, which has been previously described,3'4
consists in the separation of fermium, einsteinium,
californium, and berkelium from each other and from
residual actinides by selective elution from cation
exchange resin with ammonium a-hydroxyisobutyrate;
berkelium is further purified from residual actinides by
oxidation to Bk4* by NaBr03 and subsequent extrac
tion from 8 M HN03 into di(2-ethylhexyl)phosphoric
acid (HDEHP).

In recent processing, the use of a small loading
column, which can be operated in series with the
high-pressure ion exchange column, has greatly in
creased the amount of 252Cf that can be processed in a
single run and has decreased the run time substantially.
Using this technique, the actinides can be loaded
rapidly onto a small column from dilute acid; and, since
only a small volume of resin is used, the resin can be
rapidly converted to the ammonium form prior to
elution through the regular 4-ft column with ammo
nium a-hydroxyisobutyrate. Since loading and resin
conversion can be accomplished very rapidly, larger
amounts of actinides can be processed with less resin
degradation.

Using this technique, 69 mg of 252Cf was processed
in a single run, and it appears that at least 100 mg of

3. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1967,
ORNL-4145,pp. 136-51.

4. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1968,
ORNL-4272, pp. 100-101.

252Cf can be handled. Prior to the installation of the

loading column, it was not possible to process more
than 25 mg of 252Cf.

Isolation of Second-Growth Isotopes

Various special separations were made during this
report period. These included isolation of 65 ug of
2S3Es (a daughter of 253Cf) and about 1.3 mg of
248 Cm, both of which had grown into highly purified
californium during storage. An additional 33 mg of
252Cf, which will be milked to produce about 1.5 mg
of 248Cm, was purified. Nine hundred micrograms of
249Cf that had grown into 249Bk was also separated.

Isotopically pure 248Cm is obtained by the alpha
decay of 252Cf, which is originally isolated from large
amounts of 244Cm. In order to minimize the 244Cm
content in 248Cm products, the 2S2Cf must be highly
purified. In the californium TURF facility we have been
able to routinely obtain 248Cm containing less than
0.001 at. %244Cm.

Preparation of 252Cf Shipping Packages

The resin-loading—encapsulation method for 252Cf
handling, which has proved to be a versatile technique
for the preparation of neutron sources, was utilized to
prepare 252Cf shipping capsules. The shipping package
is a doubly sealed container which provides for a safe
and practical transfer of californium in a small package
and permits simple and complete recovery of cali
fornium by the customer.

A schematic diagram of the shipping package is shown
in Fig. 5.1. The primary container consists of a
3/8-in.-0D by 1-in.-long stainless steel tube that has been
platinum-plated and filled with cation exchange resin.
Tubes fabricated from a 90% platinum-10% rhodium
alloy have also been used. Platinum frits are rolled into
each end of the tube to completely encapsulate the
resin. The resin is then loaded by passing a solution of
californium in dilute nitric acid through the capsule.
After being loaded, each capsule is calcined at 650°C
for a 3-hr period, during which it is purged with air, at a
low flow rate, to decompose the resin. End plugs are
then placed on the capsule, and the capsule is welded
into a secondary stainless steel container. Essentially
complete recoveries are readily obtained from this type
of package by passing a small volume of dilute nitric
acid through the calcined resin bed.

Resin-loading—encapsulation techniques were used to
prepare more than 20 shipping packages and 13 neutron
sources. An additional 6 neutron sources were prepared
by the quartz bead method.
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252,Fig. 5.1. Schematic diagram of Cf shipping package.

5.3 SPECIAL PROJECTS

The faciUties that are available at TRU are used for a
variety of purposes not associated with the main-line
production and distribution of transuranium elements.
Special projects include nonroutine productions, special
preparations, special irradiations in the HFIR, and
fabrication of neutron sources using 2s2Cf.

Fabrication of Neutron Sources Using Californium

Much of the caUfornium recovered at TRU is incor

porated into neutron sources, which are subsequently
loaned to researchers. Recently, sources have been
fabricated from caUfornium that had been highly
purified from curium in the new californium faciUty in
TURF. This ultrapurification step makes the cali-
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fornium suitable for future reprocessing to recover
248Cm (the alpha decay product of 252Cf) that is free
from 244Cm contamination.

Twenty-two sources, containing from 1 jug to 5 mg of
2S2Cf, were fabricated during this report period. Most
of them were encapsulated in type 304L stainless steel
in a standard configuration, which was described last
year.5 Three were encapsulated in type 405 stainless
steel, a low-nickel alloy, because nickel would interfere
with some of the experiments in which they will be
used. One, which was doubly encapsulated, was spe
cially fabricated to the same external dimensions as a
lower-intensity Pu-Be source which it replaced. A
higher-intensity Pu-Be source would have been too
large. One source contained 13 jug of 2S2Cf in a quartz
bead coated with two layers of epoxy resin; another,
which contained 8 jug of 252Cf in a quartz bead, was
encapsulated in a specialstainless steel container by the
Isotopes Sales Department.

An unusual set of four small sources was prepared for
an experimenter who wanted a source containing
"exactly" 1 /ig of 252Cf. Each of the four sources
contained californium incorporated in a quartz bead,
which was, in turn, welded into a 0.25-in.-diam by
0.5-in.-long capsule by the Isotopes Sales Department.
The sources assayed 1.0, 1.2, 1.35, and 1.75 /xg of
2s2Cf. The experimenter can select the one that best
satisfies bis current needs, and, as the large sources
decay, he can substitute them in his apparatus.

Other Special Projects

Three more in a series of einsteinium rabbits (2-5 jug
of 253Es) were fabricated, irradiated, and delivered to
H. Diamond at ANL for use in a continuing program to
study the energy level structure of the decay product,
250Bk. Two rabbits containing milligram amounts of
244Pu were irradiated at different times to produce
246Pu for two experimenters. Two rabbits, each con
taining 1 mg of 241Am sorbed on molecular sieves,
were irradiated 5 min in tests of a new technique for
producing enriched isotopes of the actinide elements
(see Sect. 10.5). One rabbit containing 0.3 mg of 2' 2Cf
is being irradiated to measure the absorption cross
section of 2S2Cf in the HFIR.

5.4 DEVELOPMENT OF CHEMICAL PROCESSES

Laboratory support was provided to assist the main
line processing in TRU. The investigation of alternative

5. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, pp. 115-16.

processes for preparing oxides for HFIR targets was
continued. In addition, we studied new methods for
isolating and partitioning actinides and evaluated ion
exchange techniques for removing lithium from curium
products.

Status and Progress

Work was continued to develop a resin-loading—
calcination technique to produce uniform particles of
curium oxide in the desired size range for HFIR targets.
Using rare-earth metals as a stand-in for curium, we can
now consistently prepare spherical particles of adquate
density (50% of the theoretical crystal density) to
provide the desired HFIR target loading. Either of two
cation exchange resins, Dowex 50W or Amberlite
IRC-50, can be used. In each case, curium oxide
particles can be produced by loading the resin to
saturation with curium from a dilute nitrate solution.

After loading, the resin is carefully heated to decom
pose the resin matrix and then calcined at the appro
priate temperature to form the dense oxide.

Laboratory studies were continued in an effort to
improve the separation of actinides from fission
product lanthanides by displacement elution with
aminopolyacetic acids. Displacement elution can poten
tially accomplish both the actinide-lanthanide sepa
rations and actinide partitioning. Promising results were
obtained in rare-earth studies with the chelate ethylene-
diaminetetraacetic acid (EDTA) when diethylenetri-
aminepentaacetic acid (DTPA) was used as an organic
barrier that can be easily removed from the product
eluates. (Studies of this system are discussed in Sect.
10.4.)

An alternative process, in which solvent extraction is
combined with oxidation by a soUd (Pb02), was
developed for the separation and purification of berke
lium and californium. This method is convenient for the

purification of small amounts of 24 9Bk and252Cf, and
it may be applicable for processing large quantities of
material.

In additional studies, we evaluated cation exchange
techniques to remove lithium from americium-curium
products obtained from the LiCl-based anion exchange
process. This work indicates that the method may be
particularly suitable when actinide oxides for HFIR
targets are prepared by the resin-loading—calcination
process.

Preparation of Actinide Oxides for HFIR Targets

Studies were continued to provide an alternative
method for producing curium oxide particles for HFIR
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targets by a resin-loading—calcination technique. In this
procedure, cation exchange resin is loaded to saturation
from a metal nitrate solution. After being loaded, the
resin is dried, heated to decompose the resin, and
calcined to form the metal oxide.

Last year we reported6 that, using rare earths as
stand-ins for curium, oxide products consisting of
free-flowing uniform particles of the desired size could
be prepared. These particles had adequate strength for
the required handling operations; however, the densities
were generally on the order of 25% of the theoretical
crystal density, which was considered to be somewhat
low for HFIR target preparation. We can now prepare
rare-earth oxide particles that are consistently 50% of
the theoretical crystal density with either of two cation
resins. PreUminary results from pellet pressing studies
indicate that the desired oxide concentration can be

readily obtained with oxide prepared from either resin.
The two resins that have produced satisfactory

products are Dowex 50W, which contains sulfonic acid
exchange groups, and Amberlite IRC-50, which con
tains carboxylic acid exchange groups. Satisfactory
product can be prepared with either resin, and studies
with both systems have been continued because each
has certain advantages and disadvantages. With Dowex
50W, feed preparation is not critical, but high calci
nation temperatures (1350-1450°C) are required to
obtain high densities and to adequately remove sulfur.
Feed adjustment is more critical with Amberlite IRC-50
in that the metal-salt solution must be adjusted to a pH
of about 5.5 and a complexing agent such as ammo
nium acetate must be used to prevent precipitation;
however, calcination temperatures of 600 to 1000°C
are adequate to provide satisfactory densities.

Several series of experiments were performed with
rare earths to evaluate process parameters of interest. In
experiments with Dowex 50W the resin was loaded to
saturation by passing an excess of dilute rare-earth
nitrate solution through the resin bed. Comparable
products were obtained using the following range of
conditions: a metal concentration of 0.04 to 0.20M, a

free acid concentration of <0.01 to 0.70 M, a resin

cross-Unkage of 1 to 16%, and either H+- or NFiV-form
resin. After loading, the resin is dried, heated slowly to
600°C to decompose carbon, then rapidly heated to
1450°C and calcined for 4 to 5 hr. At a calcination
temperature of 1000°C, these products contain 7 to 9%
sulfur (by weight) and have densities varyingfrom 20 to
35% of the theoretical crystal density. Upon further

6. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, p. 119.

heating to 1450°C the sulfur is removed, and the
density is increased to 50-70% of the theoretical
crystal density. With temperatures as high as 1450°C,
the particles tend to stick together; however, the extent
of the problem can only be learned through in-ceU
experiments with curium.

In comparable experiments made with Amberlite
IRC-50, feed metal concentrations of 0.02 M provide
adequate loading, and much higher concentrations can
be used. Acetic acid is added to the metal nitrate

solution to provide an acetate/metal mole ratio of 5,
and the pH of the feed is adjusted to ~5.5 with
NH4 OH. Although the final pH must be in the rangeof
5 to 6 for adequate loading, a large amount of free acid
can be tolerated in the original feed. (Satisfactory resin
loading was obtained from feed when acid concentra
tions as high as 3.75 M were neutralized with NH4OH.)
After loading, the resin must be carefully dried at about
120°C. The dried product is then heated to 325°C and
held about 2 hr to remove volatile decomposition
products. The product can then be heated to 625°C to
remove residual carbon and to obtain the oxide

product. Oxide calcined at ~650°C has a density about
40% of the theoretical crystal density; this can be
increased to about 60% by calcination at 1000°C.
Higher calcination temperatures generally tend to frac
ture the oxide spheres.

Small-scale scouting runs were made with curium with
both types of resin. Resinloading wassatisfactory in all
cases. Equipment was not available to calcine these
products at optimum temperatures; however, low-
temperature firing produced products whose densities
correlated weU with those of products obtained in
rare-earth experiments. Larger-scale curium experiments
employing optimum firing temperatures wiU be made in
the near future.

Purification of Berkelium and Californium

An alternative process, in which solvent extraction is
combined with oxidation by a soUd, was developed for
the separation and purification of berkeUum and
californium. With this process, berkeUum is separated
from all impurities except cerium, and californium is
separated from berkelium and other highly extractable
impurities.

The new process is convenient and effective for
preparing small quantities of radiochemical^ pure
249Bk and 252Cf, and it appears to be adaptable for
processing larger quantities of material. Recommended
stepwise procedures for processing small quantities are
as given below.
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For berkelium-californium separation:

1. Adjust the nitric acid concentration of the solution
to 5 N in a separatory funnel, add a few milUgrams
of Pb02, and mix for 15 min.

2. Contact with 0.1 M HDEHP in aromatic-free n-do

decane.

3. Let phases separate, preferablywithout centrifuging.
The Pb02 remains, for the most part, with the
organic phase and accelerates phase separation.

4. Drain off the aqueous phase, and subject it to a
second extraction in the presence of some Pb02.
Separate phases. The aqueous phase contains the
californium.

5. Combine the organic phases, and wash twice with
small volumes of 5 TV HN03. The quality of
californium may be improved slightly by discarding
these washings.

For purification of californium:

1. Filter the aqueous phase, and remove nearly all of
the HN03 by evaporation.

2. Dilute, and add a drop of concentrated H2 S04.

3. Allow the PbS04 to settle; filter and wash the
precipitate with very dilute H2 S04.

4. Evaporate the filtrate to dryness, add a very small
amount of HN03, and dilute to several milliliters.

5. Extract the californium twice with 1 M HDEHP in

dodecane, combine extracts, and wash with a small
volume of 0.1 TV HNO3.

6. Dilute the HDEHP to 0.5 M or less with a

hydrocarbon, and strip the californium with 5 N
HNOj.

Various modifications are possible, except that the
H2S04 solution must not be evaporated before the lead
is removed.

For recovery of berkelium:

1. Filter the original organic phase into another sepa
ratory funnel, and wash with a hydrocarbon.

2. Strip the berkeliumwith 5 M HN03-1 M H2 02.

Removal of Lithium from Curium Products

by Cation Exchange

A study was initiated to determine the feasibility of
using ion exchange techniques to convert curium
products to feed suitable for actinide oxide preparation.
These products, which are obtained from the LiCl-based

anion exchange process, are chloride solutions con
taining substantial amounts of lithium chloride. At the
present time, main-Une processing flowsheets use a
batch Tramex extraction (to remove the bulk of the
lithium) followed by an evaporation step (to convert
from a chloride to a nitrate form).

A flowsheet for the process, based on a typical batch
of curium product, is shown in Fig. 5.2. The actinides
are loaded from a dilute HCl-LiCl feed solution which is

pumped through the column at a flow rate of 2 ml
cm"2 min-1. Lithium is eluted from the column with 2

liters of 0.75 M HN03 or 0.75 M NH4N03. During this
elution, chloride is washed from the column, and a
nitrate product can be obtained by elution with HN03.
The curium can then be stripped from the column with
about 2 Uters of 6 M HN03 or 1 liter of 1.5 M
ammonium acetate. It should be emphasized that this
process has not been optimized for minimum processing
time or resin degradation; however, excessive resin
damage would not be expected if the indicated feed
flow rate was used. With present equipment, up to 25 g
of curium might be handled per batch. In comparison,
100-g batches have been handled by the batch ex
traction technique.

Two washing and product elution procedures are
apparently necessary to convert curium in the LiCl
solution to oxide. If ammonium nitrate and ammonium

acetate are used, the product can be diluted and loaded
directly onto Amberlite IRC-50 resin and converted to
oxide. This technique has been demonstrated with both
neodymium and curium. If the product is eluted with
HNO3, the acid concentration must be adjusted to
about 0.5 M; then the product can be loaded onto
Dowex 50 resin and converted to oxide.

5.5 TRANSPLUTONIUM-ELEMENT RESEARCH

A systematic study of actinide element chemistry and
of comparative lanthanide chemistry is being made as
significant quantities of new isotopes become available.
Such a study materially increases our basic under
standing of actinide systems. This part of the USAEC
Heavy Element Program includes work on problems
involving solution chemistry, with particular emphasis
on the formation of complexes and on the preparation
of solid actinide compounds that will be characterized
by x-ray diffraction, electron microscopy, thermo-
gravimetry, differential thermal analysis, and metallo-
graphic examination.
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Fig. 5.2. Removal of lithium from Am-Cm product by cation exchange.

Sulfate Complexes of Trivalent Actinides

Studies of the sulfate complexes of europium7 and
the trivalent actinides americium through einsteinium8
by solvent extraction distribution are essentially com
plete. A paper was presented at the Combined South
east-Southwest Regional American Chemical Society
Meeting, December 2—4, 1970, at New Orleans, Loui
siana. Its abstract follows:

"Sulfate Complexes of the Transplutonium Actinides and
Europium," by W. J. McDowell and C. F. Coleman. Abstract:
The sulfate complexes of the higher actinides, Am, Cm, Bk, Cf,
and Es and europium were examined by neutral species
distribution between a benzene solution of a long-chain amine
sulfate and aqueous acid-sodium sulfate solutions. Sulfate was
the only anion present and the ionic strength varied with the
ligand concentration. Activity coefficients over the ligand
concentration range examined (up to 0.5 M) were estimated by
a Debye-Hiickel expression. The use of the Debye-Hiickel
equation is justified by the ability to fit theT±Na so data to
0.5 M and even higher concentrations with the same equation.
Among the several advantages offered by this method, over the
more common procedure of using cation exchange at constant
ionic strength, are the ability to refer formation constants to a

7. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1968,
ORNL-4272,p. 116.

8. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1969,
ORNL-4422, pp. 176-77; Chem. Technol. Div. Annu. Progr.
Rep. May31, 1970, ORNL-4572, pp. 125-26.

neutral species of constant activity and the ability to go to
higher ligand concentrations, allowing higher complexes to be
determined more accurately. Earlier work with thorium and
uranium [J. Phys. Chem. 67, 1138 (1963) and 62, 777 (1958)]
has shown this to be a reliable method for obtaining thermo
dynamic equilibrium constants in the sulfate system. Evidence
for important amounts of the heretofore unreported trisulfate
species of these elements was found but no evidence was found
for tetrasulfate species. Equilibrium constants for all the
actinides are close together but show a smooth periodicity as Z
varies. The europium equilibrium constants are close to those
for the actinides. The overall equilibrium constants K0n
(formation of M(S04)„3-2" from M3*) for theactinides tested
fall in the following ranges: Kol,4.1 X103 to 7.3 X103;K02,
3.7 X10s to 6.5 X \0S;K03, 0.9 X10s to 2.2 X10s.

Present work is concerned primarily with refined
treatment of the data to obtain the best possible values
for the equiUbrium constants and their error Umits. In
the best values of the equilibrium constants obtained
thus far, a periodic variation called the tetrad effect9
has been observed (Fig. 5.3). The abiUty to see such a
variation indicates that complexation has a direct effect
on the 5/ electrons10'11 in these elements and hence
impUes that the complexes formed are largely of the
inner-sphere type.

9. D. F. Peppard, G. W. Mason, and S. Lewey, J. Inorg. Nucl.
Chem. 31, 2271 (1969).

10. C. K. Jorgensen, / Inorg. Nucl. Chem. 32, 3127 (1970).
11. L. J. Nugent,/. Inorg. Nucl. Chem. 32, 3485 (1970).
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Fig. 5.3. Formation constants for sulfate complexes of the
trivalent transplutonium actinides: the "tetrad effect." Sub
scripts 01, 02, 03, and 12 represent, respectively, the forma
tions M3* -* MS04+, M3* -• M(S04)2~, M3* - M(S04)33", and
MS04+ -»• M(S04)2_. The error bars represent the standard
deviation of fitting of each formation constant to the solvent
extraction distribution data.

Thiocyanate Complexes of Trivalent Actinides

The study of the aqueous thiocyanate complexes of
the trivalent transplutonium actinides12 was continued
by means of distribution equilibria with the cation
exchange extractant di(2-ethylhexyl)phosphoric acid
(HDEHP). Table 5.2 shows the resulting values of the
overall formation constants for the mono-, di-, and
trithiocyanate complexes in sodium thiocyanate—
sodium perchlorate solution at constant ionic strength
(J = 1). These formation constants, p\, j32, and j33, are

12. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, p. 187.

Table 5.2. Formation constants for thiocyanate complexes
of trivalent actinides

Aqueous NaSCN-NaC104 solution, ionic strength = 1,
pH = 2; error limit is the standard deviation of fitting

02 03

Americium 2.3+0.1 1.1 ±0.4 0.70 ±0.28

Curium 2.8 ±0.2 0.9 ±0.6 0.84 ±0.47

Berkelium 3.1 ±0.2 0.3 ±0.7 2.3 ±0.56

Californium 3.7 ±0.2 0.3 ±0.6 2.6 + 0.50

Einsteinium 3.6 ±0.2 0.04 + 0.7 2.9+0.54

defined by

M3+ + wSCN" =* M(SCN)„ (3-«)+
5

/?„ = [M(SCN)„(3-") +]/[M3+] [SCN"]" .

Previous workers have not reported formation con
stants for all three complexes and have not agreed on
the speciesidentified. One report gave (3, and f}2 for Pu,
Am, Cm, and Cf,13 while two others gave j3x and 03 for
Am14'15 and Cm.14 The error limits shown in Table
5.2 are the values obtained by calculating the standard
deviation of fitting of each constant to the distribution
data. The large error limits for the dithiocyanates make
the actual existence of that complex species question
able; at present, our 02 values can only be considered
approximate upper Umits.

Plots of |3 vs Z were examined for the "tetrad effect"
(cf. sulfate complexes, above, and refs. 9-11). The
tetrad grouping from curium to einsteinium is apparent
in 03 (Fig. 5.4), but not in 0, or 02 (Fig. 5.5). This
suggests that bonding significantly affecting the 5/
electrons occurs in the tri- but not the mono- or

dithiocyanate complexes. This, in turn, is consistent
with the concept that the trithiocyanate complexes are
inner-sphere while the mono- and dithiocyanate com
plexes are outer-sphere.13

The apparent values for j32 (Fig. 5.5) indicate that the
formation of the dithiocyanate complex decreases with
increasing atomic number from americium to ein
steinium, if this species does indeed exist. This might
suggest that covalent character increases with Z, causing
a relative decrease in the tendency to form outer-sphere
complexes. In support of such a suggestion, it may be

13. G. R. Choppin and J. Ketels, J. Inorg. Nucl. Chem. 27,
1335 (1965).

14. T. Sekine,/lcte Chem. Scand. 19,1519 (1965).

15. I. A. Lebedev and G. N. Yakolev, Radiokhimiya 4, 3046
(1962).
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Fig. 5.4. Formation constant 03 for actinide trithiocyanate
complexes, showing "tetrad effect" Ionic strength constant at
1 M (NaSCN + NaC104), pH 2. The error bars represent the
standard deviation of fitting of each formation constant to the
solvent extraction distribution data
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Fig. 5.5. Formation constants 0i and /32 for actinide mono-
and dithiocyanate complexes (cf. Fig. 5.4). Actinium points
taken from ref 16.

noted that rate constants for the hydration of lan
thanides change rapidly in the analogous region
Eu-Gd-Tb, and this has been interpreted as a sharp
decrease in hydration number.16

The values for pt increase sUghtly with Z. It is of
interest that a straight line through the log 0 points
(Fig. 5.5) can also pass through 0i for AcSCN+ (ref.
17). This is consistent with the concept that the
monothiocyanates are outer-sphere complexes whose
stabiUties are dependent on electrostatic forces. Ex
trapolation of the same Une for the tentative prediction
of Pi for the monothiocyanates of the actinides above
einsteinium appears to be indicated.

16. D. G. Karraker.y. Chem.Educ. 47, 424 (1970).

17. C. L. Rao, C. J. Shahani, and K. A. Mathew, Inorg. Nucl.
Chem. Lett. 4, 655 (1968).

Actinide and Lanthanide Hydrides and Metallides

In recent years there has been much discussion and
some disagreement concerning the electronic structures
of NaCl-type lanthanide and actinidecompounds.18"20
The electronic configurations of these compounds are
extremely complex because of variations in the energy
state distribution of electrons and the changes in degree
of mixed bonding (metalUc, covalent, and ionic) that
can occur. In most cases the experimental studies of the
actinides have been directed toward work with com

pounds of uranium, with some recent work being done
on plutonium and americium. Because of this interest, a
program was begun last year21 to prepare and study
such compounds, starting with the metal hydrides.
Their stoichiometrics are relatively simple to determine,
and there are important differences in interpretation of
bonding, with some indication of semiconductor prop
erties.

The hydriding equipment, which consists of a hy
drogen purification section and a Sieverts reaction
section, was described previously.21 The hydrogen
purification section works satisfactorily, but the
Sieverts system has required extensive reworking (l)to
correct many small leaks, still not completely elimi
nated, and (2) to decrease the total volume to the
design value of <25 ml. In spite of these difficulties, a
series of shakedown runs was completed with the
erbium hydride system.

The following equilibrium dissociation pressure-
temperature relationship was obtained for the two-
phase region of erbium soUd solution plus dihydride:

log10/>=-
11,000 ± 150

+ 10.19 ±0.07

where P is equiUbrium hydrogen pressure, torrs, and T
is absolute temperature, Kelvin. From this equation and
the van't Hoff equation, the enthalpy and the entropy
of the reaction were evaluated, respectively, as AH =
—50.3 kcal per mole of H2 and AS = —33.4 cal/deg per
mole of H2. These values represent the heats and
entropies of reaction to form the hydride phase from
the saturated soUdsolution. Comparison of these values

18. J. Grunzweig-Genossar, M. Kuznietz, and F. Friedman,
Phys. Rev. 173, 562 (1968).

19. H. Adachi and S. Imoto, J. Nucl. Sci. Technol. 6, 371
(1969).

20. L. B. Griffiths,Nature 193, 362 (1962).
21. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,

ORNL-4572, p. 127.
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Table 5.3. Enthalpy and entropy of reaction for formation
of ErH2 from Er-H2 saturated solid solution

tantalum container under argon at a pressure of nearly
1 atm. The first step has been completed for the

AH Literature
foUowing reactant pairs:

(kcal/mole H2)
AS [cal(°C) 1 (moleH2) 1]

reference
Temperature (°C) Time (hr) Result

-52.6 ±0.3 -35.2 ±0.3 22
Er-S 400-900 20 Mixture

-48.3 -32.3 23
Er-Se 600-950 24 Mixture

-55.2

-53.5

-51.1

-32.3

24

25
Er-As 450-850 10 Single species

Er-Sb 700-1050° 36 Mixture
-50.3 ±0.7 -33.4 ±0.3 Present work

Am-As 600-950 75 Mixture

Am-Se 600-950 75 Mixture

with several literature values2 2_2S shows reasonably
good agreement (Table 5.3). The structure of a com
pound near the dihydride composition was determined
by x-ray diffraction analysis. It exhibited the fee (CaF2
type) structure with a lattice parameter of a0 = 5.218
A, in excellent agreement with the literature value2 2 of
5.126 A.

Several attempts to determine the equiUbrium re
lationships in the dihydride-trihydride region were
unsuccessful because of the extreme slowness of re

action. A small amount of leakage encountered in the
apparatus prevented us from using the long equili
bration time that would be necessary.

During this period, our studies of the NaCl-type
compounds were extended to include the preparation
of lanthanide and actinide metallides and chalcogenides.
After reviewing several methods,26-28 we chose the
two-step approach. Briefly, the compounds are pre
pared in granular form by reacting vapor of the group V
or group VI element with the desired lanthanide or
actinide metal at moderate temperatures (450—950°C).
The vapor-soUd reactions are carried out in sealed,
evacuated quartz tubes, which are designed in such a
manner that physical separation of the condensed
phases of the reacting elements is maintained. The
granular reaction product is then melted down by use
of induction heating and cast into an ingot in a

22. C. E. Lundin, Trans. Met. Soc. AIME 242, 903 (1968).

23. R. L. Beck, report LAR-10, University of Denver, Denver
Research Institute (1960).

24. P. M. S. Jones, J. Southall, and K. Goodhead, United
Kingdom Atomic Energy Authority, AWRE report No. 0-22/64
(June 1964).

25. R. N. R. Mulford, private communication to K. A.
Gschneidner, Jr., in Rare Earth Alloys, p. 174, D. Van Nostrand
Co., Princeton, N.J., 1961.

26. Y. Baskin and P. D. Shalek, J. Inorg. Nucl. Chem. 26,
1679 (1964).

27. J. F. Miller and R. C. Himes, in Rare Earth Research, ed.

by E. V. Kleber, p. 232, Macmillan, New York, 1961.

28. A. Iandelli, ibid., p. 135.

"Heating to 1650°C for 1 hr improved the Er-Sb product.

Only the erbium stibnide has gone through the second
step. All products have been examined by x-ray
diffraction. Erbium arsenide appeared to be single phase
with a lattice parameter of a0 = 5.743 A, in excellent
agreement with the literature value28 of 5.745 A. The
other products showed multiple phases. Considerable
difficulty is experienced in reading the diffraction
powder patterns of the americium products because of
fogging of the film by the gamma radiation. Similar
problems have been reported by Mitchell and Lam,29
who recently have reported the crystal structures of
Am3Se4, Am3Te4, and AmSb. The mixture we ob
tained from reacting Am with Se seems to contain both
Am3Se4 and a face-centered cubic phase analogous to
the 1:1 rare-earth chalcogenides. This suggests that
AmSe, not previously reported, may exist. Extensive
heat treatment (up to 1650°C)of the ErSbmixture did
produce a reduction in the number of extraneous lines
in the diffraction pattern, but a single species was still
not obtained.

The present faciUties for the high-temperature step
require the compounds to be exposed to air for several
minutes during transfers. A technique for handling
radioactive materials in this second treatment step is

now being sought.

Preparation and Identification of Californium Dioxide

A study was made to prepare and identify the various
compounds formed by californium and oxygen, and
especially to prepare californium dioxide. Although
strong oxidizing conditions are required to oxidize
Cf203 to Cf02, two methods were found to give
satisfactory results. In one, molecular oxygen at high
pressures (~100 atm) was used; the other employed
atomic oxygen prepared in an electrical discharge tube.

29. A. W. Mitchell and D. J. Lam, /. Nucl. Mater. 31, 349
(1970).
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In the preparation of each sample, californium was
loaded onto a single Dowex 50-4X resin bead from a
highly purified solution of 249CfCl3. Beads of the
proper size to hold from 2 to 4 jug of 249Cf were
chosen. The resin beads loaded with californium were

ignited in air to burn out the resin matrix and then were
heated to 1175°C to decompose the sulfate (sulfur in
the sample came from the resin bead) and thus obtain
Cf2 03. Ignition in air at 1200°C producedcalifornium
sesquioxide in a body-centered cubic structure with a
somewhat variable lattice parameter of about 10.802 ±
0.006 A. When this oxide was treated in hydrogen, the
lattice parameter increased to 10.828 ± 0.002 A. The
body-centered cubic structure is stable at temperatures
up to about 1400°C. Above this temperature the
monoclinic crystal structure is stable. Lattice param
eters determined for Cf2 03 in the monoclinic structure
are a0 = 14.121 ± 0.015 A, b = 3.592 ± 0.004 A, c =
8.809 ± 0.007 A, and 0 = 100.34° ± 0.08°.

In order to oxidize Cf203 to Cf02, a highly reactive
form of the sesquioxide is required. Neither the
body-centered cubic form produced at high tempera
tures nor the monocUnic form could be oxidized. It was

found that, in the original preparation of oxide from
the resin beads, a firing temperature of 1175°C for 2 to
5 min completely removed the sulfur and produced a
relatively reactive Cf203 product.

Oxidation of Cf203 to Cf02 with high-pressure
molecular oxygen was accomplished in a 3/8-in.-diam
Inconel tube. The reactive Cf203 was transferred into a
quartz x-ray capiUary and inserted into the Inconel
tube. The tube was pressured with 100 atm of oxygen
and heated in a clamshell resistance furnace. Prepa
ration of the dioxide was highly dependent upon the

reaction temperature, with the optimum temperature of
~300°C resulting in 90% conversion to the dioxide in
100 hr. Heating at either 250 or 350°C produced an
oxide of the approximate composition Cf0lg8. There
was apparently no oxidation at either 200 or 400°C. A
sample of Cf02 preparedby heatingCf2 03 at 300°Cin
oxygen at 100 atm for 100 hr was examined by x-ray
diffraction over a period of about two months. Imme
diately after preparation the Cf02 had a face-centered
cubic structure with a0 = 5.312 ± 0.005 A. This lattice
parameter increased at the rate of about 0.0026 A/day
up to a value of 5.372 A (see Fig. 5.6) and then
remained constant for about 30 days. During this time,
some of the diffraction Unes of the face-centered cubic

structure broadened. By the 53d day, the lines at
tributed to the 111, 220, 222, and 311 planes had
broadened and split into doublets, while lines attributed
to the 200 and 400 planes remained as sharp, single
Unes. Splitting of this nature indicates a distortion of

5.5

5
< 5.4

< 5.3

5.2

i i r

Cf02 fee CaF2 STRUCTURE
a0 = 5.312 ± 0.O05 A

-^2- =0.0026 A/day

5 10 15

TIME (days)

Fig. 5.6. Change of the cubic lattice parameter of Cf02 with
aging.
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the face-centered cubic cell along one of the C3 axes,
giving rise to a rhombohedral ceU. The pattern at this
time could be indexed as a rhombohedral structure with

lattice parameters of a0 = 5.372 ± 0.003 A and a =
89.92° ± 0.04°.

In order to confirm the lattice parameter for Cf02, a
different method of oxidation was used, and the
resultant product was analyzed by x-ray diffraction
techniques. The oxidation was accomplished by re
acting Cf203 with atomic oxygen formed in an
electrical discharge tube. Since the californium oxide
apparently acts as a catalyst for the recombination of
atomic oxygen, it was necessary to place the Cf203
bead in a relatively massive platinum boat to carry away
the heat liberated during the recombination. If this was
not done and the Cf203 was heated to ~400°C, the
heat of recombination rapidlyraised the temperatureof
the oxide bead to ~1500°C and produced the mono
clinic form of the sesquioxide. When the temperature
was satisfactorily controUed, the composition of the
californium oxide product was a function of the oxygen
pressure in the discharge tube, which converted ~15%
of the oxygen to the atomic form. At an oxygen
pressure of 50 u, the approximate composition of the
product was CfO1-60. At 200 n the approximate
composition was CfOj 70,andat 400mit was CfOj 80.
The best oxidation conditions for the production of
Cf02 were obtained at oxygen pressures of 800 to 900
H and at temperatures of 300 to 325°C. Two samples
that appeared to be completely in the face-centered
cubic form were prepared. The lattice parameter wasa0
= 5.310 ± 0.002 A, which increased at the rate of
~0.0024 A/day up to a maximum of 5.375 A. By this
time the samples had converted to a rhombohedral
structure, which was essentiaUy the same as that
observed for the Cf02 previously prepared by oxidation
with molecular oxygen.
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Fig. 5.7. Plot of cubic lattice parameters for the actinide
dioxides.

A plot of the cubic lattice parameter of the actinide
dioxides vs atomic number is shown in Fig. 5.7. The
lattice parameter for the face-centered cubic Cf02 falls
on the smooth extrapolation of the curve for the other
actinides. However, the Cf02 datum point is such that
no cusp is evident at the half-filled 5/ subshell of
Bk(IV) equivalent to that noted in a similarplot of the
sesquioxide parameters of the 4/ elements. The appear
ance of a cusp has been atrributed to the effect of the
half-fiUed 4/-electron subshell. The cusp for the tetra-
valent actinides may be too small to be observed; that
is, the magnitude of the effect caused by the half-filled
shell may be within the error limits of the cubic lattice
parameters. An alternative explanation is that the
oxygen/californium ratio in the californium oxide
prepared in this work may be slightly below 2.00. At
the present scale of study (~2 to 4 jug per sample), it is
impossible to determine the metal/oxygen ratio, and
the stoichiometry of the oxide can only be inferred
from the lattice parameter values.

Thermal Analysis of Lanthanide and Actinide
Compounds

Thermogravimetric (TGA) and differential thermal
analysis equipment have been used to study several
lanthanide and actinide compounds. Some of the
materials that have been investigated include the ni
trates, chlorides, hydroxides, sulfates, oxalates, car
bides, and oxides. Special techniques have been de
veloped to permit the preparation and examination of
quantities as small as 0.1 mg. The impetus for the
studies was to gain knowledge for process appUcations,
as well as to compare the chemistry of the lanthanides
and actinides. The investigations are complemented by

additional studies of the materials made by electron
microscopy, electron and x-ray diffraction, and gas
chromatography.

In thermal decomposition studies of lanthanide
hydroxides reported last year,30 it was found that the
amorphous and crystalline forms of the hydroxides had
different decomposition patterns but that the de
composition of each form was very similar for all the
lanthanides. Thus, there was no observed change in the
decomposition pattern to correspond with the change
in microstructures or crystal form.3' Additional work
has been done on the trihydroxides of americium,
curium, and berkelium. The decomposition of these
preparations was found to be very similar to thatof the
corresponding lanthanide hydroxides. In preparing the
hydroxides from nitrate or chloride salts, it was not
possible to completely eliminate small amounts of the
original anion from the hydroxide products. It was
found that in the case of nitrate the decomposition of
residual nitrate and the second decomposition step of
the hydroxide took place at about the same tempera
ture. To avoid this difficulty, several hydroxide prepa
rations were made from chloride salts. The nitrate and
chloride present in the hydroxides decomposed at
temperatures assigned to the decomposition of an
oxynitrate and the decomposition of oxychloride
species respectively. Examination of the hydroxides
prepared from chlorides permitted a more accurate
determination of the second decomposition step of the
hydroxide and will aid thecomparison of results for the
different elements.

With the availability of larger quantities of the
transcurium elements, it is now possible to study
compounds of these materials by thermogravimetry and
to compare them with other actinides and the lan
thanides. In addition to providing knowledge on the
decomposition temperatures and possible decompo
sition products, the data can be used for determining
the water of hydration and the coordination number of
the actinides. Berkelium is of special interest because it
has two well-established oxidation states. Thermal
decompositions of several berkelium compounds from
approximately 1-mg quantities of highly purified berke
lium have been examined. Because of the smaU amount
of material, it was not possible to obtain supporting
chemical analyses of these preparations; thus it was

30. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, pp. 127-29.

31. R. G. Haire and T. E. Willmarth, Trends and Differences
in the Crystallization Behavior ofLanthanide HydroxidePrepa
rations, ORNL-TM-2387 (October 1968).
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necessary to compare the decomposition results with
results obtained from lanthanide compounds made by
the same techniques and with the same amount of
material. The data were then compared with results
obtained with well-characterized lanthanide prepa
rations. The decomposition patterns for the nitrates,
chlorides, and oxalates of berkeUum and three lan
thanides are shown in Fig. 5.8. The lanthanides chosen
for comparison were cerium, gadolinium, and terbium.
Cerium was selected because of its comparable III-IV
oxidation states and the similar stabiUties of Ce02 and
Bk02. Gadolinium was used because its ionic radius is
nearly the same as berkelium(III) and becauseit can be
considered as possessing a "pure" trivalent state. Ter
bium was a natural choice since it is the electronic
counterpart of berkelium.

The decompositions were studied in air, oxygen,
argon, and hydrogen-argon atmospheres. A hydrogen-
argon atmosphere was used in an attempt to retain as
much of the trivalent character of the elements as
possible. There was Uttle hope of success with the
nitrates since the decomposition products of nitrate,
including oxygen, cause oxidizing conditions to exist.
When hydrogen was used with the sulfates (decompo
sition results not shown in Fig. 5.8), the hydrogen
reacted with the anion and lowered the decomposition
temperature. Reducing and inert atmospheres were
useful for comparing the decomposition of the chlo
rides and oxalates.

Decomposition of the nitrate salts proceeded by loss
of the water of hydration followed by the decompo
sition of the nitrate. Some of the curves showed
inflections indicative of the formation of an oxynitrate
intermediate. Cerium and berkelium were each charac

terized by decomposition of the anhydrous nitrate to
the dioxide at temperatures lower than those observed
for either the gadolinium or terbium nitrates. Cerium,
terbium, and berkelium showed an increased tendency
to form an oxynitrate intermediate in hydrogen-argon.
With the chlorides, the decompositions were more
complex; for example, there are level portions in the
decomposition curves which indicate the possible for
mation of compounds of the type M0C1'2MC13. An
oxychloride that decomposed above 600°C was also
frequently formed. The cerium chloride again showed a
strong tendency to form the dioxide when decomposed
in air, but berkeUum chloride behaved more like
terbium chloride. In hydrogen-argon the decomposition
curve for berkelium chloride was even more like the
curves for the gadolinium and terbium chlorides.
Cerium and berkelium oxalates decomposed in air at
lower temperatures than gadolinium or terbium oxa

lates, and only a small cusp (indicating the formation of
a subcarbonate) is seen in the cerium or berkelium
curves. In hydrogen-argon, the decomposition curves
for the four elements are more similar due to the
absence of oxidizing conditions. The results of the
decompositions shown in Fig. 5.8 can be summarized
by stating that, as expected, berkelium behaves very
similarly to cerium when oxygen is present or when
oxygen can be provided by the anion (i.e., nitrate salts).
In an inert or reducing atmosphere, berkelium tends to
behave more like terbium. From the decomposition
curves, there is no question that the dioxides of cerium
and berkeUum are very stable and that their stabiUty
influences the thermal decomposition of the different
compounds.

Calculations made from the decomposition curves
indicated that the berkelium(III) oxalates and nitrates
were obtained as tetrahydrates and that the berke-
Uum(III) chloride studied was the hexahydrate.

Investigation of Lanthanide and Actinide Compounds
by Electron Microscopy

Electron microscopy and electron diffraction have
been used to investigate the oxides, hydrous oxides, and
hydroxides of the lanthanides and actinides. The
investigations are not only intended as a basic study of
the chemistry of these materials but also provide
information for process development. Previous work on
the hydroxides of the lanthanides and actinides has
been reported.32 When lanthanide or actinide hy
droxides are first formed, they are generally composed
of amorphous-Uke particles (20 to 50 Ain diameter).
These particles are converted to larger, weU-defined
crystalUne microstructures upon aging in aqueous
media. For the lanthanides, La through Dy, the
crystalline forms are rodlike microstructures, but the
heavier lanthanides prepared under similar conditions
have a different type of microstructure.32 On the basis
of ionic radii, the trivalent actinides through ein
steinium were also expected to form trihydroxides with
a rodlike microstructure. However, the crystallization
behavior of the transplutonium elements iscompUcated
by the effects of heat and radiolysis resulting from
radioactive decay. In earlier work the supply of the
transcurium elements was limited; and, since only
nanogram quantities of material are needed for electron
microscopy, attempts were made to prepare the hy-

32. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1969,
ORNL-4422, pp. 178-80; Chem. Technol. Div. Annu. Progr.
Rep. May 31, 1970, ORNL-4572, pp. 128-31.



AIR

Gd

Tb

10% ^ Bk

o

1-
X Ce

LO

5

Z
LU
O
or
UJ
0. ^

H2-Ar

T\ Gd

Tb

10% Bk

^^ Ce

AIR

Gd

Tb ^-
10% Bk

Ce

H2-Ar

^ Gd

\ Tb

Bk

10 7o

^\_ Ce

200 400 600 800 1000 0

TEMPERATURE (°C)

200 400 600 800 1000 0

TEMPERATURE CO

ORNL-DWG 71-5519

200 400 600 800 1000

TEMPERATURE (°C)

Fig. 5.8. Thermal decomposition of berkelium, cerium, gadolinium, and terbium salts in airand hydrogen-argon.

to



130

droxides on a micro scale. Unfortunately, when prepa
rations were made on the microgram scale, the micro-
structures were different and the crystalUzation times
were increased. The net results were that differentiation

between the microstructures and small amounts of

foreign substances (inorganic salts, impurities) was
difficult and that amorphous-Uke diffraction patterns
were obtained. With 2s 3 Es the rate of destruction was
probably greater than the rate of conversion to the
crystalline state. After several experiments made with
both the lanthanides and actinides, it has been con
cluded that about 1 mg of a metal ion is needed to
ensure a reasonable degree of success in preparing the
crystalUne microstructures.

Recent work has centered on preparing the berkelium
hydroxides from 1-mg quantities of berkelium. The
preparation of berkelium trihydroxide presents a special
problem because of the ease of oxidation of the metal
ion in a basic medium. In earlier work with cerium,
several preparative methods were tried before crystal
Une cerium trihydroxide was obtained. With each
element, it was necessary to use oxygen-free atmos
pheres and deoxygenated reagents and to maintain a
low concentration of a reducing agent in the solutions
during the preparations. When the tetravalent metal ion
was used or when extensive oxidation of the trivalent

ion occurred, the hydrous dioxide was obtained. The
famiUar rodlike microstructures of cerium trihydroxide
and berkelium trihydroxide are shown in Fig. 5.9^4 and
C. In Fig. 5.9D, the fiber-like structures obtained with
10 ug of berkelium are shown. The small symmetrical
particles in Fig. 5.95 are hydrous cerium dioxide;
particles similar to these were obtained with tetravalent
berkeUum.

The length of the trihydroxide rods ranged from
about 1500 A for cerium to 0.5 /j for berkelium,
whereas the long fibers for berkelium were several
microns in length. The cerium dioxide particles were
about 15 to 25 A when first obtained but could be

grown to 100 A under special conditions (particles in
Fig. 5.9B are ~90 A in diameter). The diffraction
patterns obtained from the fibers shown in Fig. 5.9D
were amorphous-like in nature even though the material
was aged considerably longer than the rods shown in
Fig. 5.9C. The diffraction patterns obtained from the
rodlike berkeUum microstructures were isomorphous
with those obtained for the other trivalent lanthanide

and actinide hydroxides.
Work has also been done on developing techniques for

studying other actinide materials by electron mi
croscopy and electron diffraction. Several experiments
have been carried out on oxide systems. One result of

these studies was the identification of einsteinium

sesquioxide by electron diffraction. The high specific
activity of the most readily available isotope, 2S3Es,
created special problems. The fact that electron dif
fraction patterns could be rapidly obtained from very
small samples (<200 ng) made this method of analysis
attractive. However, it was necessary to control the size
of the oxide particles to obtain satisfactory electron
diffraction patterns. The particles had to be large
enough to be sufficiently crystalUne but not large
enough to prevent penetration of the sample by the
electron beam. An ideal particle size for electron
diffraction was found to be 100 to 400 A in diameter.

The conditions for preparing particles of this size were
determined empirically. A diffraction pattern for
Es203 and the particles from which it was obtained are
shown in Fig. 5.10. An electron diffraction pattern for
Gd203 prepared by the same technique is included for
comparative purposes.

As a result of the rapid decay of 2s3Es (~3%/day), it
was impossible to prevent the berkelium daughter from
growing in. To determine the effects of berkelium and
the radioactive decay process on the einsteinium oxide
lattice, data were collected under various experimental
conditions. The experiments were performed on several
different sources of highly purified einsteinium. Anal
ysis of the data is in progress, but a tentative value for
the body-centered lattice parameter of Es203 is 10.72
A. The correlation of the Es2 03 lattice parameter with
published values3 3 for the other actinide sesquioxides is
shown in Fig. 5.11. The ionic radius of Es3+ calculated
from the lattice parameter of Es203 has a value of
0.918 A, which compares closely with the radius of
Tb3+ (0.920 A). Additional electron diffraction studies
of the actinide oxides are in progress.

5.6 COLLABORATIVE RESEARCH WITH THE

TRANSURANIUM RESEARCH LABORATORY

Several research projects are being carried out in
collaboration with personnel at the Transuranium Re
search Laboratory (TRL). This work is summarized
briefly here. More detailed information can be obtained
in annual reports published by the Chemistry Division
and in papers published in the open literature.

The absolute quantity of curium in a very pure
solution can be determined by a newly developed
analytical procedure. The procedure is based on a

33. J. R. Peterson, Ph.D. thesis, University of California,
Lawrence Radiation Laboratory report UCRL-17576.







6. Development of the Thorium Fuel Cycle

Development of the thorium fuel cycle as described in
this chapter is based on the timely introduction of
high-temperature gas-cooled reactors (HTGR's) using
Th and 233U as fuel. This type of reactor is typifiedby
the Fort St. Vrain Reactor, which is being constructed
by Gulf General Atomic. These reactors will use small
spheres of carbide or oxide fuel encased in pyrolytic
carbon coatings. Sol-gel processes, which are well suited
to the preparation of oxide fuel spheres, are being
developed as an integral part of the fuel cycle. They can
be adapted readily to remote operation to give high-
density oxide spheres by use of the following three
principal operations:

1. preparing an aqueous oxide sol;

2. dispersing the sol, as drops, into an organic fluid and
then removing the water from these drops to give
solid gel particles;

3. firing at controlled conditions to remove volatiles,
sintering to a high fuel density, and performing any
necessary reductions or chemical conversions.

This program has been in progress for several years,
and development is well advanced. Using processes we
have developed, spheres of Th02, U02, and Th02-U02
were produced for a variety of HTGR fuel tests
elements. Process and equipment development and
design are in progress for refabrication of Th02-
233U02 spheres in the Thorium-Uranium Recycle
Facility (TURF).

During the year we continued our function as a 233U
storage, purification, and distribution center.

6.1 RECYCLE OF THE ALCOHOL USED IN

THE MICROSPHERE-FORMING COLUMN

The successful continuous formation of gel spheres
requires control of the composition of the 2-ethyl-
l-hexanol (2EH) fluidizing medium. The desired con
centrations for surfactants, water, and nitrate fall in
ranges having maximum and minimum values. Materials
extracted from the sol or formed by degradation of

surfactants or 2EH probably only have maximum
limits, with zero as the desired lower limit. The water
content can easily be controUed by simple distillation
to remove water as vapor. The surfactants can be added
to replace losses, although the control of the concen
trations of these substances is difficult because of the

lack of convenient methods for their measurement.

Most of our development studies involving large
columns during this report period were concerned with
procedures for recycling the 2EH without excessive
accumulation of impurities. The studies with CUSP-
type U02 sols are reported in Sect. 7.3.

Application of Ion Exchange to the Recycle of 2EH

The 2EH entering the still contains surfactants (Span
80, Ethomeen S/15), nitric acid, and perhaps formic
acid. The nitric acid may be extracted from any of our
sol droplets by the 2EH; formic acid is extracted from
U02 sols.

Water accumulating in the 2EH during sol droplet
gelation must be removed by distillation. As the
distillation operation takes place, the nitric acid reacts
with the surfactants (and perhaps the alcohol), and
degradation products are formed. These degradation
products and the formic acid prevent continuous
long-term operation of the sphere-forming column.
Small amounts of formic acid, for example, a concen
tration of only 0.005 M, cause clustering and coales
cence and thus make fluidization impossible. The
application of ion exchange to remove these acidic
materials from 2EH before the feed stream of 2EH

enters the distillation operation was investigated and
reported.1 Conditions were determined for using
Amberlite IRA-93 or Amberlyst A-21 anion exchange
resins to remove the formic and nitric acids. Complete
operating cycles were demonstrated in l-in.-ID and

1. A. P. Luina, P. A. Haas, and C. C. Haws, Jr., Application of
Ion Exchange for Recycle of 2-Ethyl-l-hexanol to Sol-Gel
Preparation ofSpheres, ORNL-TM-3226 (February 1971).
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4-in.-ID ion exchange columns of 24-in. lengths. Break
through of the formic acid was determined by meas
uring the pH of the 2EH effluent. The regeneration
cycle was controlled by use of preset solution volumes.
Detailed results and recommended operating cycles
were reported.1

The application of ion exchange to remove nitric acid
from the 2EH before it enters the still to remove H20 is
a significant process improvement. Starting with pure
2EH, exceUent Th02 spheres are easily prepared with
Ethomeen S/15 as the only surfactant. The nitric acid
extracted from the Th02 sol into the 2EH has two
deleterious effects. First, the Ethomeen S/15 is less
effective for preventing doublets and clustering as the
pH of the 2EH decreases, and for this reason the
addition of Span 80 may be necessary to prevent
doublets and clustering. Second, the nitric acid reacts
with both Ethomeen S/15 and Span 80 at 150°C in the
still and destroys them; thus surfactant additions are
necessary. By using ion exchange to remove the nitric
acid, we eliminate the need for Span 80 and reduce the
loss of Ethomeen S/15.

Formation of Th02-U03 Spheres

The Th02 -U03 sol prepared in recent runs (see Sect.
6.4) can be formed and fired into dense Th02-U03
spheres, using a combination of Ethomeen S/15 and
Span 80 as the surfactant and ion exchange in the 2EH
recycle as a means of preventing degradation reactions
in the still. This sol (Th/U ratio of 3.0) was prepared by
the solvent extraction process. The pH of the 2EH
remains at about 6.5 as compared with the steady-state
pH of 5 reached without ion exchange.

We had hoped to be able to use Ethomeen S/15 alone
as the surfactant (as in the case of Th02 sols) so that
ion exchange would eliminate or greatly reduce the
need for surfactant additions. However, although
Ethomeen S/15 gave very good product for small test
samples, it gave approximately 1% doublets at the
beginning of normal column operation. Coalescence and
clustering increased with operating time until they
became intolerable after about 4 hr. The addition of

0.05 vol % Span 80 gave exceUent operation for the
following 4 hr; however, at this time, clustering was
again observed. Two more additions of 0.05 vol %Span
80 gave the same results. The concentration of Span 80
must be lower than the concentration of Ethomeen

S/15 since Span/Ethomeen ratios greater than 1 result
in distortions of the "wrinkle" or the "raisin" type.

The use of ion exchange does not prevent the loss of
Span 80. Although the reactions with nitric acid in the
still are eliminated, the Span 80 is inactivated, probably

by hydrolysis in the ion exchange column. Results of
our initial tests of ion exchange for the recycle of 2EH
were difficult to interpret because of this reaction. Span
80 concentrations, based on measurements of infrared

absorption or determinations of the high-boiling resi
dues, showed no change on passing through the ion
exchange column. On the other hand, the clustering and
coalescence behavior in the sphere-forming column
indicated rapid losses of Span 80. Span 80 additions
must be made during operation. In long-term opera
tions, in which the presence of Span 80 is necessary to
achieve satisfactory results, the used 2EH will have to
be replaced by pure 2EH, and fresh additions of
surfactants will have to be made at specified intervals.
Studies of distillation to recover pure 2EH from the
used 2EH containing surfactants and impurities are
reported in Sect. 7.3.

6.2 DEVELOPMENT OF PROTOTYPE EQUIPMENT
FOR TURF

The Thorium-Uranium Recycle FacUity (TURF) will
contain equipment to convert thorium nitrate and
uranyl nitrate (233U) solutions to Th02-U03 sols by
solvent extraction, form them into Th02-U03 gel
spheres, and dry and fire them to produce Th02-
233U02 for subsequent fuel fabrication. The process
and equipment for these operations have been demon
strated under conditions of direct operation at 10 kg of
oxide (Th02 + U02) per day,2 the design capacity of
the TURF. Additional development work is needed to
demonstrate the capability for remote operation and
provide design information for prototype equipment.

Design of Equipment for TURF

Sol is to be prepared by the Solex process,3-5 and
350-u-diam microspheres are to be prepared as dense
oxide particles using microsphere-forming techniques

2. C. C. Haws, Jr., B. C. Finney, and W. D. Bond,
Engineering-Scale Demonstration of the Sol-Gel Process: Prepa
ration of 100 kg of Th02-U02 Microspheres at the Rate of 10
kg/day, ORNL4544 (June 1971).

3. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1968,
ORNL-1272, pp. 129-34.

4. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1967,
ORNL4145,pp. 154-59.

5. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1969.
ORNL^422, pp. 183-90.
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Fig. 6.2. Proposed chemical flowsheet for the preparation of 10kgof Th02-U02 microspheres (Th/U ratio of 4.25) per day.

discussed in previous years. Flowsheets of the Solex

6. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL^572, pp. 135-44.

7. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1968,
ORNL4272, pp. 129-37.

8. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1967,
ORNL^145,pp. 169-75.

9. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1966,
ORNL-3945, pp. 146-52.

(Fig. 6.1) and microsphere-forming (Fig. 6.2) processes
based on TURF design throughput were prepared to
determine the materials and waste handling problems to
be expected in the TURF.

Development of this equipment has now reached the
point where the design of TURF prototypes can begin
as soon as it appears to be appropriate.
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Fig. 6.4. Calculated gelation times vs 2EH temperature.

produce spheres in this size range. The preparation of
sol-gel spheres by extraction of water into alcohols is
simpler for nonfluidized- than for fluidized-bed opera
tion. This mode of operation is practiced for spheres
smaller than about 200 /i. The principal limitation on
the nonfluidized preparation of spheres is that the sol
drops introduced into a nonfluidized column must be
small enough to gel before they settle to the bottom.
The maximum sphere diameter that can be produced is
typically 200 u or less. The column heights required are
dependent on mass transfer and the settling velocity.
Mass transfer as a function of sol drop and organic
Uquid variables was investigated and correlated by
Clinton.10 The settling velocities may be calculated
using Stokes' equation or a drag coefficient. Both the
sol-drop size and the density vary with time. Thus, mass
transfer and the settling velocity also vary with time,
and analytical solutions are not possible. However, the
time and free-fall distance as a function of sol drop

10. S. D. Clinton, Mass Transfer of Waterfrom Single Thoria
Sol Droplets Fluidized in 2-Ethyl-l-hexanol, M.S. thesis, Uni
versity of Tennessee, Knoxville (1968); also issued as ORNL-
TM-2163 (June 1968).
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Fig. 6.5. Calculated fired sphere sizes for nonfluidized col
umns.

variables and alcohol variables can be conveniently
calculated using a computer program. These and other
general considerations and some results of nonfluidized
column operationhave been reported.11

Additional calculations were made with a computer
program for mass transfer to determine the effects of
varying the temperature of the 2EH. The conditions
were selected to apply to a new 28-ft-high nonfluidized
column with our usual U02 or Th02 sols. The
calculated values are for a water concentration driving
force, AC, of 0.010 g/ml or 1.0 vol % water (i.e., the
water concentration in the 2EH is 1 vol % less than

saturation). The gelation times (Fig. 6.4) or the free-fall
distances (Fig. 6.5) are inversely proportional to AC;
therefore the values for other water concentrations can

be easily calculated. For example, the times or distances
for 1.8 vol % H20 in the 2EH at 28°C (AC = 0.005)
would be twice those shown for 1.3 vol %H2 0 in the
2EH at 28°C (AC = 0.010). For the 28-ft (850-cm)

11. P. A. Haas, "Preparation of Sol-GelSpheres Smaller than
200 Microns without Fluidization," Nucl. Technol. 10(3),
283-92(1971).





140

column (Fig. 6.6), the sizes of the fired spheres shown
increase from 180 to 280 ju for 2.5 M Th02 sol and
from 145 to 210 n for 1.0 M U02 sol as the 2EH
temperature increases from 25 to 80°C. While the rate
of water extraction increases by a factor of 7 or 8, the
allowable sphere size only increases by about 50% as
the 2EH temperature increases from 25 to 80°C. This
can be explained by the increase in settling velocity as
the temperature increases. For the same column condi
tions the allowable initial sol drop sizes are generaUy
about 5% larger for the 1 M U02 sol as compared with
those for the 2.5 M Th02; however, the drops of the
more dilute sol shrink to a smaller final size. While the

thoria sol, which is more concentrated, is closer to
gelation, the higher density and the higher settling
velocity for a Th02 sol drop, as compared with those
for a U02 sol drop of the same initial size, result in a
larger free-fall distance before gelation.

A new 28-ft-high nonfluidized column was operated
with 2.5 M Th02 sol and 1 M U02 sol feed. Heated
2EH is supplied to the top of the column, and the
temperature down the column decreases as heat is lost

to the surroundings. This temperature gradient is
favorable since it gives rapid extraction of water at the
top, where the sol is fluid, and slower extraction at the
bottom, where gelation occurs. Operation was satis
factory with sol drops having an initial diameter of 470
M(yielding 190-/>diamThO2 spheres after firing). This
result agrees with the calculated allowable sol drop size
(480 ju) for these conditions and a 2EH temperature of
35°C. For sol drops with an initial diameter of 520 u,
gelation was incomplete in 2EHat about 30°C,and the
drops clumped in the transfer line. For an average 2EH
temperature of about 45°C, the 520-// drops were gelled
without difficulty. Results with the 1 M U02 sol also
confirmed the allowable sol drop diameters predicted
by mass transfer calculations.

6.4 PREPARATION OF TEST MATERIALS

As in previous years, sol-gel oxide spheres were
prepared for a number of National HTGR Recycle
Program needs. In some cases, these needs have been
satisfied by material produced as part of the sphere
preparation development studies; for the most part,
however, special preparations were necessary. Special
preparations during this report period have included:

1. Additional (100 ± 30)-ju-diam U02 from U02 (93%
23SU) sol. This was additional material for the
recycle test elements describedpreviously.12

12. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, pp. 142-44.

2. Six kilograms of 400-ju-diam Th02 spheres for
near-term test elements and capsules.

3. About 1600g of 200-ju-diam U02 spheres from U02
(93% 23SU) sol for near-term test elements and
capsules.

4. About 5000 g of 350-M-diam Th02-U02 spheres
from a blend ofU02 (93% 23 SU) and Th02 sols (to
give a sol having a Th/U atom ratio of 2.75) for use
in near-termtest elements and capsules.

5. About 100 kg of Th02-U03 as sol(Th/U atom ratio
= 3.0) from 238U. This sol wiU be formed into
350-/i-diam spheres for fabrication development and
for test elements to be used in head-end processing
development.

6. About 40 kg of 400-/i-diam Th02 spheres for
fabrication development and for test elements to be
used in head-end processing development.

The preparation of additional U02 spheres for recycle
test elements (item 1) was identical to that previously
reported.12 The Th02 spheres (items 2 and 6) were
prepared with an improved 2EH recycle system, as
described in Sect. 6.1.

Formation of U02 Spheres (Item 3)

Five batches of U02 sol (93% 23SU) prepared by the
precipitation-peptization process were formed into
200-/i-diam U02 spheres for near-term test elements
and capsules. Operation of the sphere-forming system
was satisfactory with 2EH containing 0.4 vol % Span
80-0.1 vol % Ethomeen S/15. Ion exchange was used
to remove nitric and formic acids, and distillation was
used to remove H20; addition of Span 80 was necessary
for recycle of the 2EH. During previous operations with
U02 sols prepared from enriched uranium, in which ion
exchange was not used, the 2EH had to be replaced
more frequently to avoid clustering that is caused by
accumulation of formate in the 2EH.

Formation of Th02-U02 Spheres (Item 4)

The 350-/j-diam Th02-U02 spheres required for
near-term test elements and capsules were prepared by
mixing Th02 sol with U02 (93% 23sU) sol prepared by
the precipitation-peptization process. The target Th/U
atom ratio was 2.77. The analytical results for the first
three products were 2.74, 2.77, and 2.78.

The sphere-forming behavior was similar to that of
pure U02, despite the high Th02 content. The initial
surfactant concentrations were 0.35 vol %Span80 and
0.1 vol % Ethomeen S/15 in the 2EH. Additions of
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Span 80 were required when the ion exchange system
and the still were used to remove nitric acid and water

from the 2EH.

Preparation of Th02-U03 Sol (Item 5)

The amine solvent extraction system13 was operated
in continuing engineering demonstrations to prepare
100 kg of Th02-U03 sol that will be used in fuel
fabrication studies and to fabricate prototype HTGR
fuel elements for use in studies of spent power reactor
fuel reprocessing. The sol was prepared by extraction of
the nitrate from a 0.27 M Th(NO3)4-0.09 M
U02(N03)2-1.3 M N03_ feed (Th/U atom ratio of 3)
using 35% excess 0.75 M Amberlite LA-2 in w-paraffin
as the extractant and a countercurrent extraction

flowsheet similar to the continuous demonstration

previously described.2 In contrast to the earlier con
tinuous operation demonstration, the equipment was
operated for 6 to 7 hr each day at the rate of 1.0 kg of
oxide per hour; no difficulty was encountered with the
frequent startups and shutdowns.

Prior to this campaign, the volume of the digester that
is located between the first and second extraction

contactors was doubled; otherwise, the equipment was
the same as that operated for 200 hr at a production
rate of 0.5 kg of oxide per hour.2 An attempt to start
up at a rate of 2.0 kg of oxide per hour was
unsuccessful due to excessive interfacial crud and

emulsions. Therefore the equipment was started up at a
0.5-kg/hr rate; then, when steady state was attained, the
rate was increased to 1.0 kg/hr. Operation was very
satisfactory at the latter rate. After approximately 100
kg of sol had been prepared at the 1.0-kg/hr rate, rates
of 1.5 and 2.0 kg/hr were tested for short periods.
Operation was normal at 1.5 kg/hr but became un
steady at the 2.0-kg/hr rate, as indicated by fluctuations
in the conductivity of the product sol leaving the third
extraction contactor. Analyses of typical Th02-U03
sols prepared by continuous amine solvent extraction in
the engineering-scale equipment, using a countercurrent
flowsheet, are presented in Table 6.1. The data indicate
that the engineering-scale equipment designed for a rate
of 10 kg of oxide per day can be successfully operated
at 1.5 kg/hr (or 36 kg/day), but it would be necessary
to carry out continuous operations for prolonged
periods to verify this.

The sol prepared at the 1.0-kg/hr rate was divided
into 40-liter batches and concentrated to 1.5 M (Th +

13. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1969,
ORNL-4422, pp. 156-59.

Table 6.1. Analyses of Th02-U03 sols prepared by amine
solvent extraction using a countercurrent flowsheet

Sol production rate
(kg of oxide per hour)

Th,M

V,M
Th/U atom ratio
N03~,M
N03 /metal mole ratio
Conductivity,

micromhos/cm at 18 C

0.5 1.0 1.5 2.0" 0.5*

0.223 0.227 0.225 0.227 0.253

0.075 0.076 0.076 0.076 0.059

2.97 2.95 2.98 2.99 4.28

0.026 0.029 0.031 0.036 0.038

0.087 0.096 0.10 0.12 0.12

518 559 578 853 546

"Operation at this ratio was not satisfactory, and the product
was not considered to be acceptable.

*Dataobtainedin previous operation(see ref. 2).

U) in the forced-circulation evaporator without diffi
culty.

The engineering-scale sol preparation equipment is
located adjacent to the wall in a sheet-metal building
that is inadequately heated. Two abnormal upsets in
operation were encountered during the campaign due to
severe cold weather that caused the solvent to separate
into two phases in the contactors and surge tank.

Immediately following an equipment malfunction
caused by excessive cooling of the building in which the
sol preparation equipment was located, off-specification
sol was produced. Because of this, the two batches of
sol involved were collected separately. Analyses of them
are presented in Table 6.2. When attempts were made
to concentrate the sols in the forced-circulation evapo
rator, both sols became very thick at ~1 M (Th + U)
and gelled within three days. In comparing the first
three sols in Table 6.1 with the off-specification sols, it
can be noted that the acceptable sols have a N03~/metal
mole ratio of <0.1 and conductivities that fall in the

range 500 to 600 micromhos/cm at 18°C; conduc
tivities of the off-specification sols fall in the range 900
to 1100 micromhos/cm at 18°C. It can also be noted
that the last sol in Table 6.1 (Th/U ratio of 4.28) has a
conductivity in the range for acceptable sols. This
would indicate that, in order for a dilute Th02-U03 sol

Table 6.2. Analyses of off-specification dilute Th02-U03 sol

Batch EV-43-25 Batch EV-43-26

Th,M 0.226 0.225

U,M 0.078 0.076

Th/U atom ratio 2.90 2.96

N03"/metal mole ratio 0.082 0.077

Conductivity, 925 1040

micromhos/cm at 18°C
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(Th/U atom ratio of 3 or 4.25) prepared by the
countercurrent flowsheet to be concentrated and re

main stable, it should have a conductivity in the range
of 500 to 600 micromhos/cm at 18°C.

6.5 233U STORAGE, PURIFICATION, AND
DISTRIBUTION

Oak Ridge National Laboratory serves as a national
distribution center for 233U. The faciUty includes
shielded wells for storing up to 454 kgof 233U in solid
form (density = 1 g/cm3) and tanks (containing
borosilicate glass for neutron poisoning) that can store
900 kg of 233U in uranyl nitrate solutions at 233U
concentrations up to 250 g/liter. Also, a shielded
interim storage vault (located in Building 3100) can
hold up to 70 kg of 233U or 239Pu in shipping
containers. The above capacities include the new
facilities, nine dry wells and five storage tanks, needed
for the storage of feed material for the Light Water
Breeder Reactor (LWBR) support program; later, the
solids storage facility will be required for storing 200 kg
of 233U from the Elk River reactor. (However, the
material must first be recovered and converted to oxide

at the Italian CNEN Plant.)
The storage facility accepts 233U in the form of

uranyl nitrate solution or as properly packaged solids.
The solids may consist of uranium metal or uranium
compounds that can be readily and safely dissolved in
stainless steel equipment.

The purification facilities include a single-cycle sol
vent extraction system that is capable of purifying
233U at the rate of 25 kg/week. At present, all the

233U that is processed in the facility is shipped as
nitrate solution. The system is presently being modified
to increase its reUability and flexibility, and a complete
nitrate-to-oxide conversion line with a capacity of 22 kg
of 233U per week is being installed for the LWBR
support program (see Sect. 9).

Summary of Distribution Activities

During the past year 27 shipments, containing 831 kg
of 233U, were received by the facility. Twenty-one
shipments, amounting to 15 kg of 233U, were made
from the faciUty. The largest single shipment received
was 111 kg of 233U nitrate (from Atlantic Richfield at
Hanford) for use in the LWBR support program. The
activity of the facility for each calendar year from 1960
through 1970 is shown in Fig. 6.7. Table 6.3 shows the
inventory of 233U (exclusive of Consolidated Edison

Table 6.3. 233Uinventory asofMarch 31,1971

Form
Isotopic 232U content Quantity

purity (wt %) (ppm) (kg)

Nitrate 92 22 58.5

98 7 189.3

98 8-9 563.6

Oxide 98 6-7 186.2

96 50 11.0

91 250 61.7

98 6 2.3

97 35 0.6

Fluoride 91 250 2.9

Metal 97 42 5.1

Total 1081.2

Table 6.4. Analyses of solution in TRUST tank

Solution

volume

(liters)

U

(kg)
HN03

m

Soluble poison content

Date

sampled
Cd Gd

kg moles/mole U kg moles/mole U

9/11/68 1110 0 0.11 164.2 21.4

2/20/69 6970 1040 2.72 164.2 0.33 16.2 0.023

3/28/69 7100 1036 2.57 142.4 0.29 14.8 0.021

4/17/69 7240 1039 2.66 144.8 0.29 15.1 0.022

7/29/69 7300 1053 2.59 142A 0.28 14.6 0.021

10/10/69 7280 1055 2.46 143.4" 0.28a 15.3" 0.021"

11/11/69 7030 1041 2.51 152.9 0.31 17.8 0.025

4/6/70 7085 1020 2.65 145.3 0.30 16.6 0.024

12/4/70 7010 1031 2.73 140.9 0.29 18.5 0.027

3/9/71 7040 10156 1.826 154.2 0.31 20.7 0.030

aA total of 14.2 kg of cadmium and 3.8 kg of gadolinium was added to the tank on Oct. 3, 1969.
^Possible dilution of sample.
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Fig. 6.7. 233U receipts and shipments, Building 3019 dispensing facility.

fuel) in the facility as of March 31, 1971; the form,
isotopic purity, and 232Ucontent are also given.

The TRUST (Thorium Reactor Uranium Storage
Tank) facility, described previously,14'15 was placed in
operation in 1969.

Analyses of samples of the solution withdrawn at
intervals during the past 25 months are presented in

14. Chem Technol. Div. Annu. Progr. Rep. May 31, 1969,
ORNL-4422, pp. 199, 202.

15. J. R. Parrott, R. G. Nicol, and J. P. Nichols,Receiptand
Analysis of the Consolidated Edison Uranium Product Solution,
and Subsequent Storage Utilizing Soluble Neutron Absorbers,
ORNL-TM-3348 (June 1971).

Table 6.4. The uranium determination varied from
1015 to 1055 kg, as compared with 1047 kg deter
mined by analysis of the individual shipments received.
Discrepancies in the soluble poison content are proba
bly due to inadequate mixing of the solution prior to
sampling; however, the possibility of analytical erroror
deposition of the poisons should not be overlooked.
Initial efforts to sparge the solution for a longperiod of
time resulted in excessive radiation exposures from the
off-gas piping and filter. This condition was improved
by the addition of a shielded de-entrainment separator
and a small absolute filter.



7. Sol-Gel Processes for the Uranium Fuel Cycle

Sol-gel processes are ideally suited for the preparation
of LMFBR fuel since they can be readily adapted to
continuous and remote operations for processing ma
terials behind shielding. In the processes under develop
ment, sols are prepared by the controlled extraction of
nitrate from uranium nitrate and plutonium nitrate
solutions, which are the products from fuel reprocessing
plants. The sols are then converted into the desired
form required for subsequent fabrication into recycle
fuel elements; this form usually consists of high-density
oxidemicrospheres for use in Sphere-Pac operations.

Most of the development work on the CUSP process
during the last year has been directed at the evaluation
of various types of contactors used for extracting
nitrate and at the characterization of sols produced in
engineering-scale equipment. There has been no need to
make any appreciable changes in the process, since it
continues to produce satisfactory urania sols. The
preparation of sols by this process is one step in the
production of U02-Pu02 for spheres and pellets. In
addition, the U02 sols are used in sphere-forming
studies that serve as a base line for evaluating the
behavior of mixed sols. The CUSP process is amenable
to scaleup and remote operation. It has been operated
throughout the past year in engineering-scale equip
ment.

Continued development of the APEX process has
resulted in significant changes in the flowsheet and in
the quality of the plutonia sols produced. It is now
possible to prepare solswith lower nitrate-to-plutonium
ratios and with larger plutonia crystallites. When these
sols are combined with CUSP urania sols, the resulting
mixed sols are quite stable, with shelflives up to about
a week; and high-quality (U,Pu)02 microspheres can be
prepared from the mixed sols.The improved APEXsols
can also be used to prepare high-quality Pu02 micro
spheres. So far, all of these studies have been made on a
laboratory scale. Additional investigation and scaleup of
the APEX process and preparation of (UJ?u)02 micro
spheres are required.

Much of the mixed (U,Pu)02 for irradiation testing is
still prepared by precipitation-peptization processes
since equipment is not yet available for the production
of enriched urania sols by the CUSP process or for
plutonia sols by the APEX process.

7.1 PREPARATION OF U02 SOL BY THE
CUSP PROCESS

The CUSP process for preparing concentrated (>l M)
urania sols directly by solvent extraction1 '2 continues
to be a reliable and easily controlled method for the
routine preparation of urania sol. The process is being
operated to produce 1 M urania sol at two levels, 1 and
4kgofU02 per batch.

During the past year (1) laboratory support was
provided for the engineering operations, (2) character
ization and aging studies of CUSP sols prepared in
engineering-scale equipment were made, (3) several
types of contactors for extracting nitrate were tested,
and (4) engineering equipment was operated at 1and 4
kg of U02 per batch to prepare sol as required for
microsphere-forming studies.

Laboratory Development

Laboratory-scale equipment for the preparation of
urania sol. The equipment for preparing urania sol at a
1-kg-per-batch level, which was described last year,2 has
been modified to include a multichambered J-column
contactor and phase separator, a 4-in.-diam surge tank
mounted directly below a T section at the end of the J
column, and a 2-in.-diam riser above the T.The changes
permit the extraction column to be operated with the
organic phase continuous, as in the engineering-scale

1. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1969,
ORNL-4422, pp. 203-10.

2. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, pp. 149-55.
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equipment, and raise the sol capacity to 1.25 kg of U as
1 M urania sol. The equipment will be used to study
chemical and operating changes in urania sol prepara
tion by the CUSP process.

Two 5-liter batches of 1 M U02 sol were prepared to
check out the equipment: one (LS-10) was made with a
solution of 0.25 M Amberlite LA-2 in pure diethyl-
benzene diluent and the other (LS-11) with a solution
of 0.25 M Amberlite LA-2 in a diluent composed of
75% diethylbenzene-25% n-paraffin (average carbon
chain length of 12). As in the initial laboratory
development work, better operation was achieved with
the mixed diluent; therefore the mixed diluent will

continue to be used in future process studies and sol
production.

Characterization and aging studies of CUSPU02 sols.
During engineering-scale development of the CUSP
process, characterization and aging-effects studies were
a routine part of the laboratory support work. These
studies include chemical analyses, periodic measure
ment of the conductivity of the sols, some viscosity and
gelation concentration (i.e., highest concentration to
which the sol may be concentrated and still remain
fluid) measurements, and a recording of the time
required for the sols to gel. The results of any of these
measurements, with the possible exception of gelation
concentration, are not sufficient in themselves to assure
that a given sol is of high quality. Taken together,
however, the results can distinguish the better-quality
sols from the poorer-quality sols and can establish
within reasonable limits whether or not the process is
being operated in a manner that will prepare sols with
reproducible properties.

The studies included 52 sols produced in a mechan
ically stirred J-column contactor, 45 sols produced in a
spray-column contactor, 8 sols produced in a packed-
column contactor containing ceramic Berl saddles,
which are aqueous wettable, and 10 sols produced in a
packed-column contactor containing non-aqueous-
wettable Teflon rods.

The time-temperature-conductivity flow path of the
CUSP process was optimized for the J-column con
tactor, but this path is not necessarily ideal for the
other types of contactors used. Throughout these runs,
some of the chemical conditions of the CUSP flowsheet

were varied slightly in order to evaluate their effect
upon the process behavior in the engineering equip
ment. The sols, therefore, were produced under similar
but not identical conditions.

The mechanically stirred J-column contactor pro
duced 1 M urania sols with the longest shelf lives. The
time required for gelation ranged from 1.5 to 19
months, with an overall average of 5.75 months. The

spray-column contactor produced sols of slightly
shorter shelf lives, with an average of 3.5 months. The
average shelf life of sols prepared in the packed-column
contactor with aqueous-wettable packing was 1.9
months. Shelf lives were the same or somewhat less for

sols prepared in the packed-column contactor with
non-aqueous-wettable packing.

As produced, all of the sols had conductivities very
close to the specified 4000 ± 500 micromhos/cm at
25°C, but the initial rates of rise in conductivity were
quite variable. Generally, the J-column sols were most
stable, with initial rise rates that varied from 100 to 200
micromhos/cm during the first 24-hr period of storage.
The sols with the longest shelf lives were usually those
with low initial rates of change in conductivity. During
the first 24 hr, the spray-column sols had initial
conductivity rise rates of 100 to 600 micromhos/cm;
the rates for the packed-column sols were 150 to 1500
micromhos/cm. Conductivities and aging times to gela
tion are reported in Table 7.1 for some typical sols
prepared in engineering-scale equipment.2

The conductivities of two of the 1 M urania sols as

prepared and of 2 and 3 M urania sols prepared by
concentrating the 1 M sols are given in Table 7.2. When
the sol concentration was increased by a factor of 3, the
conductivity (or free acid content) was increased by
only 30 to 40%. This is indicative of enhanced nitric
acid adsorption by the sol particles as the free acid
concentration is increased.

Table 7.3 shows viscosity data obtained for CUSP-
ES-55 U02 sol and for 2 M CUSP-ES-55C-2 and 3 M
CUSP-ES-55C-3 urania sols prepared by concentrating
CUSP-ES-55 sol. The 1 M urania sol, with a viscosity of
1.3 cP, and the 2 M urania sol, with a viscosity of 2.0
cP, were Newtonian in their behavior (i.e., the viscosity
remained constant as the rate of shear was increased).
The freshly prepared 3 M urania sol had a considerably
higher viscosity (~7 cP), and it showed dilatant
behavior (i.e., the viscosity increased with increasing
rate of shear). After aging a week (or 12 days after the
1 M CUSP-ES-55 sol was prepared), the viscosity of the
3 M urania sol had increased by a factor of 2 to 16 cP
and showed thixotropic behavior (i.e., there was a
time-dependent decrease of viscosity with shear). After
an additional week's aging, the sol had a viscosity
greater than 1000 cP.

The viscosities of the 1 and 2 M urania sols were

measured on a Brookfield model LVT viscometer

equipped with the UL adapter, which consists of a
special cup and bob having a 1-mm annulus. The
viscosity of the 3 M urania sol was measured with the
No. 1 bob. When an attempt was made to run the 3M
urania sol in the UL adapter, the needle went off scale,
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Table 7.1. Conductivities and agingtimes to gelation for some typical 1M U02 sols prepared
in engineering-scale equipment by the CUSP process

U(IV)

(%of
no3"/u

mole

Conductivity at 25°C (micromhos/cm) Aging time
Run No. As After aging At the time to gelation

total U) ratio prepared one month of gelation (months)

J-column contactor

CUSP-ES-7 88 0.12 3250 6750 7,300 12

CUSP-ES-8 85 0.11 3730 8,500 2

CUSP-ES^5 86 0.11 3560 7,600 6

CUSP-ES-47 86 0.10 3310 8,400 6

CUSP-ES-53 84 0.11 3650 6000 8,030 4

CUSP-ES-55 84 0.11 3990 6110 8,650 6

CUSP-ES-57 83 0.11 3980

Spray-column contactoi

6250 9,150 8

SCL HB-9 86 0.12 3880 7041 8,600 4.5

SCL HB-13 86 0.13 3060 6430 7,780 2

SCL HB-32 87 0.13 3480 6060 10,100 4.5
SCS HB^3 82 0.18 3751 8500 10,950 1.8

Aqueous-wettable packed-column contactor

PC HB-2 86 0.15 5600 9000 9,700 1.5

PCHB-3 83 0.14 2420 6500 9,900 3.5
PCHB-4 85 0.14 5000 9300 10,600 1.3
PC HB-5 88 0.13 7690 7440 9,100 3

Non-aqueous-wettable packed-column contactor

PCLHB-55 88 0.12 4440 7090 8,690 3

PCL HB-5 7 84 0.14 3860 8180 >2

Table 7.2. Comparison of CUSP sol conductivities at
concentrations of 1,2, and 3 M U02

Sol

Uranium

concentration

W

Conductivity at 25 C (micromhos/cm)

CUSP-ES-55

CUSP-ES-55C-2"

CUSP-ES-55C-36

CUSP-ES-57

CUSP-ES-57C-2d
CUSP-ES-57C-3e

5825

6945 }• at 17 daysc
8065 _

5285^1

6420 Ut9daysc
7080J

"Concentrated two days after preparation of ES-55.

^Concentrated seven days afterpreparation of ES-55.
cTime elapsed since preparation of parent sol.

^Concentrated onedayafterpreparation of ES-57.
^Concentrated five days after preparation of ES-57.

6890 "|
8750 fat38daysc
GelledJ

6270")
7780 Ut30daysc
8645 J
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Table 7.3. Comparison of CUSPsol viscosities at concentrations of 1, 2, and 3 M U02

Speed of
viscometer rotor

(rpm)

Viscosity" (cP at 26--27°C)

Sol As

prepared

Afteraging6

8 days 12 days 19 days 29 days

CUSP-ES-55

(1M)

CUSP-ES-55C-2C

(2M)

CUSP-ES-55C-3d
OM)

12

30

60

12

30

60

12

30

60

1.3

1.3

1.3

2.0

2.0

2.1

7.3

8.4

9.1

1.4

1.4

1.4

2.1

2.2

2.2

16

16

15

1.4

1.4

1.4

2.1

2.1

2.1

14e

14e

15*

1.3

1.3

1.3

2.3

2.3

2.4

>1000

>1000

>1000

2.6

2.5

2.6

"Measured on Brookfield model LVT viscometer: No. 1 bob used for 3 M sols and the UL adapter used with 1 and 2 M sols.

6Age from date of preparation of CUSP-ES-55 sol.
cCUSP-ES-55 concentrated to 2 AT two days after the date of its preparation.

dCUSP-ES-55 concentrated to 3 M seven days after the date of its preparation.

"Values obtained after shearing at 60 rpm.

indicating an apparent viscosity of over 100 cP. This is
probably the result of "structuring," or secondary
flocculation at this concentration.

Removal of extraneous material from urania sols
prepared in engineering-scale equipment. The possibility
of using n-hexanol to separate extraneous materials
(crud) from 1M urania sols was examined qualitatively
in laboratory experiments. Concurrently, tests were
made to determine the effect of such treatment on sol
stability. The results indicated that the effectiveness of
the n-hexanol treatment in separating crud from urania
sols depended upon the nature and quantity of crud in
the sol. The treatment was less effective for sols
containing a white emulsion-like layer on the surface
than for sols containing bulky gray material distributed
on the surface and throughout the body of the sol. In
the latter case, treatment with /t-hexanol converted dull
gray-colored sols to shiny black sols. Furthermore, sols
treated in this way showed no indication of formation
of an immiscible organic residue when they were
dissolved in nitric acid, whereas sols from which all
visible crud was removed mechanicaUy produced visible
amounts of organic matter on dissolution. The separa
tion of the bulky gray material from an aqueous sol by
treatment with «-hexanol appeared to be due princi
pally to the differences in densities of the sol, the crud,
and the n-hexanol. The sol, being the most dense phase,
separated rapidly from thew-hexanol, whereas the crud,
being intermediate in density, settled more slowly and
accumulated at the interface.

Possible effects on sol stability due to the extraction
of formic acid by the «-hexanol treatment were
evaluated by determining the concentration at which
the sol gelled, since it had been found that the gelling
concentration of U02 sols is related to the stability of
the sol. No marked differences were noted between

treated and untreated sols; therefore it appears that the
rc-hexanol treatment has no deleterious effect on sol

stability.
The sols used in these studies were prepared in

engineering equipment with either spray- or packed-
column contactors. The laboratory tests were carried
out in an inert-atmosphere glove box to minimize U(IV)
oxidation. Equal volumes of well-mixed sol and n-
hexanol were equilibrated for 5 min in separatory
funnels and then allowed to stand 24 hr before the

aqueous phase was carefully withdrawn. The removal of
all visible crud from untreated sols by allowing them to
stand in separatory funnels and then carefully with
drawing the aqueous phase was not as effective. The use
of diethylbenzene for crud separation appeared to be
less efficient that the use of n-hexanol but better than

the simple mechanical method.

Engineering Development

Equipment development and evaluation. Develop
ment studies were continued to evaluate various types
of nitrate extraction contactors in addition to the

multichambered J column, which was originaUy in-
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stalled for use in the engineering development of the
CUSP process.2 In each case the contactor and its
associated recirculation system for the aqueous phase
were simply substituted for the original J column and
recirculation system; the remainder of the original
equipment was used for continuous solvent regenera
tion.

A second extraction system, which included a 15-liter
surge tank for the aqueous phase, a nitrate extraction
column, and a solvent reservoir located directly over the
surge tank, was added to an existing extraction unit
which has a sol capacity of 4 liters (see Fig. 7.6, p. 155
in ref. 2). Appropriate piping and valves were instaUed
so that the two systems for sol preparation could use
the same conductivity probe, heat exchanger, circu
lating pump, and differential pressure cell. One system
has a 4-liter sol capacity (~1 kg U02) and the other a
15-liter capacity (~4 kg U02). The nitrate extraction
columns can be operated as either spray or packed
columns. Conversion of the spray column, which is a
glass pipe 2 in. ID by 36 in. long, to a packed column
was accomplished by simply removing the spray header
and filling the column with either aqueous-wettable
Berl saddles or Teflon cylinders (% in. diam X 3/4 in.
long) which are not wetted by aqueous solution.

One of the reasons for investigating various types of
contactors stems from the fact that a smaU amount of

crud is formed during the operation of the CUSP
process (see previous section); also, various modes of
operation have been evaluated in attempts to minimize
its formation. Possible causes of the formation of the
emulsified crud are: (1) overextraction at the surface of
the small droplets formed in the spray column, (2)
pickup of acetate by the solvent from the HN03-
HC2H302 scrub used for solvent cleanup, (3) impuri
ties originally present in the solvent, and (4) emulsifi-
cation of solvent entrained in the aqueous phase by the
centrifugal pump used to circulate the aqueous phase.
While good-quality sols were prepared using either the
spray or packed columns, no apparent differences were

observed in the amount of crud formed. Sol yields
based on the amount of uranium in the feed are
consistently greater than 90%, but efforts are con
tinuing in both laboratory and engineering studies to
minimize crud formation and thus increase the yield.

During the preparation of one sol, a 1 M HNO3-0.4
M HCOOH scrub was substituted for the 1 M
HNO3-0.4 M HC2H302 scrub that is generally used
for solvent cleanup. The sol appeared to be fluid when
removed from the equipment, but it geUed in 3 hr. Two
operational anomalies were observed during the sol
preparation: gas evolution during crystallization was

more vigorous than that usually observed, and the
conductivity tended to level off at 3900 micromhos/cm
during the final nitrate extraction step. An infrared
spectrophotometric examination showed no significant
differences between the solvent used during the run and
the fresh, unused solvent. Chemical analysis of the
aqueous and organic samples taken during the run
provided no clue as to what caused the rapid gelation of
the sol.

A Vanton Flexi-Liner pump with a Viton Flexi-Liner
and Teflon body is being evaluated as a possible
replacement for the centrifugal pump used to circulate
the aqueous phase. Pumping is accomplished by a rotor
mounted on an eccentric shaft that rotates within the

liner, thus creating a progressive squeegee on the fluid
trapped between the liner and the body block. The
pump will circulate gas-liquid mixtures without cavita
tion and will not emulsify mixtures of immiscible
liquids. A pump of this type has been installed in a loop
and has been operated intermittently to pump U02 sol
for a total of 177 hr at 60°C with no operational
difficulties. Evaluation of the pump in the sol prepara
tion equipment will be continued.

Solvent evaluation. Several compositions of solvent
used to extract nitrate in the CUSP process were
investigated. It was found that the use of 0.5 M
Amberlite LA-2 promotes the formation of emulsion
and that the solvent becomes much darker and in less
time than when 0.25 M AmberUte LA-2 is used. The use

of pure diethylbenzene as the diluent instead of 75 vol
% diethylbenzene-25 vol % n-paraffin also tends to
promote emulsions. It is concluded that the most
satisfactory solvent is Amberlite LA-2 at a maximum
concentration of 0.3 M in 75 vol % diethylbenzene-25
vol % M-paraffin.

When 0.3 M Amberlite LA-2 in 75 vol % diethyl
benzene-25 vol % n-paraffin is used as the extractant
and the regeneration cycle consists of a 1M HN03 -0.4
MHC2H302 scrub, water wash, and lATNa2C03-lM
NaOH scrub, the average loss of amine is 0.06 to 0.10
mole per kilogram of U02 prepared as 1 M sol. The
amine concentration can be satisfactorily maintained at
an essentially constant value by periodic additions of
AmberUte LA-2 to the solvent storage tank.

The loss or uranium to the HN03-HC2H302, water,
and carbonate-caustic effluent streams has been

0.5-1.0%, 0.03-0.06%, and 0.03-0.4% respectively.
The HN03-HC2H302 scrub effluent (0.85 M HN03,
0.3 M HC2H302, 0.5-1.0 g U per liter) can be used to
clean out the spray-column equipment after the solvent
and sol have been drained. This will minimize the

volume of aqueous waste generated when preparing
U02 sol containing enriched uranium.
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Preparation of 1.8 M U02 sol by the CUSP process.
The preparation of urania sols at concentrations greater
than 1 M would greatly increase the capacity not only
of the sol-making equipment but also of the micro
sphere-forming column. In a preliminary investigation,
8 liters of a solution that was 1.8 M in U(IV), 3.83 M in
N03", 1.08 M in COOH", and 0.1 M in urea was
prepared in the engineering-scale batch slurry reductor
without difficulty in 3 hr. A small amount of whitish-
green precipitate, which prevented draining the solution
through the 10-u-pore stainless steel filter, was pro
duced and made it necessary to siphon the solution out
of the reductor.

The U(IV) feed solution was divided into two 4-liter
batches, and sols were prepared on successive days in
the spray-column extraction equipment by a modified
CUSP process. The first nitrate extraction was carried
out at 40°C and continued until a conductivity of
~40,000 micromhos/cm was attained; at this time, the
aqueous phase was heated while the nitrate extraction
was continued. Crystallization commenced at 58 to
60°C, as evidenced by gas evolution and a color change
from dark green to black. The solvent flow was
regulated during crystallization to maintain the con
ductivity at 30,000 to 40,000 micromhos/cm for the
first run and at 35,000 to 45,000 micromhos/cm for
the second run. After crystallization was complete,
nitrate extraction was continued until the conductivity
was decreased to ~20,000 micromhos/cm for both
preparations. Nitrate extraction was then stopped by
turning off the solvent flow. The third nitrate extrac
tion was carried out at 25°C, and nitrate was extracted
until a conductivity of 5905 micromhos/cm was at
tained for the first run and 3830 micromhos/cm for the
second. The N03~/U mole ratios were 0.18 and 0.12 for
the first and second sols respectively; the U(IV)/U
ratios were 0.84 and 0.87 respectively. Both sols were
very fluid, had long shelf lives (1.5 months for the first
and 1.0 month for the second), and produced good
spheres in the forming column. Additional work is
required, especially to optimize the feed preparation
step.

7.2 DEVELOPMENT OF THE U02-Pu02

SOL-GEL PROCESS

During the past year, laboratory work to develop a
solvent extraction process for the preparation of mixed
U02-Pu02 sol was continued. Emphasis was centered
on solvent extraction, since this type of process should
be readily amenable to scaleup and to the remote
operations necessary for fabricating LMFBR recycle
plutonium into reactor fuel. In the process selected for

study, CUSP-prepared urania sol is pretreated to remove
excess formate and is then mixed in the proper
proportions with a plutonia sol prepared by an alcohol
extraction process (i.e., APEX). During this report
period, development efforts were concentrated on (1)
modifications of the APEX process to produce low-
nitrate sol, (2) laboratory experiments to prepare
U02-Pu02 microspheres by the CUSP-APEX mixed-sol
process, and (3) mixed-sol compatibility studies.

The results of these studies have been very encourag
ing in that we have discovered that the primary
crystallites in APEX sols can be arranged in aggregated
micelle structures, which result in rapid denitration and
crystallite growth when the sols are taken to dryness
and heated. The resulting low-nitrate sols can be used to
prepare mixed U02-Pu02 sols with greatly improved
shelf lives or to prepare pure plutonia microspheres.

Evaluation and Modification of the APEX Process

In continued studies of the APEX process, we
evaluated two process modifications that have resulted
in improved sol characteristics. The first modification
results in high-nitrate sol that exhibits increased sol
stabUity; however, the second modification produces
low-nitrate sol by virtue of a substantial increase in the
Pu02 crystallite size. Sols of this type mixed with
urania sols produce mixed U02 -Pu02 sols with greatly
improved shelf lives. These low-nitrate plutonia sols can
also be used to prepare pure plutonia microspheres,
which has not been possible with high-nitrate plutonia
sols.

The first modification differs from the APEX process
described last year3 in that the feed solution is
extracted continuously at room temperature to a
N03"/Pu mole ratio of ~0.8, whereas the previous
procedure consisted of an initial extraction to a
N03"/Pu mole ratio =2.5, digestion at 100°C, and then
a second extraction to a N03~/Pu mole ratio a* 1.0. In
both cases, the dilute sols are concentrated by evapora
tion to a plutonia concentration of about 1 M. The
primary advantage of this modification is that the sol
shelf life is greatly improved. Regular APEX sols gel in
~33 days, but sols prepared by continuous extraction
remain fluid for ~120 days. The shelf life of mixed
U02-Pu02 sols prepared with this type of sol was also
noticeably improved (see next section).

The second, and principal, modification studied was
the effect of seeding, in which a portion of a normally
prepared APEX sol is added to feed solution during the

3. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL4572, p. 157.
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initial extraction of a subsequent sol preparation. We
discovered that this technique can produce sol in which
the primary crystallites are arranged in aggregated
miceUe structures and that these structures result in

rapid denitration and crystallite growth when the sols
are taken to dryness and heated.

In initial experiments, it was demonstrated that
low-nitrate sols can be prepared (N03~/Pu mole ratio
= 0.2) with average crystallite diameters of ~60 A
when a sol with the appropriate aggregate structure is
taken to dryness and heated for 30 to 90 min at
temperatures in the range of 180 to 230°C. This is in
direct contrast to the behavior of regular APEX sols or
high-nitrate sols prepared by the precipitation process;
these sols show no detectable change in crystallite size
or any significant reduction in N03~/Pu mole ratio
when heated at the above temperatures for much longer
times. It was also shown that the size of the Pu02
crystallites obtained is related to the micelle size and
the completeness of miceUe formation. These factors
also appear to relate to the time and temperature
required for crystallite growth. Single seeding experi
ments produce sol in which a miceUe size of 50 to 75 A
converts to crystaUites 35 to 40 A in diameter;
however, sol crystallites as large as 50 to 60 A have
been obtained by several techniques. It was found that
larger micelles (which form larger crystaUites) can be
obtained by double seeding, in which the product sol
from a first seeding experiment is used as seed in a
subsequent sol preparation. It was also demonstrated
that the effect of multiple seeding can be accomplished
in a single run by incremental addition of the feed
solution during continuous extraction. A multiple
seeding effect is obtained because extraction is con
tinued after each feed addition until plutonium polym
erization occurs before the next feed addition is made.

There was no penalty in total extraction time as a result
of this technique, and an excellent sol was obtained in
which the average crystallite size appeared to be greater
than 60 A.

Electron micrographs and electron diffraction pat
terns were obtained for all sols before and after thermal

denitration, and it was apparent from these data that
several process variables are significant in the develop
ment of an optimum miceUe structure. The principal
variation in micelle structure was the degree of miceUe
formation, that is, the presence of both aggregated
micelles and unaggregated plutonia crystallites as
opposed to complete aggregation of crystaUites. It is of
interest to note that sol which is only partially
aggregated generally exhibits crystallite growth and
rapid denitration similar to fuUy aggregated sol; how
ever, comparative rates for the various types of material

have not as yet been determined. Because of this
variation, studies to date have been primarUy concerned
with the effect of process variables on micelle structure.
Although additional work will be required to com
pletely optimize key variables, we can now prepare sols
with partially or fully aggregated micelles in single and
double seeded experiments by the appropriate selection
of process parameters.

Two principal variables which relate to the degree of
aggregation are the amount of seed polymer used and
the extraction rate. Minimum seed concentrations of

20% for single-seeding and 25 to 30% for double-
seeding experiments are required for complete crystal
lite aggregation. The effect of higher seed concentra
tions has not been extensively investigated; however, it
might be anticipated that an excessive seed concentra
tion would result in smaller micelles. The rate of nitrate

extraction also appears to be critical. This was evaluated
by using batch sizes of 250 and 500 ml, which required
different times to extract to the same end point. Since
the concentration of plutonium and HN03 in the feed
solution would also affect the extraction rate, these
were kept nearly constant in all experiments. The
plutonium feed concentration varied from 26.5 to 28.0
mg/ml, and the HN03 concentration was about 0.6 to
0.7 M. Feed of this composition had an initial conduc
tivity of about 100 miUimhos/cm. In the APEX
extraction equipment used, about 4 hr of continuous
extraction was required to reduce the conductivity of a
250-ml batch from 100 to 14; about 6 hr was required
for a 500-ml batch. Complete crystallite aggregation has
been obtained only when the 500-ml batch size was
used. Slower extraction rates have not been investi

gated.

Most of the other variables investigated do not appear
to be highly critical. The seed polymer can be added to
the feed solution prior to extraction or during extrac
tion, before the conductivity of the feed has been
reduced much below 70 millimhos/cm. Poor results
were obtained when seed was added to feed that had

already been extracted to a conductivity of 60
millimhos/cm. The N03~/Pu mole ratio of the seed
polymer can vary from 0.7 to 1.2, and the age of the
seed polymer is not critical, providing that gelation has
not occurred. There were no appreciable differences in
seeded sols prepared by continuous extraction at room
temperature and seeded sols prepared by a procedure
which incorporates a digestion step after extraction to a
N03~/Pu ratio of 2.5; we have now standardized on the
continuous extraction process because it is simpler.
Plutonium feed concentration is not highly critical in
that the plutonium concentration can be decreased
from 28 to about 15 g/liter. Somewhat higher concen-
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trations can also be used if an appropriate batch size is
selected; however, plutonium extraction becomes ex
cessive when the concentration exceeds about 30

g/liter.
Thermal denitration and crystallite growth studies as

a function of micelle structure and baking temperature
have not been completed; however, several significant
characteristics have been demonstrated. The N03~/Pu
mole ratio of the sol prior to evaporation to dryness is
important. The optimum ratio is in the range of 0.7 to
0.9. Higher ratios appear to decrease the denitration
rate, and values around 0.6 or less result in plutonia
solids that will not resuspend in water after thermal
denitration.

As previously mentioned, the aggregated micelle
structure promotes rapid denitration during baking. For
example, a completely aggregated sol prepared by
double seeding will denitrate to a N03_/Pu mole ratio
of-0.3 in 15 min at 230°C, and the sol will denitrate
to its minimum value (N03"/Pu mole ratio = 0.18-
0.20) in 90 min. By comparison, the N03"/Pu ratio of
regular (unaggregated) APEX sol is still 0.4 after 4 hr of
baking at this temperature. Aggregated sols can also be
denitrated at lower temperatures. Minimum nitrate-to-
plutonium mole ratios were obtained in about 2 and 5
hr at baking temperatures of 210 and 195°C respec
tively. Unaggregated sol requires at least 24 hr of baking
time at 195°C, and it is doubtful that useful sol could
be prepared at all at this denitration rate.

One very important feature of obtaining large crystal-
Utes by this method and at these temperatures is that
the dried sols are quite insensitive to overheating. In
general, the sols can be baked at least twice as long as
required without adversely affecting the final sol
characteristics or changing the N03~/Pu mole ratio
significantly. This represents a significant processing

advantage as compared with the standard baking pro
cedure for unaggregated sols where baking time is
critical, since overbaking results in solids that will not
resuspend.

CUSP-APEX Mixed-Sol Stability Tests
and Microsphere-Forming Experiments

A series of tests was made with various products
prepared by the modified APEX process to evaluate the
effects of low-nitrate concentration and larger crystal
lite sizes on the stability of mixed U02-Pu02 sol. The
shelf life of mixed sol prepared from low-nitrate APEX
sol (N03"/Pu mole ratio = 0.2-0.4) and CUSP sol was
five to eight days at 25°C. This compares with a shelf
life of only 30 min for mixed sols prepared with regular
APEX sol (N03"/Pu ss 0.7). Because of the improved
shelf life, a series of mixed CUSP-APEX (low-nitrate)
microsphere-forming runs was made in which the sols
were not cooled to 5°C, as is required when regular
APEX sol is used. High yields (90-95%) of calcined
microspheres were consistently obtained in these ex
periments. Pure plutonia microspheres were also readily
prepared from low-nitrate APEX sols. This has not been
possible with high-nitrate plutonia sols, including reg
ular APEX sols, because of extensive cracking and
disintegration of the spheres during calcination.

Mixed-sol stability tests. The effects of APEX sol
characteristics on mixed U02-Pu02 sol shelf life is
shown in Table 7.4. When sols were baked at high
temperatures, they were evaporated to dryness slowly
at temperatures below 100°C. The dry solids were then
rapidly heated to the desired temperature, held at this
temperature for 30 min, removed from the heat, and
allowed to cool. Sols which were not dried were

concentrated to ~l M Pu02 by evaporation and

Table 7.4. Effects of APEX sol characteristics on mixed (U02-Pu02) sol shelf life

APEX sol

Preparation
Denitration

temperature

(°C)

N03 /Pu
mole ratio

Mixed U02-Pu02 sol
shelf life at 25°C

Regular APEX Not dried 0.71 30 min

Continuous extraction APEX Not dried 0.67 1 hr 50 min

Single seeding, continuous extraction -230 0.39 132hr(5V2days)
Double seeding, continuous extraction Not dried 0.64 lhr

Double seeding, continuous extraction -160 0.63 2 hr 30 min

Double seeding, continuous extraction -180 0.50 10 hr

Double seeding, continuous extraction -200 0.41 48 hr

Double seeding, continuous extraction -220 0.20 138 hr (5% days)
Seeding by multiple feed addition -230 0.19 192 hr (8 days)
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extracted three times with n-hexanol. Ten volumes of

w-hexanol were contacted with one volume of sol

during each extraction. This procedure was expected to
remove nearly all of the extractable HN03. Mixed-sol
stability tests were made by mixing sufficient Pu02 sol
with CUSP sol (which had been freshly contacted with
an equal volume of water-saturated n-hexanol) to
provide a total metal concentration of 0.95 M (80%
U02, 20% Pu02), and the sols were aged at 25°C until
gelation occurred.

There appears to be some advantage in preparing
high-nitrate APEX sol by continuous extraction instead
of by the regular procedure (which includes a digestion
step at 100°C) since the shelf life of the mixed sol is
increased. However, this improvement is minor com
pared with the improvement attainable with seeded
APEX sols that have been denitrated by baking at
~220°C.

It is significant that mixed-sol stability is comparable
for single- and double-seeding experiments even though
the N03~/Pu mole ratio is about twice as high, and the
crystallite size is smaller, for sol prepared by single
seeding. The data also demonstrate that there is no
particular advantage in preparing seeded sols unless they
are baked; however, it is interesting that a marked
improvement in mixed-sol stability occurs at relatively
low baking temperatures even though only partial
conversion to large crystallites occurred at temperatures
below 220°C. The excellent results obtained with sol

prepared by multiple feed addition is especially signifi
cant because it affords a simple method for preparing
this type of sol.

Microsphere forming. A series of laboratory tests was
made to demonstrate the formation of microspheres
from mixed U02-Pu02 sols prepared from low-nitrate
APEX sols. A number of mixed sols containing 80%
U02 and 20%Pu02 were prepared from two APEX sols
and two CUSP sols. Good calcined microspheres were
obtained in yields of 90 to 95% in eight consecutive
experiments from mixed sols prepared from one of the
CUSP sols (SCLHB-40) and either of the APEX sols;
however, we were unable to prepare acceptable micro
spheres from mixed sols prepared from the other CUSP
sol (SCSHB45).

The N03"/Pu mole ratios of the APEX sols were 0.19
and 0.20. All experimental conditions were the same as
those described last year,4 except that the sols were not
cooled but were kept at room temperature. The urania
sols were extracted with an equal volume of water-

4. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL4572, pp. 164-66.

saturated M-hexanol to remove extractable HCOOH just
prior to mixing the sols.

Two APEX sols were also used to prepare pure
plutonia microspheres. The N03~/Pu mole ratios were
also 0.19 and 0.20. High yields of calcined microspheres
were obtained in these experiments, and all products
were completely crack free. Surfactant concentrations
in the drying alcohol were the same as those used in the
mixed-sol experiments, namely, 0.15 vol % Span 80 and
0.40 vol % Pluronic L-92.

Mixed-Sol Compatibility Studies

Studies were continued in an effort to understand the

variables that affect the shelf life of mixed CUSP-APEX

sols and the mechanisms responsible for gelation. In
data reported last year,5 we demonstrated that mixed-
sol instability is a function of formic acid concentra
tion, and various tests indicated that the instability is
related to a redistribution of the nitrate and formate

anions when the urania and plutonia sols are mixed.
The initiating step appeared to involve a preferential
association of HCOO" (or HCOOH) withPu02 crystal-
Utes and a release of N03". During this report period, a
study of colloidal charge was initiated. The results
obtained correlate well with previous work and tend to
substantiate that anion redistribution and imbalance are

related to mixed-sol gelation.
The instrument used for this work is a Streaming

Current Detector manufactured by Waters Association,
Inc. The readout for the instrument is a microammeter

which is calibrated in arbitrary units. The exact

relationship between the readout and colloidal charge
or zeta potential is at present undetermined. However,
the charge sign and magnitude are indicated, and
changes in charge can be determined. Successful appli
cations of the instrument have involved the titration of

sols with charge-influencing materials. Titrations are
carried out in the same fashion as acid-base titrations in

that continuous readings are obtained while the charge-
influencing material is being added to the sol.

It was determined that each of the CUSP, APEX, and
mixed CUSP-APEX sols has a positive charge, and the
Streaming Current Detector was used in a series of
experiments in which APEX and CUSP sols were
titrated with HN03 or HCOOH. When HN03 was
added to either an APEX or a CUSP sol, a decrease in
charge was obtained. Similarly, a decrease was obtained
when CUSP sol was titrated with HCOOH. However, in

5. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL4572, pp. 158-64.
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contrast to this behavior, an increase was obtained
when APEX sol was titrated with HCOOH. It was

shown that these changes were caused primarily by the
HN03 or HCOOH added since simple dilution of the
sols with water results in a small increase in the

streaming-current reading.
Streaming-current readings were obtained for mixed

CUSP-APEX sol [80% UO2-20% Pu02] as a function
of time after mixing. The results of a typical experi
ment are given in Fig. 7.1. Immediately after mixing,
there is a rapid increase in streaming-current reading,
followed by a brief period during which the reading
decreases and then a final increase until the sol gels
(about 30 min after mixing). After gelation, there is
essentially no change in the reading. The change in

streaming-current reading is accompanied by a con
tinuous increase in apparent pH until the sol gels (Fig.
7.1, lower curve).

The increase in streaming-current reading when the
sols are first mixed again indicates that sorption of
HCOOH by Pu02 is the initiating reaction involved in
mixed-sol gelation, since an increase in reading was
obtained only when plutonia sol was titrated with
HCOOH. It was shown previously5 that the addition of
HCOOH to plutonia sol results in the release of nitrate;
however, since the apparent pH of the mixed sol
increases, it appears that nitrate is being sorbed by the
urania crystallites more rapidly than it is being released
from the plutonia.
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The shape of the Streaming Current Detector reading
curve is characteristic of mixed U02-Pu02 sols and
appears to reflect changes in sorption rates which result
from accompanying changes of anion concentrations in
the aqueous phase. After the initial rise in the Stream
ing Current Detector reading, the curve goes through a
minimum. This suggests that nitrate sorption by the
U02 component may be the predominant mechanism
for a short period of time. The subsequent increase in
the reading again reflects continued HCOOH sorption
by the Pu02. The continuous increase in the apparent
pH curve indicates that HN03 is being continuously
depleted from the aqueous phase of the sol until
gelation of the sol occurs.

If the indicated anion rearrangement occurs, sol
gelation could be expected from at least two mecha
nisms. The plutonia component could gel, since it has
been demonstrated that the addition of HCOOH to

APEX sol, followed by extraction of HN03 from the
aqueous phase, results in sol gelation.6 (In the mixed
sol, the HN03 is apparently removed by sorption on
the urania crystallites.) Similarly, the urania component
could gel due to an anion deficiency or HCOOH
depletion since previously obtained data indicate that
Pu02 can sorb more than twice as much HCOO" as
N03" and that CUSP sol will gel as a result of extracting
excessive amounts of HCOOH.7 If the plutonia com
ponent in a mixed (20% PuO2-80% U02) sol sorbed
the maximum possible amount of HCOOH, the anion-
to-urania mole ratio would be decreased from~0.55 to

<0.37.

Several techniques have been evaluated to analyze
streaming-current data obtained by titrating Pu02 sols
with HN03. The relationships found are of interest
because they indicate that there is an equilibrium
between nitrate in the aqueous phase and nitrate sorbed
on plutonia crystallites and that the equUibrium is a
function of the total nitrate concentration. Based on

one interpretation of the data, it appears that it should
be possible to determine nitrate distribution and equi
librium constants; however, since the exact relationship
between Streaming Current Detector readout and col
loidal charge is not known, the validity of a given
interpretation is difficult to substantiate. Conductivity
and pH studies were also made as an aid in the
interpretation of streaming-current data. Several experi-

6. LMFBR Fuel CycleStudiesProgress Reportfor May1970,
No. 15, ORNL-TM-3018, pp. 38-39.

7. LMFBR Fuel Cycle Studies Progress Report for August
1969, No. 5, ORNL-TM-2671, pp. 65-66.

mental techniques were evaluated, and the results ob
tained indicate that conductometric titrations of Pu02
sols may be particularly useful.

The analysis of conductometric titration data and
their correlation with streaming-current data has not
been completed, but it is significant that this work also
indicates a nitrate equilibrium which can be plotted in
the form of linear Langmuir adsorption isotherms. A
preliminary interpretation of the titration curves ob
tained indicates that this technique can be used to
determine the HN03 concentration in Pu02 sols and
the equilibrium between N03~ in the aqueous phase and
N03~ sorbed on the plutonia.

7.3 MICROSPHERE-FORMING STUDIES

The optimum conditions for forming a sol into gel
microspheres change in a complex manner as the
properties of the sol vary. When a sol with specified
properties is formed into gel spheres, the composition
of the organic drying medium is the principal operating
variable. The successful continuous operation of a
sphere-forming column require^ that the alcohol com
position be controlled within satisfactory ranges. This is
largely empirical and requires demonstration in three
stages: (1) satisfactory initial operation, (2) control of
surfactant depletion, and (3) control of excessive
accumulations of surfactant degradation products or
impurities. Tests to develop and demonstrate these
stages were continued for the U02 sols prepared by the
CUSP process. Investigations involving the first stage
were made primarily in small laboratory columns.
Large-column studies were primarily concerned with
investigations of the second and third stages.

The formation of a good sphere requires that the sol
drop be suspended until enough water is extracted to
cause gelation. Nearly all of our successful operations
with CUSP U02 sols have been with 2-ethyl-l-hexanol
(2EH) containing Span 80 and Ethomeen S/15 as
surfactants. The- times required for gelation can be
calculated from mass transfer considerations (see Sect.
6.3). For CUSP sols, from 4 to 40 min is required to
form gel spheres that wul calcine to high-density U02
spheres 200 /i in diameter, and from 10 to 100 min is
required to form gel spheres that will calcine to
500-/x-diam U02 spheres. The principal variables
affecting the gelation time for a givensol are the sphere
diameter, temperature of the 2EH, and water content
of the 2EH. The higher 2EH temperatures greatly
reduce the gelation times and often improve the surface
appearance of the gel spheres but may increase the
amount of clustering or cracking.
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Of the four principal operating problems discussed
previously,8 the two most troublesome ones for prepa
ration of U02 spheres from CUSP sols are:

1. Increasing amounts of sticking, clustering, or coales
cence as column operation is continued, owing to a
combination of loss of Span 80, extraction of formic
acid from the U02 sol into the 2EH, and accumu
lation of surfactant degradation products.

2. Excessive cracking during drying and firing, even
though the cracking is not noticeable in the gel. This
cracking is dependent upon the size of the micro
spheres produced and does not present any signifi
cant problem in the production of U02 spheres 250
ju or less in diameter.

Cracking of the spheres can be due to a number of
causes, and interactions between two or more causes
can give confusing results. Principal factors that we have
found to favor cracking include:

1. large particle diameters;

2. high surfactant concentrations in the 2EH;

3. high rates of water extraction resulting from the use
of dry 2EH or high temperatures in the sphere-
forming column;

4. oxidized, thixotropic, aged, or otherwise inferior
sols;

5. formation and subsequent breakup of clusters of sol
or gel particles in the forming column;

6. excessive oxidation or thermal shocks during drying
and firing of the gel microspheres;

7. incomplete extraction of H20 due to inadequate
time of fluidization in the forming column;

8. excessive impurities in the 2EH, such as degradation
products.

The size of the microspheres is generally specified as a
product requirement, but the other factors can be
varied within limits to optimize the production of
high-quality product. Surfactant concentrations are
limited to those which will satisfactorily control the
sticking-clustering-coalescence problems.

Small-Column Studies

Laboratory-scale studies of microsphere forming in
small columns were continued. Several factorial experi
ments, in which a limited number of variables were

8. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL4572, pp. 166-68.

examined in all possible combinations, were completed.
Experiments involving other variables individually were
also carried out, and these investigations demonstrated
benefits derived from higher column operating tempera
ture and longer holding times in the column.

Factorial experiments have been used in order to
obtain systematic coverage over a given set of variables
once the approximate ranges have been established.
Data from the factorial experiments are readily ame
nable to statistical evaluation and can be used to

determine the presence of cross effects (interactions
between variables). The first factorial experiment was
carried out under the Thorium Fuel Cycle Program and
was performed with Th02-U03 sols.9'10 The second
factorial experiment pertained to both the thorium and
the uranium fuel cycles and involved Th02 and
Th02-U03 sols and included a partial coverage of a
CUSP urania sol. The early results have been reported
elsewhere,1' and a full report will be available soon;12
therefore, only a brief summary is given here. Concen
trations of four components in the 2EH were investi
gated, three of them at two levels and the fourth at
three levels:

Ethomeen S/15 concentration
HN03 concentration
H20 concentration
Span 80 concentration

0.05 and 0.5 vol %

0.001 and 0.01 M

0.5 and 1.7 vol %

0, 0.05, and 0.5 vol <

Used in all possible combinations, this gives a total of
24 different compositions (23 X 31). The uranium-
containing sols produced deformed or cracked micro
spheres to a far greater extent than did the thoria sol.
For Th02 -U03 sols, the best results were obtained with
a low Ethomeen S/15 content, complete exclusion of
Span 80, and within a pH range of about 3 to 4 (0.001
M HN03); the two water content levels were equally
satisfactory. For the U02 sol, some Span 80 was
necessary to prevent clustering, and the undesirable side
effects of the Span 80 relative to sphere deformation
were counteracted by Ethomeen S/15. Statistically,

9. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1969,
ORNL-4422, pp. 192-97.

10. K. J. Notz and A. B. Meservey, Microsphere Forming
Conditions for Th02-U03 Sols: A Factorial Experiment,
ORNL-TM-2516 (August 1969).

11. R. G. Wymer and A. L. Lotts, StatusandProgress Report
for Thorium Fuel Cycle Development for January 1, 1969
through March 31, 1970, ORNL-4629, pp. 43-49 (February
1971).

12. Albert B. Meservey and Karl J. Notz, Conditions for the
Formation of Sol-Gel Microspheres: Further Factorial Experi
ments on Th02-U03, Th02, and U02 Sols, ORNL-TM-2957
(February 1971).
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significant primary effects were found for Span 80,
Ethomeen S/15, and HN03. First-order cross effects
(two factors) were found for Span 80-Ethomeen S/15,
Span 80-HNO3, and Ethomeen S/15-HN03.

It was established in several factorial experiments that
microspheres can be formed from CUSP U02 sols in
2EH which has a pH within the range of 2 to 6, a
temperature of 30 to 55°C, and contains ~0.3 vol %
Span 80 to prevent clustering, ~0.1 vol % Ethomeen
S/15 to smooth the surfaces and prevent distortions
caused by Span 80, and 0.5 to 1.5 vol % H20.
Experimental changes in sol manufacturing methods
resulted in changes in microsphere appearance and
behavior. Raising the temperature of the 2EH to 55°C
greatly increased production rates, without damage, by
shortening the drying time required in the column. The
higher temperature also eliminated Span-caused pits at
low pH, thus making the pH dependence less critical.
Urania microspheres formed at 55°C were fired success
fully to 1200°C.

An important cause of cracking in unfired U02
microspheres and of cracking in the early stage of firing
was found to be inadequate residence time in the
forming column. This resulted in residual moisture in
the gel and made it susceptible to rapid oxidation on
slight exposure to air. Oxidation and cracking did not
occur when the gel spheres were more thoroughly dried
in the column, either by longer residence times or by
higher column temperatures. Cracking also occurred
when the gel microspheres from the sphere-forming
column were dried too rapidly in argon. This type of
cracking was a gel-layer breakage along a toroidal path,
as described earlier for Th02 -U03 sols.1 °

By saturating the 2EH with air, smooth-surfaced U02
microspheres were produced from some sols which
normally yielded badly chipped microsphere surfaces.
This was accomplished by bubbling air through the
recirculating stream of 2EH in a vessel remote from the
forming column and returning the air-saturated but
bubble-free 2EH to the forming column. Enough
oxygen was thus present in the 2EH (at 55°C) to
produce a chip-resistant gel coating but not enough to
penetrate the spheres and cause them to crack. These
microspheres were successfully fired without breakage.

The shelf life of U02 sols can be greatly increased by
storing them at a low temperature (e.g., 3°C), and it
was demonstrated in a controUed set of experiments
that storage in this fashion had no effect on sphere-
forming properties.

Alcohol Recycle and Large-ColumnStudies

The large-column studies of the formation of micro
spheres from CUSP U02 sols have been concerned

primarily with development and testing of procedures
for treating the 2EH so it may be continuously reused.
At the beginning of most of these tests, the 2EH was
adjusted to contain 0.3 or 0.4 vol %Span 80, 0.1 vol %
Ethomeen S/15, and about 1.2 vol % water. New 2EH
containing these amounts of additives gave good
U02 gel spheres when the pH of the 2EH was in the
range from 3 to 5.7 and for 2EH temperatures up to
55°C. However, gel spheres large enough to produce
high-density U02 spheres with diameters of 550 n are
difficult to dry and fire without cracking. If 2EH from
the sphere-forming column is treated only by distilla
tion to remove the water, it can be recycled only a
short time because of the following changes in compo
sition:

1. buildup of formic acid in the 2EH by extraction
from the U02 sol, which results in coalescence,
clustering, and sticking;

2. loss of Span 80 and Ethomeen S/15 by reactions
with nitrate in the still;

3. accumulation of surfactant degradation products,
which contribute to cracking problems and to
increased coalescence, clustering, and sticking.

It has been found that formic acid and nitric acid can

be removed from 2EH by ion exchange. During the
large-column studies with CUSP sols, 2EH from the
forming column was passed through a column of ion
exchange resin before it was distiUed to remove water.
This technique prevents the accumulation of excessive
amounts of formic acid in the 2EH and eliminates the

degradation of Ethomeen S/15 which takes place if
nitric acid is aUowed to remain in the 2EH during
distillation. Continuous recycle of 2EH for more than
100 hr was demonstrated without difficulty from
accumulations of formic acid or from loss of Ethomeen

S/15. Unfortunately, Span 80 is lost during this
treatment, probably by hydrolysis in the ion exchange
column. Periodic additions can be made to replace the
Span 80, but its degradation products accumulate in the
2EH. We now plan to limit the accumulation of Span
80 degradation products to tolerable levels by contin
uously bleeding off a small stream of the 2EH and
replacing it with purified 2EH containing the appro
priate amounts of surfactants. For each volume of sol
feed, it is necessary to circulate about 100 volumes of
2EH through the ion exchange—distiUation loop in
order to control the water concentration in the 2EH,
but we expect that a much lower rate of continuous
replacement of 2EH is required to control the concen
trations of. surfactants and surfactant degradation
products. However, the waste stream will be large
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enough to warrant recovery and purification of 2EH for
reuse.

Distillation is being considered for purifying waste
2EH so it may be recycled to the sphere-forming
column. When waste 2EH is distilled at temperatures
ranging from 100 to 180°C (depending upon the water
content), both the 2EH and water can be recovered in
the distillate while the surfactants and many of the
degradation products remain in the still bottoms. By
means of the azeotropic distiUation method normaUy
used, water can then be removed from the 2EH. It has
been shown that 2EH recovered by this method
contains essentially no surface-active materials. How
ever, analyses by gas chromatography show that the
recovered 2EH is only 99.4% pure compared to 99.93%
purity for the 2EH as received from the manufacturer.
This amount of impurity is comparable to, or larger
than, the amounts of surfactants which we add. Thus, it
may have an important effect on sphere forming. The
boiling point of the impurity is somewhat lower than
the boiling point of 2EH, and experiments are in
progress to remove the impurity by further distillation.
Some of the 2EH recovered by this double distillation
method was used to form spheres from CUSP sols.
Column operation was satisfactory, and good gel
spheres were formed. These spheres cracked when they
were fired, but this is not necessarily an indication that
the purified 2EH was unsatisfactory since comparable
samples prepared with new 2EH also showed excessive
cracking. Continued development is required to perfect
the distillation method of purification and to test the
quality of the purified 2EH.

Urania spheres have been prepared from about a
hundred different CUSP sols. We have been able to

correlate the behavior of gel-sphere formation with
changes in the method of sol preparation and with sol
properties. However, drying and firing procedures have
not been sufficiently controllable or reproducible to
correlate sphere cracking with sol preparation methods
and properties. The standard CUSPprocess consistently
forms reproducible sols, so that the variations from sol
to sol do not appreciably affect the sphere-forming
behavior. If the sol viscosity, conductivity, U(IV)/U
ratio, and the amount of entrained organic material, or
crud, are within normal ranges, sphere-forming behavior
is almost always normal. Difficulties are usually en
countered with thixotropic sols; therefore, sols should
have sufficiently long shelf lives to remain fluid until
they are formed into spheres. Sols with large amounts
of entrained organic material, or crud, high or low
conductivities, or low U(IV)/U ratios almost always
caused difficulties in sphere forming; thus these varia
tions in sol properties should be avoided.

Preparation of Microspheres in
Nonfluidized-Bed Columns

Fewer problems are usually encountered if gel spheres
are not fluidized in the forming column. Coalescence,
sticking, and clustering are much less troublesome,
owing to the much lower particle concentrations and
the absence of particle-to-particle interactions. How
ever, the nonfluidized operation is only practical for
smaller spheres, and small spheres are generally less
prone to cracking.

Urania spheres up to 200 /x in diameter were formed
in nonfluidized columns, as described in Sect. 6.3. The
maximum practical diameter of spheres that can be
formed in the 28-ft-high column from 1 M U02 sol
increases from about 145 ju if the 2EH temperature is
25°C to 200 li if the temperature is 70°C (Fig. 6.5).
Satisfactory operation was maintained by using
Ethomeen S/15 as the only surfactant and by using ion
exchange to remove formic and nitric acids, followed by
distillation to remove H20 from the 2EH. The non
fluidized columns are much simpler to operate than the
fluidized-bed column and are therefore preferred if the
allowable column height is adequate for the sphere size
required.

Formation of Microspheres from Sols Containing Pu02

Approximately 7 kg of dense microspheres of plu
tonium and plutonia-urania were formed in the alpha
facility located in Building 3019. Plutonia sol or blends
of plutonia sol with urania sols served as feed material.
The sphere-forming column had a %-in.-diam throat, a
taper of 1:18, and was equipped with a sol feed system
having a capacity of 1 cc/min. A sidestream of the 2EH
used in the sphere-forming column was sent through an
electrically heated still to remove H20. The pH,
temperature, and water content of the recirculating
2EH were continuously monitored. The pH of the 2EH
was controlled by periodic additions of dilute HN03,
and the moisture content was controlled by regulating
the stiU pot temperature. Surfactants (~5% solutions in
2EH) were added to the recirculating 2EH as required
to control coalescence or clustering of the partially
dried sol droplets and gel beads.

Trouble-free operation of the forming operation and
high yields of good-quality spheres were routinely
achieved with Pu02 sols formed at 40 to 45°C in 2EH
containing0.2 to 0.3 vol %Ethomeen S/15, 0 to 0.5 vol
% Span 80, and 0.5 to 1.5 vol %H20. After drying and
firing to 1200°C, these microspheres were lustrous and
free of surface cracks and irregularities.
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When Pu02-U02 mixed-sol feeds were formed into
spheres, coalescence, clustering, and sticking to the
column walls were always encountered to some degree.
It is difficult to isolate and assign the sources of these
problems to either the sol mixture or the 2EH. The
U02 sols were generally contacted with n-hexanol to
remove the extractable formic acid before mixing with
Pu02 sols. When U02 sol prepared by the precipita
tion-peptization method was blended with Pu02 sol to
obtain mixed sols with Pu/(Pu + U) ratios of 0.20 or
0.25, we were able to form acceptable microspheres in
about 80% yield. The initial conditions for forming
spheres >100 u in diameter were as follows:

2EH temperature to the column 40-42°C
Ethomeen S/15 concentration in 2EH 0.2 vol %
Span 80 concentration in 2EH 0.4 vol %
H20 concentration in 2EH 1.0 vol %
pH of 2EH 3 to 5

Stillpot temperature 145°C
Average retention time of spheres in column 45 min

Spheres less than 44 m in diameter were formed at
similar conditions, except that the 2EH temperature
was 55°C and the 2EH contained 0.5 vol % H20. In
order to produce satisfactory microspheres over an
extended period of time, it was necessary to make
periodic additions of Ethomeen S/15 and Span 80 and
to occasionally lower the pH of the 2EH by the
addition of dilute nitric acid. When the cumulative

additions reached 0.4 vol % Ethomeen S/15 or 2 vol %
Span 80, further additions resulted in the production of
malformed (dimpled and nonspherical) gel beads. A
batch of 2EH could be used about 100 hr before this

occurred. The 2EH at this time was a dark yellowish-
brown. It was also found that the surface quality of the
microspheres became poorer as the 2EH was used for
longer periods of time. Initially, the microspheres
produced had very glossy surfaces, and there was little
cracked material in the product; the surface quality
varied as the surfactant adjustments were made. When
the moisture content was increased to about 1.5 vol %,
larger increments of surfactants (mainly Span 80) were
required to control clustering, but more lustrous gel
beads were obtained.

Evidence of cracking in some of the gel spheres was
almost always detectable. When the gel beads were
steam dried, the cracks were widened; during the firing
step, the cracks appeared to deepen. Despite the
presence of the cracked microspheres, the composite
fraction could be packed (tapped) to a density of 6.5
g/cc, which indicates that the density of the spheres is
about 95% of theoretical density.

7.4 PREPARATION OF U02-Pu02 MATERIALS

Preparation of sol-gel materials for use in the LMFBR
fuel cycle program is reported here. This includes the
preparation of materials for irradiation capsules and
development of fuel fabrication techniques such as
Sphere-Pac or peUet formation. Some material prepared
for other programs is also discussed here since the
preparation methods are the same as those developed
for the uranium fuel cycle.

Preparation of Plutonia Sols

Approximately 7 kg of plutonium was converted into
Pu02 sol by a slightly modified version of the standard
precipitation-peptization-baking process.13 The modi
fications consisted in increasing the plutonium nitrate
concentration in the feed solution and the NH4OH
concentration in the solution used to precipitate the
plutoniumhydroxide. Thesemodifications permitted us
to increase the batch size to 225 g of Pu (from 150 g)
without any noticeable effect on the properties of the
sol product.

All of the sols were stable and of high quality. They
were used in the preparation of Pu02 and (UJ?u)02
microspheres and in the preparation of (UJ,u)02
powder which was pressed into pellets.

Preparation of Urania Sols

Thirty-three urania sols (each containing ~300 g of
U) were prepared by the standard precipitation-
peptization process;14 31 of these were prepared from
93% enriched uranium, and the other 2 were made from
natural uranium. These sols were used in the prepara
tion of U02 and (UJ?u)02 microspheres and in the
preparation of (UJ?u)02 powder which was pressed
into peUets.

Preparation of Microspheres

During this report period, we prepared about 7 kg of
high-density Pu02 and (U,Pu)02 microspheres. Stand
ard sphere-forming techniques were used (see Sect. 7.3).
The gel microspheres were dried in a stream of
argon-steam up to 170°C and were then fired to
1200°C in a controlled atmosphere. The atmosphere

13. J. P. McBride, Laboratory Studies ofSol-GelProcesses at
the Oak Ridge National Laboratory, ORNL-TM-1980, pp.
51-53 (September 1967).

14. J. P. McBride, Laboratory Studies ofSol-GelProcesses at
the Oak Ridge National Laboratory, ORNL-TM-1980, pp.
29-28 (September 1967).
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maintained in the furnace was argon when pure Pu02
was fired. When Pu02-U02 microspheres were fired,
the atmosphere was argon-steam up to 500°C and then
argon-4% H2 up to 1200°C. In all cases, the atmos
phere was changed to pure argon as the material was
cooled from 1200°C to room temperature. Fired
products were sieved to select material of the desired
size and were passed over a shape separator (Round-
ometer) to remove distorted or cracked spheres.

About 2.5 kg of (UJJu)02 microspheres were pre
pared for use by Argonne National Laboratory. The
material was made from 93% enriched uranium and had

a Pu-to-(Pu + U) ratio of 0.25. Since the microspheres
were intended for use in preparing irradiation specimens
by the Sphere-Pac process, about one-third of the
material was <44-jU-diam microspheres and the rest was
350- to 595-/i-diam microspheres.

About 550 g of (UJ>u)02 microspheres were prepared
for use by the Metals and Ceramics Division in the
investigation of the U-Fines method for fuel fabrica
tion. This material was made from natural uranium and

had a Pu-to-(Pu + U) ratio of 0.27. Only large micro
spheres (400 to 595 u in diameter) were prepared since
the <44-/i-diam microspheres used were pure U02.

About 4 kg of the plutonium that was formed into sol
had a special isotopic content,~23%240Pu and ~3.5%
24 ^u. This material was formed into high-density
Pu02 microspheres (~200 Min diameter), coated with
pyrolytic carbon by the Metals and Ceramics Division,
and sent to Pacific Northwest Laboratory for use in the
High Temperature Lattice Test Reactor. Despite the
high level of gamma activity associated with this
material, none of the personnel preparing this material
received overexposures.



8. Conversion Studies in the LMFBR Fuel Cycle

8.1 TECHNICAL AND ECONOMIC EVALUATION

An analysis is being made of the interrelations of
LMFBR fuel conversion processes with the fuel reproc
essing and refabrication processes. Although the study
is still in progress, it is apparent that geographical
relations are important. The situation in which the
reprocessor and the refabricator are located at the same
site is very different from the situation in which the
reprocessor and refabricator are separated by hundreds
of miles. In the former situation the important question
of whether to ship liquid or solid forms of plutonium
does not arise. In the latter situation it becomes a

matter of considerable importance, both from the point
of view of safety and of cost. In addition, if soUd forms
of plutonium are to be shipped, it appears superficially
that the reprocessor should ship a solid which can be
used directly in fuel fabrication; however, a detailed
economic analysis may show that a very simple solids
conversion process at the reprocessing plant, followed
by a conversion process at the refabrication plant to
make the desired pelletizable material, is better.

Considerations such as the above are being made as
part of the overall analysis of this complex group of
factors. It is hoped that this analysis will provide a basis
for future experimental work. A report on this work is
in preparation.

8.2 CONVERSION BY HOMOGENEOUS

REDUCTION

The chemical reduction of metal nitrates in pres
surized solutions is a possible improved process for
converting uranyl and plutonium nitrates into U02-
Pu02 powders suitable for use in making pellet fuels.
Studies have been made to demonstrate the feasibility
of chemical reduction at elevated temperatures and
pressures to produce uranium dioxide from uranyl
solution in a single process step. When a uranyl nitrate
solution containing ethylene glycol was reacted at
260°C, >99.9% of the uranium precipitated. The

uranium oxide powder produced by filtering this
precipitate and drying it at 200°C in argon contained
0.62 wt % carbon, was 90% U(IV), and had a specific
surface area of 5.51 m2/g. With the proper choice of
reductants (such as alcohols, ethylene glycol, sugars,or
hydrazine), the uranium is reduced to the tetravalent
state, and, at the same time, the nitrate is reduced, with
the resultant formation of water, carbon dioxide,
nitrogen, and nitrogen oxides.

Tests are planned, but have not yet been made, with
plutonium nitrate solutions; however, this technique
offers the promise of a process in which the problems
normally encountered with plutonium polymer, gelati
nous precipitates, and U-Pu valence incompatibility
may be eUminated. Tests with cerium as a chemical
stand-in for plutonium have given promising product
properties (Table 8.1).

In addition to chemical analyses, x-ray analyses were
performed on the reduction products. Table 8.2 shows
results of x-ray analyses of five oxide products selected
as representative of the results that are obtained when
the feed is uranyl nitrate, uranyl nitrate—cerium(IV)
nitrate, or uranyl nitrate-thorium nitrate.

Results with Semicontinuous Equipment

A system that allows continuous feed introduction
and control of temperature and pressure has been
developed. The product is removed batchwise. A
series of experiments was carried out using uranyl
nitrate or uranyl nitrate mixed with cerium or thorium
nitrate as feed. The principal variables studied were
chemical reductant and temperature. Properties of the
product oxide and the completeness of nitrate reduc
tion were about the same with this equipment as with
similar experiments carried out in an autoclave.

Ethylene glycol, ethyl alcohol, and hydrazine were
employed as reductants. When ethylene glycol and
ethyl alcohol were used, pressures of 250 psig were
required to satisfactorily precipitate uranium and ceri
um oxide mixtures. Hydrazine was found to be a more

160
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Table 8.1. Analyses of homogeneous reduction-precipitation products

Feed solution:" 0.6MUO22+, 0.15 MCe4*, 2.1 A/N03~
Run conditions: 2 to 3 hr at 250 to 264°C

compound

Moles

Product solution
Precipitate dried to 225 or 250°C in Ar

Reducing

Name
U

(g/g PPt)

Ce

(g/g PPt)

U(IV)/U
ratio

Surface

area

(m2/g)

Bulk

density

(g/cc)
PH

Percent of

feedU

Percent of

feed Ce

C

(g/g PPt)

Ethanol

n-Propanol
Ethylene glycol
Hydrazine

6.4

5.7

5.2

4.6

4.88

4.18

5.96

8.82

0.1

0.4

0.01

0.3

~0

0.1

~0

0

0.705

0.698

0.693

0.733

0.102

0.108

0.102

0.090a

0.61

0.52

0.96

0.48

16.3

4.33

12.4

24.3

1.26

1.72

1.69

1.41

0.0115

0.0055

0.0178

0

"Feed was 0.123 M Ce for run with hydrazine.

Table 8.2. Results of x-ray analyses of selected products

Sample
No.

A130

A135

PAR-7

PAR-17

PAR-18

Metals in

nitrate feed

U

U-Ce

U-Ce

U-Th

U-Th

Oxygen/
metal

mole ratio

2.61

2.30

2.36

.33)

.26]

Found by examination of
characteristic x-ray lines

Primarily U3Og

Probably U02-Ce02 solid
solution

Both U02 and Ce02 present

Both primarily U02, but
lattice is shifted and

smaller than U02 lattice

Table 8.3. Properties of oxide powder samples

Firing conditions: Samples analyzed after drying and firing to varying temperatures
of 200°C to 400°C; all samples refired to 460°C for 3hr

Run conditions Powder analyses before refiring at 460 C

Sample Composition of Surface Cerium or thorium
No." feed (mole %) Reducing agent ^tVl™ •«» to metal6

mole ratioU Ce Th
mole ratio (m2/g)

PAR-13 100 0 0 Hydrazine 2.44 23.1
PAR-7 80 20 0 Hydrazine 2.36 28.2
A135 80 20 0 Ethylene glycol 2.30 41.1
PAR-18 80 0 20 Hydrazine 2.33 42.7
PAR-17 80 0 20 Ethylene glycol 2.33 48.9

0.209

0.214

0.221

"Sample A135 from batch autoclave run; PAR samples from semicontinuous runs.
^Uranium pluscerium or thorium.

C

(wt 9

0.036

0.43

0.054

0.34
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effective reductant and yielded a product with less
tendency to cake in this equipment than in the
autoclave operated at temperatures of both 150 and
210°C.

Temperatures ranged from about 100 to 210°C; most
runs were made at 160 or 205°C.

Equipment will be installed in an alpha-contained
glove box to allow preparation of Pu02 or U02 -Pu02
powders from nitrate solutions by pressurized aqueous
reduction. With this new glove box, preliminary testing
without plutonium can be done outside a high-alpha-
level area.

Evaluation of Products

Six oxide samples (one U02, two U02-CeOj,., and
three U02-Th02 samples) were fabricated into pellets,
and the pellet characteristics were determined to
provide a direct comparison of the six powders and to
obtain an early evaluation of their suitabiUty for use in
making peUet fuels. We do not intend to optimize the
pellet fabrication procedures for any of the powders at
this stage of the study. Although the results of
pelletizing tests are not complete, the densities of the
pellets after being fired to 1650°C in H2 indicate that
the oxides prepared with hydrazine have much more
desirable sintering characteristics than those prepared
using ethylene glycol.

The U02 and U02-CeOx products prepared by
hydrazine reduction sintered as well as a reference, or
standard, U02 powder (i.e., 94 to 95% of theoretical
density for pellets prepared at 10,000 and 15,000 psi
pressures). The U02-Th02 powder prepared by hydra
zine reduction and peUetized at 10,000 to 15,000 psi
sintered to 87 to 89% of theoretical density.

The U02-CeOx and U02-Th02 powders prepared
with ethylene glycol sintered to 61—64 and 74-78% of
theoretical density respectively. A U02 powder pre
pared using ethylene glycol reduction sintered to 69%
of theoretical density during a previous sinterabiUty test
with similar, but not identical, conditions.

Table 8.3 lists some of the properties of the oxide
samples studied, and Table 8.4 gives some of the pellet
pressing results obtained with them. Overall, the han
dling properties and behavior of the powder and the
final appearance of the pellets were acceptable. Unless
some unexpected negative results are obtained from the
remaining determinations (microstructure, O/U ratios,
crystal lattice parameters), the prospects for preparing
usable U02-Pu02 or Pu02 products are very good.

Table 8.4. Densities of fired pellets examined in the study
made to evaluate homogeneous reduction products"

Sample
No.

Source

Pelletizing
pressure

(103 psi)

Pellet density
(%of theoretical)6

1650°C 1750°C
firing firing

215 Reference 7 93.5 94.5

ceramic-grade 92.0 94.3

U02 92.9

10 94.2

94.3

94.7

95.8

95.9

15 95.1

94.9

94.9

96.3

96.0

PARI 3 U02, using 7 91.9 91.6

hydrazine 91.2

91.7

92.2

10 93.8

93.3

93.4

94.1

93.7

15 94.0

93.4

94.5

94.5

94.9

PAR-7 U02-CeOJC, using 7 94.1 94.4

hydrazine 94.2

94.2

94.6

10 93.4

94.8

95.0

95.0

94.8

15 95.0

94.9

94.5

95.5

95.4

PAR-18 U02-Th02, using 7 85.2 87.0

hydrazine 10 87.3 89.6

15 89.7 91.5

A135 U02-CeO;e, using 7 60.7 64.9

ethylene glycol 10 61.5 65.3

15 63.6 67.3

PAR-17 U02-Th02, using 7 71.4 75.3

ethylene glycol 10 74.6 78.5

15 78.5 82.6

"Personal communication with R. A. Potter, ORNL, March
1971.

6A11 tests with three pellets at 1650°C and two at 1750°C;
single values are averages.



9. Preparation of 233U02 for Light-Water Breeder Reactors

ORNL participation in the Light Water Breeder
Reactor (LWBR) Program, under contract with Bettis
Atomic Power Laboratory (BAPL), involves (1) the
receipt and storage of approximately 750 kg of 233U
(475 kg as UNH and 275 kg as U02), (2) the
purification of this material in small batches (~20 kg of
233U per week) to remove 232U daughters, (3) the
conversion of the UNH to ceramic-grade U02 powder
at the rate of about 20 kg of 233U per week, (4) the
packaging and shipping of the U02 to BAPL for
blending with thoria and pressing into pellets, and (5)
the recovery of 233U from the 233U02 scrapgenerated
at ORNL and the 233U02-Th02 scrap generated at
BAPL.

During the past year, additional storage facilities,
which were described previously,1 were constructed,
and all the feed material (750 kg of 23 3U)was received
and stored. A dissolver capable of dissolving 50 kg of
Th02-U02 in a 12-hr cycle was constructed and is
presently being installed in the processing cell. Modi
fications to the existing solvent extraction purification
equipment and installation of an ion exchange system
wul be completed in the early part of April 1971.
Construction of the oxide conversion equipment will be
completed by July 1, 1971. The facility is scheduled to
begin qualifying runs in July 1971, and production wUl
begin in December 1971.

9.1 PROCESS DEVELOPMENT AND FLOWSHEETS

Process development work consisted primarily in (1)
determining the optimum conditions for dissolving
sintered Th02 -U02 scrap from BAPL; (2) developing a
solvent extraction flowsheet for purification of this
scrap, which wUl have a U02 content varying from
1.0% to 6.0% U02; (3) providing a thorium removal
system capable of reducing the thorium concentration
in the U02 product to less than 500 ppm; and (4)

1. Chem Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, pp. 174-75.

developing the chemical flowsheet and testing the
equipment that will convert the nitrate solution to a
ceramic-grade U02 powder having the desired charac
teristics to permit uniform blending with the Th02
powder and pressing into high-density homogeneous
pellets.

Suitable dissolution rates (~50 kg of U02-Th02 in 12
hr) for high-fired pellets were obtained in laboratory-
scale equipment by first crushing the pellets and
dissolving in 13.6 M HN03 that was 0.04 M in F" and
0.1 M in A1(N03)3, maintaining a 100%heel (e.g., 100
kg of U02-Th02 was charged, but only 50 kg was
dissolved).

A solvent extraction flowsheet similar to that used to

purify 233U for the Kilorod Program2 will be used to
recover 233U from the dissolved 233U02-Th02 scrap
pellets from BAPL and to remove ionic impurities from
feed material that does not meet specifications and thus
cannot be fed directly to the thorium removal system.
However, the di-sec-butyl phenylphosphonate concen
tration will be 5.0 vol %, which wUl increase the plant
throughput by a factor of about 3. The flow ratios to
the columns will depend upon the uranium/thorium
ratio in the feed solutions.

The thorium removal process, described previously,1
was modified slightly during the past year. The ion
exchange resin, Dowex 50W-X12, is now contained in
two separate columns; the first contains 2 liters of resin,
and the second contains 3 liters. The first column is

equipped with a monitor that will precisely locate the
thorium band on the column, thereby ensuring that
thorium will not be present in the second column. The
second column is used primarily to remove 224Ra.The
direction of flow through the first column is up during
loading and down during elution as a further attempt to
keep the thorium from breaking through to the second
column. Our finalized chemical flowsheet is shown in

Fig. 9.1. The fabricated system (see Sect. 9.2) was

2. R. H. Rainey, Recovery of 233 Uforthe Kilorod Program,
ORNL-TM-403, p. 19 (September 1962).
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STREAM-VOLUME
I- 4 L

5- 24 L
7- 36 L
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ORNL DWG NO. 70-I24I5R!
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© 4 L
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4.9 N HNO3
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DOWEX 50W

12% X-LINKED

TX+
"
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180 LITERS

© 175 L
© 5L

16.16 Kg U

89.8 g U/L

Fig. 9.1. Chemical flowsheet for thorium removal.

tested prior to installation in the cell and gave satisfac
tory results during hydraulic operation. Several test
runs with 233U wUl be made during the next two
months.

Flowsheet development work on the operating pa
rameters for converting nitrate solution to a ceramic-
grade U02 powder dictated that several alterations be
made in our previous flowsheet.J This work,performed
by the Metals and Ceramics Division, resulted in the
following changes:

1. Precipitation is carried out at 60°C rather than at

room temperature, in order to control the particle
size of the precipitate.

2. The ammonium diuranate powder is heated to
500°C in argon before being exposed to hydrogen;
this wul reduce the surface area of the calcined

powder to the desired value of 6 m2 /g.

3. The calcined powder is stabUizedat a temperature of
25°C rather than at 10°C, as originally planned,
since the lower temperature is not essential.

4. Grinding and sizing are performed after instead of
before stabUization.
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to the process, for collecting and metering the super-
nate obtained by centrifuging, and for collecting aU
washdown solutions from the other enclosures. This

enclosure and its associated equipment have been
fabricated. The piping is scheduled for completion in
March 1971.

2. Precipitation enclosure. This enclosure contains
the precipitator and the centrifuge. Fabrication of the
enclosure and its associated equipment is scheduled for
completion in March 1971; also, the centrifuge is
scheduled to be delivered during March. The centrifuge
has a Teflon bowl, which will eliminate the undesirable
transfer of ammonium diuranate. After centrifugation,
the Teflon bowl with the ammonium diuranate cake

will be transferred as a unit to the microwave dryer.
3. Microwave dryer enclosure. This enclosure con

tains the microwave oven, which is already on hand.
The designs of the auxiliary equipment and the enclo
sure are 90% complete.

4. Furnace tray loading enclosure. This enclosure is
divided into two sections: (1) an air-filled compartment
in which the granulator and the furnace boat loading
station are located and (2) an argon-filled compartment
enclosing the entrance end of the furnace. The con
tinuous furnace is of the belt type and contains internal
gas barriers to prevent H2 from escaping. The use of
argon at the ends of the furnace provides additional
safety. The design of the equipment for this enclosure is
75% complete, and the design of the enclosure itself is
50% complete. The granulator is scheduled for delivery
by April 15,1971.

5. Furnace tray unloading and powder stabilization
enclosure. This enclosure, which is maintained under
argon, contains the furnace tray unloading mechanism
and the reduced powder stabUizer. The stabilizer
consists of a vibratory trough in which a very thin layer
of powder is contacted with air at room temperature.
The stabUizer has been fabricated and shipped to the
vibrator manufacturer for mounting and timing. Con
ceptual drawings of the tray unloading mechanism have
been prepared

6. Powder inventory and packaging enclosure. This
enclosure contains a shielded (2 in. of lead) 20-kg batch
powder blender and the product weighing system. The
blender and the powder weighing system are scheduled
for delivery by May 15 and by April 15, 1971,
respectively. Preliminary conceptual drawings have been
prepared for this enclosure.

7. Isotopic dilution enclosure. All liquid waste being
sent to the ORNL tank farm from the U02 conversion
line must first go through this enclosure. The waste is
routed to a mixing vessel in which238Uis added at the

ratio of 100 parts 238U per part 233U. Solutions from
this enclosure cannot be transferred into the 3019

complex because of the possibUity of contaminating the
system with 238U. This enclosure and its associated
equipment have already been fabricated.

9.4 RECEIPT AND STORAGE OF 233U
FEED MATERIAL

During the past year, construction of the necessary
additional storage systems was completed, and all the
feed material was received. A total of 274 kg of 233U
(as U03) was received in 11 shipments from the
Savannah River Plant, and 474 kg of 233U [as
233U02(N03)2] was received in 10 shipments from
the Hanford Plant. The oxide was stored in the solids

storage facility; however, several runs were made to
demonstrate our abUity to dissolve this material in
nitric acid of sufficiently low concentration (<0.5 N
HN03) to be suitable for feed to the ion exchange
system As a result, 87.5 kg of the Savannah River
material has been converted to nitrate and is now stored

in the solution storage facility.
The nitrate solution was weighed, sampled, and

charged directly to the solution storage facility. The
total quantity of 233U, as measured at ORNL, agreed
within 0.6% of the shipper's values. All of the 233U
received from Hanford and Savannah River meets

LWBR powder specifications with two exceptions: both
the iron content of the material from Savannah River

(525 ppm vs 400 ppm specified) and the 232U content
of the Hanford material (9 ppm vs 8 ppm specified) are
too high.

9.5 PLANT SAFETY

The presence of multikilogram quantities of the fissUe
isotope 233U necessitates careful control of storage,
handling, and processing operations in order to avoid a
nuclear excursion. The following operations have been
examined for conformity to good practice based on
data from publishedliterature:3,4

1. uranium oxide storage wells,

2. 233Unitratesolution storage facility,

3. ddution and storage of the 233U solution from
Hanford,

3. Subcommittee 8 of ASA Sec. Comm. N6, Project 8, ANS
Standards Committee, Nuclear Safety Guide, TID-7016, Rev. 1

(1961).

4. H. C. Paxton et aL, Critical Dimensions of Systems
Containing235U, 239Pu, 233U, TID-7028 (June 1964).
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4. operation of the 233U02-Th02 scrap dissolver,

5. operation of the ion exchange system,

6. operation of the solvent extraction system.

Specified data for this program were developed by D.
W. Magnuson of the Y-12 Critical Experiment Facility.
Nuclear calculations based on the oxide storage wells
resulted in subcritical values for oxide that has a density
of less than 3.5 g/cm3 and is stored in a dry system in
cans with diameters less than 3.25 in.

Criticality calculations were made for the solution
storage system, which consists of ten 36-in.-diam tanks
containing uranyl nitrate solution at a 233U concen
tration of 250 g/liter. The ANISN transport code5 in
the S8 approximation was used to calculate k„ and to
generate flux-averaged (homogenized) cross sections
from fissile solution containing Raschig rings. The
cylindrical tube model, which was devised as a model to
evaluate6 some exponential experiments with these
materials, and Hansen-Roach 16-group cross sections7
were used. Finite-geometry calculations for a cylindrical
unreflected tank and for the ten-tank arrangement were
made with the KENO-II Monte Carlo code, using the
flux-averaged cross sections for the solution-glass mix
ture. The results of these calculations are summarized in

Table 9.1.

Certain approximations were made in order to sim
plify the calculation for the tank arrangements. Each
cylindrical tank was assumed to have an inside diameter
of 36 in. and a height of 63.4 in. The walls of the
stainless steel tanks were assumed to be 3/16 in. thick
(although some are V4 in. thick). All center-to-center
distances between the tanks were assumed to be the

smallest dimension (38 in.). The lead shielding parti-

5. W. W. Engle, Jr., A User's Manual for ANISN, a One
Dimensional Discrete Ordinates Transport Code with Ani
sotropic Scattering, K-1693, Oak Ridge Gaseous Diffusion Plant
(1967).

6. J. P. Nichols, C. L. Schuske, and D. W. Magnuson, Use of
Borosilicate Glass Raschig Rings as a Fixed Neutron Absorber in
Solutions of Fissile Material, Y-CDC-8, Y-12 Plant Criticality
Data Center (to be published).

7. G. E. Hansen and W. H. Roach, Six and Sixteen Group
Cross Sections for Fast and Intermediate Critical Assemblies,
LAMS-2543, Los Alamos Scientific Laboratory (1961).

Table 9.1. Calculated multiplication factors for
, 233the U solution storage facility

Code System Value of k

ANISN Infinite *««, = 0.9050

KENO-II 1 tank ke[f= 0.8066 ±0.0018

KENO-II 10 tanks freff= 0.8442 ±0.0017

"Each tank was assumed to contain uranyl nitrate solution at
a U concentration of 250 g/liter.

tions between some of the tanks were ignored. The 4-in.
lead shield on two sides of the ten-tank arrangement, as
well as the concrete reflector on all sides, was included.
For conservatism, the boron content of the glass
Raschig rings was reduced to 90% of the actual value.

Calculations of reactivity in the scrap dissolver,
fabricated from 8-in. pipe with a side arm and installed
in a concrete cell, gave a fceff of 0.802 at the most
reactive composition (102.7 g of 233U per liter). Reject
pellets with the highest U02 concentration expected
during the program (i.e., 6% U02-94% Th02) were
used for the calculations.

9.6 SITE PREPARATION

The U02 conversion line will be located in an area
adjacent to the purification system in Building 3019. A
plutonium fuels fabrication glove-box facility, which
previously occupied this space, was moved to a newly
constructed area in Building 4508. Construction of a
three-level storage vault, removal of the dividing walls,
and installation of a glove-box header in the BuUding
3019 laboratory have been completed. The design of a
new glove-box-ventilation system, which will include
three fans, a motor-generator set for emergency oper
ation, and a filter system and ducting to service all glove
boxes in Building 3019, is complete; construction will
begin in April 1971.

The facility is scheduled for completion by June 1,
1971, and glove boxes will be moved in and connected
by July 1,1971.



10. Separations Chemistry Research

10.1 NEW SEPARATIONS AGENTS

Quaternaryalkylphosphonium Salts

The properties of the dimethylphosphate salt of
methyltrioctylphosphonium, its ready conversion to
other salts, and its extraction characteristics compared
with those of Adogen 464 for uranium(VI) and
plutonium(IV) were reported previously.1 '2 Data for
the extraction of iron(III) and technetium(VII) chlo
ride, nitrate, and sulfate by 0.1 N solutions of the
corresponding methyltrioctylphosphonium (MTOP) and
dodecylbenzyltrioctylphosphonium" (DDBTOP) salts in
95% DEB-5% TDA and vanadium(IV) chloride and
sulfate by the corresponding MTOP salts are shown in
Fig. 10.1. Extractions with the quaternaryalkylphos
phonium salts were qualitatively similar to those of the
corresponding Adogen 464 (quaternaryalkylammo-
nium) salts. Coefficients for the extraction of Fe(III)
from LiNO3-0.2 N HN03 solutions were 2 to 2.5
orders of magnitude lower than those with MTOP or
DDBTOP, whereas for the other systems reported in
Fig. 10.1 the differences in extraction power were
much less. There appears to be some loss of both the
phosphonium compounds to the aqueous; however, it
has not been determined if this is an initial loss due to

low-molecular-weight impurity, or a steady-state loss.

Extraction of Lithium from Salt Solutions

Lithium extraction from salt solutions with the

synergistic extraction combination of a j3-diketone and
trioctylphosphine oxide (TOPO) has been reported
previously.3'4 Practicable extraction levels, however,
were not obtained at pH values below 11. We have
recently found that fluorinated |3-diketones are suffi
ciently acidic to allow efficient extraction of lithium
from near-neutral salt solutions, for example, salt
brines.

A comparison of Uthium extractions with 0.2 M
solutions of several 0-diketones (in 0.1 M TOPO—
benzene) from 1 M KCl in the pH range of 4 to 9 is

shown in Fig. 10.2. The lithium extraction power
increased as the number of fluorine atoms on the

0-diketone was increased from 3 to 7. Extraction
coefficients with heptafluorodimethyloctanedione
(HFDMOD) were about 1 at pH 6 and 10 at pH 7. The
nearest nonfluorinated analog to the three fluorinated
/3-diketones tested was dipivaloylmethane. Lithium ex
traction coefficients with this compound in the pH
range of 6 to 8 were several orders of magnitude lower
than those obtained with the fluorinated j3-diketones.

In the extraction of lithium from 1 M KCl solution at

pH 8.3 with 0.2 M HFDMOD in TOPO-benzene, the
slope of a plot of log Ea° vs log TOPO concentration
was approximately 2 for TOPO concentrations below
0.1 M but tended to approach a slope of 1 in the TOPO
concentration range of 0.1 to 0.5.

The dependence of lithium extraction coefficients on
the concentration of HFDMOD, determined at a con

stant pH of 8.0 and an HFDMOD/TOPO mole ratio of
2/1, was about third power. However, saturation
loading tests indicated combining ratios of 1 mole of
HFDMOD per mole of extracted lithium in extractions
from lithium or sodium chloride solutions and 2 moles

of HFDMOD per mole of extracted lithium in extrac
tions from potassium, rubidium, or cesium chloride
solutions.

Investigation of the effect of diluent choice showed
Uthium extraction coefficients for HFDMOD-TOPO in

dodecane diluent were higher by factors of 3 to 20 than
the coefficients obtained using aromatic hydrocarbon
or carbon tetrachloride.

Selectivity. The separation factors for lithium over
the other alkali chlorides that were measured using

1. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1969,
ORNL-4422, p. 252.

2. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, p. 181.

3. T. V. Healy, Chem. Div. Progr. Rep. November 1964-
April 1965, AERE PR/Chemistry 8, Harwell, Berks. (1965).

4. D. A. Lee et al., J. Inorg. Nucl. Chem. 30, 2807-21
(1968).
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Fig. 10.1. Extraction of selected metals with quatemaryalkylphosphonium compounds. Organic phase: chloride, nitrate, or
sulfate salts of (1) methyltrioctylphosphonium, (2) dodecylbenzyltrioctylphosphonium, or (3) Adogen 464 (methyltrialkylam-
monium) in 95% DEB-5% TDA diluent. Aqueous phase: LiCl-0.2N HCl, LiNO3-0.2 N HN03, or Li2SO4-0.2 N H2S04 solutions
containing 0.01 M metal ion [Fe(III) and V(IV)] or trace quantities in the case of Tc(VII).
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6 8

EQUILIBRIUM (pH)

Fig. 10.2. Dependence of lithium extraction coefficients on
pH for various /J-diketones. Organic phase: 0.2 M f}-diketone-
0.1 M trioctylphosphine oxide in benzene. Aqueous phase: 1 M
KC1-0.01 M LiCl. Phase ratio of 1/1. Mixed phases titrated to
the desired pH with KOH.

Table 10.1. Separation of lithium from other alkali chlorides
with 0.2 M HFDMOD-0.1 M TOPO in benzene

Alkali

Sodium

Potassium

Rubidium

Cesium

Separation factor

1300

3800

3700

2500

HFDMOD were in excess of 103 (Table 10.1). These
data were obtained under conditions of high lithium
loading.

Solvent Extraction and Ion Exchange Behavior
with 1,2-Diaminopropanetetraacetic Acid

The polyaminoacetic acids represent a class of che
lating agents finding widespread applications in the
separation of the rare earths and the transplutonium
elements. Various derivatives of ethylenediaminetetra-

acetic acid (EDTA) are being investigated for possible
use in transplutonium element separations. A relatively
new commerciaUy available complexing agent, 1,2-
diaminopropanetetraacetic acid (PDTA, mol. wt
306.27) is now being investigated to determine what
effect a methyl group connected to a carbon atom in
the C-C Unkage (which will restrict the rotation about
the ethylene bridge) has on the distribution coefficients
and the separation factors of the rare earths and the
transplutonium elements.

The complexing agent was evaluated by solvent
extraction and by ion exchange resin techniques.
Solutions containing 0.5 M lactic acid—0.01 M PDTA at
a pH of 4.0 were contacted with 0.3 M di(2-ethyl-
hexyl)phosphoric acid (HDEHP) in xylene. The separa
tion factors obtained were Cm/Am = 1.1, Cf/Cm = 4.4,
Cf/Es = 1.5, and Eu/Am = 63. Solutions containing 1.0
M NH4NO3-0.01 M PDTA at pH 4.0 gave similar
separation factors with better phase separation charac
teristics. The kinetics of both systems are slow, re
quiring several minutes to reach equilibrium.

The ion exchange behavior of PDTA was evaluated
using the ammonium form of Dowex 50-X8 resin
(25—40 ju size) at a temperature of 80°C. The trans
plutonium elements were separated by chromatographic
elution with 0.01 M PDTA-0.1 MNH4N03 at a pH of
1.85 to 2.2. The normalized separation factors obtained
were Fm/Es -2.5, Es/Cf = 1.85, Cf/Cm = 62, and
Cm/Am = 1.53. Some problems were encountered with
a double elution band coming down the column.

The initial studies with 1,2-diaminopropanetetraacetic
acid have been promising, and the results indicate that
it is a strong complexing agent, giving enhanced
separation factors for the trivalent actinides. Work is
continuing on the problems pertaining to PDTA solu-
biUty at low pH values and to the occurrence of double
elution peaks for individual transplutonium elements.

10.2 RECOVERY OF URANIUM FROM

COMMERCIAL PHOSPHORIC ACID

Results continued highly favorable in development of
a solvent extraction process5,6 for recovering uranium
from wet-process phosphoric acid. Commercial phos
phoric acid that is produced from Florida phosphate
rock contains about 1.5 lb of uranium per 1000 gal of

5. F. J. Hurst, D. J. Crouse, and K. B. Brown, "Recovery of
Uranium from Wet-Process Phosphoric Acid," submitted to Ind.
Eng. Chem., Proc. Des. Develop. (1971).

6. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, pp. 184-86.
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Fig. 10.3. Process flowsheet for recovery of uranium from wet-process phosphoric acid.

acid and represents a potential source of about 2000
tons of U308 per year.

The process (Fig. 10.3) consists of two cycles and
uses as extractant the synergistic combination of
di(2-ethylhexyl)phosphoric acid (D2EHPA) plus tri-
octylphosphine oxide (TOPO). In the first cycle,
uranium is extracted with 0.5 M D2EHPA-0.125 M

TOPO in an aliphatic diluent and recovered from the
solvent by contacting it with a phosphoric acid solution
that contains ferrous iron (Fig. 10.3). The ferrous iron
reduces the uranium to the less-extractable tetravalent

state and effects its transfer to the aqueous phase. A
small volume of raffinate from the extraction system is
used for this purpose. Under the proper conditions,
uranium strip solutions containing about 12 g of
uranium per Uter (about a factor of 70 richer in
uranium than the original acid) are readily obtained.
These solutions are highly amenable to treatment in a
second cycle using the same extractant.

In the second cycle, the uranium in the first-cycle
strip solution is oxidized to the hexavalent state and
then extracted with 0.3 M D2EHPA-0.075 M TOPO.

The extract is scrubbed with water to remove extracted

phosphoric acid and is then stripped with an ammo
nium carbonate solution under conditions that result in

direct precipitation in the stripping system of the
uranium as rapid-filtering ammonium uranyl tricar-
bonate (AUT), which is then calcined to U308.

Status and Progress
Good results were obtained in bench-scale continuous

tests of the first cycle of the process.5 '6 No significant
change in performance was detected for periods of
operation equivalent to about 40 complete cycles of
solvent through the extraction-stripping system. The
magnitude of mechanical losses of the relatively ex
pensive solvent, which is an item of prime concern,
were encouragingly low. Concentrated uranium strip
solutions obtained in the first-cycle demonstration tests
have now been successfully processed in the second
cycle to give a high-grade U308 product. Chemical
reagent costs for the process, including allowance for
solvent loss, are estimated at about $0.85 per pound of
recovered U308. On the basis of the favorable results
obtained, pilot-scale testing of the process at a phos
phoric acid plant is merited.
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Demonstration of the Second Cycle

The first-cycle strip solution, which typically contains
about 12 g of U(IV), 6 to 10 g of Fe(II), and 10 to 12 g
of Fe(III) per Uter, is oxidized prior to the second
extraction cycle. Essentially all of the Fe(II) must be
oxidized before the uranium is oxidized by the Fe(III)
in the solution. The oxidation was accomplished by
bubbling oxygen or air through the solution at 70 to
90°C, but the oxidation was relatively slow, requiring
(in the case of 02) 1 to 2 hr for completion. Rapid
oxidation was obtained by adding sodium chlorate to
the solution. Oxidation was complete within a few
minutes at 50°C, using only a small excess over the
stoichiometric requirement of V6 mole per mole of
Fe(II)plus V3 mole per mole of U(IV).

A continuous demonstration of the second cycle was
made in a smaU mixer-settler test array with 0.3 M
D2EHPA-0.075 M TOPO in a high-boiling aliphatic
diluent. More than 99% of the uranium was extracted in

three stages to give an extract that contained more than
9 g of uranium per liter (Fig. 10.4). In addition to
uranium, the extract contained 1.8 g of phosphate and
0.13 g of iron per liter. Three water scrub stages,
operated at an organic/aqueous ratio of 5/1, removed
more than 98% of the phosphate but very little iron;
most of the iron precipitates in the stripping unit along
with the AUT product.

Almost aU of the uranium was removed from the

extract with ammonium carbonate solution in the first

of two stripping stages. The first stripping unit was
designed to facilitate continuous precipitation and
discharge of the AUT precipitate. Intrastage recycle of
the slurry from the settler through a filter and back to
the mixer was provided for continuous removal of
AUT. Makeup ammonia and carbon dioxide were
bubbled directly into the aqueous phase of the first-
stage settler in order to maintain the ammonium
carbonate concentration at about 2 M. The concentra

tion of uranium in the recycle solution was about 4
g/Uter. Dilute (~0.5 M) ammonium carbonate solution
was fed at a very low flow rate to the second stripping
stage, the function of which is primarily to scrub
entrained uranium from the solvent stream. The flow

rate of this solution was set to balance the loss of water

from the stripping system, which occurs on conversion
of the D2EHPA to the hydrated ammonium salt. There
was no precipitation in the second stage.

Physical operation in both the extraction and strip
ping systems was satisfactory.

The AUT precipitate, after being washed with a small
volume of 1 M NH4OH and Amsco 450 diluent (to
remove entrained solvent) and air-dried, analyzed 12.7%
NH3, 44.9% U, and 34% C03. Calcination of the
air-dried precipitate for 2 hr at 600°Cyielded a product

ORNL DWG 71-I62R1
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Fig. 10.4. Demonstrationof second-cycle flowsheet. Numbers in blocks show concentration in grams per liter at steady state.
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that analyzed 97.5% U308, 0.5% Fe, 0.06% P04, and
0.5% C03, 25 ppm Ti, 40 ppm V, and 0.7 ppm Mo.

10.3 HIGH-RESOLUTION RARE-EARTH

SEPARATIONS

The pressurized ion exchange technique was success
fully applied to the rapid simultaneous separation of all
the rare earths. There are applications in AEC programs
elsewhere that require the quantitative separation of
most or aUof the lanthanides from a single sample, on a
scale of several milligrams of each element, and present
methods are rather time consuming and expensive. We
have demonstrated that the time required for a separa
tion can be reduced from about a week, as presently
done, to less than 2 hr.

A typical elution curve (Fig. 10.5) shows that each
element was obtained in greater than 99% yield and
purity. An. increasing-concentration step gradient of
eluent (a-hydroxyisobutyrate) was used in order to
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space the successive bands at approximately equal
intervals. Experiments with columns three times longer
but with the same resin volume gave identical results.
Increasing the flow rate from 6 to 16 ml cm-2 min-1
caused possibly a very slight broadening of the bands.
Pressures required were on the order of 500 psi. The
resin size used, 25 to 60 ju, was larger than optimum.
Thus these results indicate that equally good separa
tions should be practicable in substantially less time by
using a smaller sized resin, a shorter column, and higher
flow rates. They also show that rather short columns —
certainly less than 1 ft long — are adequate for these
separations, although the general practice has been to
use columns several times longer.

A similar experiment with a fourfold greater loading
(20 mg of each natural rare earth) gave a poorer
separation, with appreciable overlap of about half of
the pairs of adjacent bands. Yields of better than 99%
pure product varied from a low of 50% for dysprosium
to greater than 99% for samarium, promethium, cerium,
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Fig. 10.5. Rapid and quantitative separation of the 15 rare earths by pressurized ion exchange. Dowex 50-X8 resin, 25-60 u
size, was used in a column 0.64 cm by 33 cm long. The column was loaded with 5 mg of each rare earth except for tracer Pm, and
elution was done with O-hydroxyisobutyric acid partially neutralized with ammonium hydroxide to pH 4.4, using an increasing
concentration gradient. The flow rate was 10 ml/min, and 5-ml fractions were collected.
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and lanthanum. Better results could be obtained by
using a less concentrated eluent or a flatter gradient. In
this experiment about 18%of the resin was loaded with
rare earths.

10.4 DISPLACEMENT ELUTION WITH

AMEMOPOLYACETIC ACIDS

In an effort to find a better ion exchange method for
separation of macro quantities of the heavy actinides,
some work has been done again this year using the
rare-earth elements between erbium and samarium as

stand-ins.

A system was sought that could use H+ ions or other
nonmetallic barrier ions which would not complicate
the subsequent processing of individual eluted fractions.
The first actinide fraction eluted from the column

contains not only the wanted element but also the tail
of the barrier ion used in the system.

Since ethylenediaminetetraacetic acid (EDTA) is a
chelating agent that gives some of the largest spreads in
stabiUty constants for these particular rare earths, and is
also good in the actinide group, it was desired in this
work. However, because of the insolubiUty of the acid
form of EDTA, a barrier ion other than H+ must be
used. An organic barrier which could be easily de
stroyed or otherwise removed would be ideal for the
separation of the actinides. Diethylenetriaminepenta-
acetic acid (DTPA), which is amphoteric in nature, is
sorbed on resin through the basic nitrogengroup,7 and
has possibihties as an organic barrier ion. However, to
be able to load DTPA on a column, it must be put into
solution with NH4OH or some other base. As this basic

solution of DTPA is loaded, the NH4+ ions load tighter
than the DTPA+, so that the DTPA* moves ahead of
the NHV.

Three high-pressure ion exchange columns were set up
in series. Column 1 was 4 ft by 1 in., column 2 was 3V2
ft by 1 in., and column 3 was 3V2 ft by % in. Using the
loading characteristics of the DTPA+—NH4+ ions, a
30-g/Uter pH 3.3 DTPA solution was made up and
pumped through the three columns in series. The NH4+
ions loaded tighter than the DTPA+, and all of the
NH4+ remained in column 1. Only the DTPA+ was
loaded on columns 2 and 3. Afterward, column 1 was
disconnected from the system, stripped with acid, and
loaded to breakthrough with the rare-earth mixture for
elution tests. Various concentrations and pH ranges of
EDTA were used, with 10 g/liter and pH 6.0 possibly

7. D. R. Asher et al.,Ind. Eng. Chem., Proc. Des. Develop. 1,
52 (1962).

being the best tried. Good separation of the individual
rare earths was obtained.

DTPA+ was compared with Cu2+ as a barrier ion. The
DTPA+ barrier runs began elution of the first rare earth
in a little more than half the time which was required in
the CU2* barrier run, and about half the volume of
EDTA solution was used up to that point. No dif
ference was noted in the elution times after the rare

earths started off.

Two of eight DTPA+ barrier runs gave some slight
problems. In one of these, plugging occurred in a V8-in.
line between columns 2 and 3. New V4-in. lines were
installed. In the other, plugging occurred below column
3. This appeared to be due to EDTA precipitating out
of solution, in spite of the fact that all elutions were
done at about 80°C. None of the other runs showed
any tendency toward plugging. It is possible that once
elution is started it should not be stopped until the
separation is complete.

When time is available, this DTPA+ barrier process
wiU be tried in cubicle 5 at TRU to determine its

feasibility in the separation of the actinides, particularly
americium and curium.

10.5 ISOTOPE ENRICHMENT BY (n,y) REACTIONS
IN MOLECULAR SIEVES

Additional study of the isotopic enrichment resulting
from irradiation of lanthanide-exchanged zeoUtes8 has
shown that product yields as high as 70% can be
obtained consistently, with enrichment factors of about
100. It was also shown that Linde X and Y yve
essentially identical results. Linde Y has the same
geometrical structure as linde X but contains relatively
more silicon and less aluminum and therefore has a

lower exchange capacity. SimUar product yields are
obtained with actinides, provided the total loading is
sufficiently high, but enrichment factors are lower.
With type L zeolite, which has a different although
related structure, both the yields and enrichment
factors were substantially lower.

In order to obtain appreciable prooaction of isotopes
of interest, it is necessary either that comparable results
be obtained after much greater neutron exposures
(greater by factors of 103 to 105) or that greater
enrichment factors be achieved if such long irradiations
cannot be tolerated. Study of the effects of radiation
damage has been delayed by the lack of suitable
irradiation facilities for this work, but such experiments
are now started.

8. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, p. 225.
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Attempts to obtain greater enrichment factors have
met with little success. The isotopic enrichment ob
tained depends directly on the product yield and
inversely on the amount of target material that is eluted
from the zeolite along with the product. Since yields
are generally greater than 50%, any increase in yield can
have only a small effect on the enrichment factor. Thus
a major improvement in the enrichment factor can
result only from a marked decrease in the amount of
target material that is eluted. This problem of target
elution is several times more severe for americium (3 to
5%) than for lanthanides (usually less than 1%), and
this causes lower enrichment factors with actinides.

A series of tests was made with linde 13X exchanged
with 241Am to investigate the effect of various
manipulations on subsequent elution with lithium
chloride solution. The standard procedure is to wash
the exchanged zeolite, after ignition to >500°C, with
LiCl solution to remove the exchangeable americium,
with Ca(N03)2 solution to remove the lithium, and
finally with water, and then to ignite the zeolite again
to 500°C to produce a dry product for irradiation.
Subsequent elution of the neutron capture product
removes generally 3 to 5% of the americium target. The
amount of americium removed decreases with suc

cessive elutions; for example, four elutions removed
successively 4.7, 1.2, 0.53, and 0.18% of the americium.
The time of equiUbration, up to a day, had little effect
on these percentages, and in all cases very little
americium was removed after two or three elutions.

However, if the zeolite was then washed and reignited,
as it usually is before irradiation, then a subsequent
series of elutions removed essentially the same fractions
of americium as stated above. Several milder treatments

were tested, with varying results. Drying at 110°C,
which does not remove all the water from a zeolite,

resulted in removal of about 2% of the americium when

the zeolite was subsequently eluted; superficially drying
in air at 90°C caused a smaller removal, around 1% of
the americium. Even after ten cycles of drying and
eluting, ignition to 500°C gave a product from which
more than 3% of the americium was eluted. Thus, it is
apparent that drying the zeolite, even under rather mild
conditions, causes a migration of some of the ameri
cium from nonexchangeable to exchangeable sites,
which results in reduced enrichment of the product.
For the practical purpose of minimizing target elution
following irradiation, it may be desirable to irradiate
the zeolite in water, although this has obvious disad
vantages. This area, the effect of the experimental
conditions on the elution of exchanged metal ions,
needs additional study since the mechanisms involved in

ion exchange on zeolites are not adequately under
stood.

It was reported last year that it was more difficult to
load Linde 13X zeolite with actinides than with

lanthanides; and, in most early work, procedures which
gave nearly quantitative exchange with lanthanides gave
only 30 to 50% exchange with americium or curium. It
was known that lower ionic concentrations in the

aqueous phase favor the natural selectivity of Linde X
for polyvalent ions over monovalent (sodium) ions and
also that temperature sometimes has a remarkable
effect on exchange kinetics. When more-dilute ameri
cium solutions were used at elevated temperatures,
essentially complete exchange of americium into Linde
X was achieved. However, it does appear that the
zeolite shows less selectivity for americium than for
lanthanide ions Uke praseodymium.

10.6 DISTRIBUTION EQUILIBRIA AND

MECHANISMS

Comparison of Organophosphorus Extractants

A comparative study was completed of di(2-ethyl-
hexyl)phosphoric acid and two related phenylphos
phonic ester acids, and a paper is in press in /. Inorg.
Nucl. Chem. Its abstract follows:

"Comparison of Some Monoacidic Organophosphorus Esters
as Lanthanide-Actinide Extractors and Separators," by Boyd
Weaver and R. R. Shoun. Abstract: Comparison of di(2-ethyl-
hexyl)phosphoric acid (HDEHP), 2-ethylhexyl phenylphos
phonic acid (HEH[<l>P]), and 1-methylheptyl phenylphosphonic
acid {HMeH[<t>P]) in an aliphatic and an aromatic diluent as
intragroup separating agents for trivalent lanthanides and
actinides shows some important advantages of HMeH[<I>P]. In
extractive power, HMeH[*P] is intermediate to the other
compounds. In several separations systems HMeH[<l>P] is at
least twice as effective as HDEHP and significantly better than
HEH[4>P] for separation of tracer-level Eu from Ce, and its
advantage for separating Cf from Cm is nearly as great. Neither
of the phosphonic acids is suitable for separating natural
lanthanides at the usual high concentrations because of solu
bility limitations.

Extractions of these elements frequently deviate from the
theoretical third-power dependence on extractant concentration
and inverse third-power dependence on acid concentration.
Extractant concentration dependence varies with extractant and
diluent. Acid concentration dependence varies somewhat with
extractant and diluent, and much more with element and

aqueous acid.
A process which has been used successfully for separating Cf

from Cm is based on extraction by an aliphatic solution of
HDEHP from HCl. More effective separation can be obtained
with HMeH[-t>P]. With HEH[*P] or HMeH[*P], HN03 can be
substituted for HCl, giving a separation superior to that with the
HDEHP-HC1 system, provided that solubility limitations are not
exceeded.
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Studies of Metal Complex Formation
at High Ionic Strength

We are studying several different methods for investi
gating the formation of weak metal-ion complexes, that
is, those that are formed to an important extent only in
the presence of moderate to high Ugand concentrations.
These methods include phase distribution equilibria
with fixed ionic strength and with varying ionic
strength, electromigration, spectrophotometry, and
"tagged-Ugand transfer" (defined below).

The weak complexes are of great practical interest.
High concentrations of the common mineral acid anions
are frequently encountered in processing, and appre
ciable complexing of various metal ions occurs. An
appropriate example is the TRAMEX process, in which
actinides and lanthanides are separated by amine
extraction from 10 to 12 M lithium chloride solution.

The role of the high chloride concentration in this
process is not well understood but is usually attributed
to differences in chloride complexing between lantha
nides and actinides.

Thermodynamic methods alone (distribution, poten-
tiometry, solubility, etc.) usually cannot be applied at
high ligand concentrations because activity coefficient
information is lacking and cannot be sufficiently well
estimated. The usual procedure for circumventing ac
tivity coefficient problems, measurement at constant
ionic strength, does not really avoid these problems.
The possibility of changing medium effects and un
known salting effects makes questionable the equilib
rium constants obtained by such measurements at ionic
strengths greater than 1 or 2 M Furthermore, such
constants can be related only to the particular ionic
medium in which they were determined.

Our attempts to understand weak complexes have
been successful with several metals in sulfate systems at
moderate concentrations, by the use of amine extrac
tion of neutral and anionic species. It was possible to
use varying ionic strength in the aqueous phase and
estimate activity coefficient ratios by means of a
Debye-Hiickel type equation (cf. Sect. 5.5).9 However,
the same approach failed with lanthanide ions in
chloride and thiocyanate systems, apparently because
of nonnegligible variation of neutral-species extraction
with ionic strength. (Cation exchange extraction al
constant ionic strength and spectrophotometry1 ° have

9. K. A. Allen and W. J. McDowell, J. Phys. Chem. 67,1138
(1963); Chem. Technol. Div. Annu. Progr. Rep. May 31, 1968,
ORNL-4272, p. 116.

10. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, p. 188.

been successful with trivalent actinides at thiocyanate
concentrations up to 1 M; cf. Sect. 5.5.)

Some preliminary electromigration experiments have
been made in the sulfate, thiocyanate, and chloride
systems, in a cell with three compartments separated by
medium-porosity frits. Electrolysis was from 10 to 30
min at 10 to 15 mA, 10 to 12 V. Although these
measurements could not be made quantitative because
we lack the individual ionic mobilities, they give
quaUtative evidence for existence of anionic complexes
in significant amounts. Tests with tracer levels of
24'Am in the sulfate system showed amounts of
americium migrating to each electrode in qualitative
agreement with the known anion-cation composition of
the solutions. Tests of the same type indicated large
amounts of anionic americium thiocyanate complexes
at concentrations above 1.0 M SCN" and appreciable
amounts of anionic americium chloride complexes at 10
Ma'.

Currently the most interesting and perhaps the most
promising method of examining complexes at high ionic
strength is a method we caU tagged-Ugand transfer. (It
was previously found by this method that the uranium
species transferring across the interface from sulfate
solution to an amine sulfate extractant could be either

neutral or anionic, depending on the composition of the
aqueous phase.11) The ligand in the aqueous phase of a
solvent extraction system is tagged radioactively, and its
appearance in the organic extractant phase through a
limited interface is followed as a function of time.

Ligand transferring to the organic phase in other ways
than as a part of the metal complex can be determined
by appropriate analyses and subtracted from the total.
The resulting net ligand concentration transferred,
divided by the metal concentration transferred, gives
the ratio, moles of ligand/mole of metal, as a function
of time. This ratio extrapolated back to zero time
should be the average ligand/metal association number
in the species that cross the interface before any
disruption caused by the progress of the extraction has
occurred.

The tagged-Ugand method has been tested with
iron(III) complexes in the chloride system. It indicated
an average of three chlorides per iron at 4 M aqueous
chloride, in agreement with the complex composition
found spectrophotometrically.12 Testsmade with euro
pium to date indicate surprisingly large chloride to

11. W. J. McDowell and C. F. Coleman,/ Inorg. Nucl. Chem.
29,1325(1967).

12. G. A. Gamlin and D. O. Jordan, J. Chem. Soc. (London)
1953,1435.
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europium ratios. With chloride concentrations of 5 to 9
M, between six and eight chlorides per europium are
indicated as crossing the interface into the organic
phase. Since no other measurements have indicated
such high numbers for aqueous-phase chloro complexes
of the lanthanides, there is some concern as to their
meaning. Coordination numbers of 9 have been quoted
for the lanthanides with chloride,13 but only in
nonaqueous systems. Although concentrated lithium
chloride solutions are not strictly aqueous systems, it is
difficult to think of them as sufficiently nonaqueous to
have so much water of hydration replaced by chloride.
Further, if so many chloride ligands were inner-sphere
association, that should be discernible by spectro
photometry. In any case, however, these numbers
represent chlorides crossing the interface with europium
and indicate the existence of some aqueous-phase
europium-chloride grouping of sufficient integrity to
remain together while transferring to the organicphase.

Liquid Scintillation Analysis of
Heavy Actinides

Liquid scintillation counting using the extractive
scintillator technique10 is being used for the determi
nation of transplutonium actinide concentrations in
aqueous thiocyanate-perchlorate solutions (cf. Sect.
5.5). The extractive scintillator composition in this case
is 7 g PPO, 0.5 g Me2POPOP, and 161 g HDEHP
extractant diluted to 1 liter with toluene.14 The
aqueous samples (usually 1 ml) were added directly to
the scintillator vial, as previously described. A trace of
iron contaminant in the HDEHP caused some quench
ing by forming the deeply colored ferric thiocyanate
complex; this quenching was suppressed by addition of
a small amount of ethylenediamine. Counting efficiency
was 100%. Americium-241 was determined by both
liquid scintillation alpha counting and gamma counting,
with excellent agreement. Resolution in the liquid
scintillation counting was sufficiently good for the
simultaneous determination (in one vial) of 244Bk by
means of its 0.125-MeVbeta and 2s3Es by means of its
6.6-MeV alpha group.

10.7 RELATIVE POTENTIALS OF THE

Bk(IV)-Bk(IH) AND Ce(IV)-Ce(III) COUPLES

Measurements of the difference between berkelium

and cerium oxidation potentials by means of solvent

13. D. G. Karraker, J. Chem. Educ. 47, 424 (1970).

14. PPO = 2,5-diphenyloxazole; Me2POPOP = l,4-bis(4-
methyl-5-phenyloxazolyl)benzene; HDEHP = di(2-ethylhexyl)-
phosphoric acid.

extraction15 were completed, and a paper is in press in
J. Inorg. Nucl. Chem. Its abstract follows:

"Relative Oxidation Potentials of the Bk(IV)-Bk(III) and

Ce(IV)-Ce(III) Couples in Acid Solutions," by Boyd Weaver and
J. N. Stevenson. Abstract: The differences in formal oxida

tion potentials of the Bk(IV)-Bk(III) and Ce(IV)-Ce(III) couples
in a wide range of concentrations of nitric and perchloric acids
have been measured by a solvent extraction method which

separates the Bk(IV) from the Bk(III) present in equilibrium
with a Ce(IV)-Ce(III) mixture of predetermined composition in
an aqueous solution. The differences in potential are then
calculated from a form of the Nernst equation. In nitric acid
Ce(IV) was the stronger oxidant in all concentrations of acid
below about 7.5 N HN03, with a maximum difference of ~0.08
v in 2 TV HN03. In perchloric acid the maximum difference was
~0.11 v in 4 N HC104 with differences of -0.08 v in 1 TV and 8
TV HC104. Attempts to measure potential differences in sulfuric
and phosphoric acids by this method were unsuccessful because
of strong complexing in the aqueous solutions.

10.8 LANTHANIDE AND ACTINIDE HYDROXIDES

Previously15 we reported a comparison of the basic
ities of americium and curium with those of the

lanthanides by titration of very dilute (~0.002 M)
solutions of their nitrates with dilute sodium hydroxide
solutions. We repeated part of this work with chloride
solutions, obtaining essentially identical results. We also
included titrations of yttrium solutions and titrations of
some of the elements at considerably higher concentra
tions in order to make possible comparisons with
previous work of others.11'18

Data in the form of pH values at given ratios of added
NaOH to metal present may be used to calculate
solubility products and solubilities. Figure 10.6 shows
the titration curves for americium, curium, and some

of the lanthanides at low concentration. From the

titration curves, americium can be seen to be be

tween neodymium and samarium. Curium, however,
cannot be placed so definitely. It begins to use
NaOH at a much lower pH than any of the lantha
nides, but there is no flat region in its titration
curve, which eventually crosses all the others.
Curium also requires less NaOH for complete titra
tion than any of the other elements, only about 2.1

15. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, p. 192.

16. University of Tennessee, Knoxville.

17. K. A. Kraus and J. R. Dam, "Hydrolytic Behavior of
Plutonium(III)," pp. 466-77 in The Transuranium Elements
(ed. by Glenn T. Seaborg et al.), National Nuclear Energy
Series, vol. 14B, McGraw-Hill, New York, 1949.

18. Therald Moeller and H. E. Kremers, /. Phys. Chem. 48,
395 (1944).
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Fig. 10.6. Titration of 0.002 M solutions of Am, Cm, and selected lanthanides with 0.050 TV NaOH.

equiv/mole. The other elements vary in stoichiometry,
but none of them reaches 3.0 equiv/mole.

The basicities of the lanthanides have often been

compared with their ionic radii. In Fig. 10.7, one set of
curves is a plot of the ionic radii of lanthanides and
trivalent actinides arranged so as to maximize their
correspondence. The other set of curves shows, for each
element, the pH at the point at which 0.5 equiv per
mole of metal has been added. The pH value does not
necessarily apply to Pu, which is placed with Pr because
they had previously been found alike.17 The difference
between consecutive lanthanides decreases as the ionic

radii decrease, while the opposite appears to occur in
the case of the actinides. While yttrium has an ionic
radius equal to that of erbium, its basicity is near that
of samarium at the low concentration used here.

Solubility products of the hydroxides of trivalent
metals are usually calculated from the equation Ksp =
[M3+] [OH-]3. Moeller and Kremers18 calculated solu
bility products of most of the lanthanides in this
manner from their titrations at ~25 times higher

concentrations, though they also observed anomalous
stoichiometrics. We believe that true solubility products
can be obtained only from actual stoichiometrics. In
Table 10.2, average values of solubility products from
our data at NaOH/M values of 1.0, 1.2, and 1.5 are
compared with the data of Moeller and Kremers.

SolubiUties of the hydroxides in pure water may be
calculated, at least theoretically, from the solubility
products. The equation is S = (A^p/H")1^"41) for
M(OH)n hydroxides. Table 10.2 also compares our
values for solubilities with those of Moeller and

Kremers. All of our solubility products are much larger
than theirs, and the differences increase by magnitudes
as the series progresses. The solubilities show much
smaller differences.

The factor of 25 in concentration between the two

sets of experiments should make a difference of around
0.5 pH unit at corresponding points in the titrations, if
the stoichiometrics were exactly M(OH)3. Figure 10.8
compares pH values for NaOH/M = 0.4. Our values are
about 0.6 to 0.8 pH unit higher than theirs. Figure 10.8
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Table 10.2. Solubilities and solubility products of
lanthanide and actinide hydroxides

Stoichiometry"

AgpX 1020
SX

(mole

Our

values6

106
s/hter)

M Our M
M

andKc
values" andKc

La 2.88 250 11 13.2 8.0

Ce 2.65 500 0.70 3.1 4.0

Pr 2.70 50 0.84 5.5 4.2

Nd 2.48 410 0.031 5.3 1.8

Sm 2.52 37 0.0046 3.0 1.1

Eu 2.62 8.6 0.0013 2.7 0.8

Gd 2.65 6.9 0.0018 2.8 0.9

Tb 2.65 1.7 1.9

Dy 2.55 21 2.8

Ho 2.65 5.4 2.6

Er 2.83 0.24 0.00075 1.9 0.7

Tm 2.65 2.5 0.00030 2.1 0.6

Yb 2.85 0.097 0.00022 1.6 0.5

Y 2.53 37 0.0014 3.1 0.9

Am 2.40 340 3.9

Cm 2.10 1700 2.3

"Number of hydroxyIs per metal ion in the solid phase.

6Average of values obtainedat NaOH/M = 1.0, 1.2, and 1.5.
cMoeller and Kremers, ref. 18.
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also includes results from our duplication of some of
their experiments; we obtained remarkably close
checks.

10.9 KINETICS OF METAL-ION EXTRACTIONS BY

ORGANOPHOSPHORUS ACIDS

A review article on this subject, covering the literature
through 1969, is in press for publication in the first
issue of a new journal, Solvent Extraction Reviews.! 9

Iron Extraction by HDEHP

The current study of iron extraction kinetics was
completed and reported in a paper submitted to the
Journal of Inorganic and Nuclear Chemistry (in press).
Its abstract follows:

"Mechanism of the Slow Extraction of Iron(III) from Acid
Perchlorate Solutions by Di(2-ethylhexyl)phosphoric Acid in
H-Octane," by J. W. Roddy, C. F. Coleman, and Sumio Arai.
Abstract: The rate of iron(III) extraction by di(2-ethylhexyl)-
phosphoric acid (HDEHP, HA) in n-octane from acid perchlo
rate solutions, as FeA3-3HA, is controlled by series and parallel
reactions in the introduction of the first and second anion

ligands, all occurring at the interface. (In the following
subscripts, 1 and 2 refer to first and second anion ligands, m to
extractant monomer, d and df to extractant dimer, s to
interface saturation.) The measured rate/[Fe],

19. C. F. Coleman and J. W. Roddy, "Kinetics of Metal
Extraction by Organophosphorus Acids," Solvent Extraction
Reviews (in press).
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/• = -d[Fe]/[Fe]dt,

is well fitted by the step rates (25°C)

rlm=5.5X 10"4 [2HA]05/[H+]

rld=l.8X 10~3 [EHA]/[H+]

for parallel reactions introducing the first anion ligand, in series
with

r2 ~4X 10"4/[H+]2

r2s=1.5X 10~7/[H+] [Fe]

r2d =9.0X 10"6 [SHA]1S/[H+]2

r2d/=1.2X 10"s [2HA]2/[H+]2

for parallel reactions introducing the second anion ligand. Step
2x is zero order, while all the other steps are first order, with
respect to the aqueous iron concentration. In extractions
through a quiescent interface these step rates combine so that

r=^im +rld*r2s +r2d +r2df>l*ri •

and in extractions with dispersion mixing so that

rlm +rld^2^rlm + rld + ',).

The rate decreases sUghtly with increasing ionic strength,
increases with increasing temperature (heat of activation «
10-15 kcal/mole) and with conditions that increase the
ionization of HA, and increases sometimes markedly with
addition of proton-accepting complexers that can bypass the
interface steps lw and Id with analogous reactions homoge
neous in the aqueous phase.

After the reaction steps and their rate parameters
were determined in a quiescent-interface cell as previ
ously described,20 key points were cross-checked by
dispersion mixing with a flat-blade turbine in a baffled
ceU under conditions that have been standardized for

scaleup.21"23 The results (Fig. 10.9) showed only a
small shift of the observed rate ra with changinginitial
iron concentration, that is, a much smaller contribution
from a zero-order step in the rate control than there is
with the quiescent interface. This is not surprising, as
the changing interfaces of the rapidly forming and

20. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1968,
ORNL-4272, p. 182, and references therein.

21. J. H. Rushton and J. Y. Oldshue, Chem. Eng. Progr. 49,
161 (1953).

22. W. A. Rodger, V. G. Trice, Jr., and J. H. Rushton, Chem.
Eng. Progr. 52,515(1956).

23. A. D. Ryon, F. L. Daley, and R. S. Lowrie, Chem. Eng.
Progr. 55(10), 70 (1959); more fully in ORNL-2951 (Sept. 15,
1960).
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Fig. 10.9. Rate of iron extraction by HDEHP in dispersion
mixing. Effects of impeller speed, iron concentration, and ionic
strength. Molarities: [HA] = 0.05; [HC104] = 1./= 1: A; 2:0,
•; 3: V. [Fe] = 0.0001: O;o.002:«.

recoalescing droplets may not have time to reach
saturation. The observed rate ra increased slightly with
increasing ionic strength. However, calculation of the
specific interfacial area a (see below) showed that this
reflects an increase in a at constant rpm due to
increased aqueous-phase density. The resulting valuesof
the rate r are nearly constant at ionic strengths from 1
to 3 M. As the HDEHP concentration was increased

from 0.005 to 1 M, the power dependence of r on
[HDEHP] decreased from ~0.4 to ~0.1, and that on
[H+] increased from ~1 to ~1.7. This shows that some
step in the introduction of the second anion Ugand is
becoming important with increasing HDEHP concen
tration. The overall rate data are usefully weU fitted
when this step rate is represented by the approximate
equation Usted in the foregoing abstract, r2 «« 4 X
10"7 [H+]2.

Interfacial Area in Dispersions. In the quiescent-
interface cells both interfacial area and volume are

measured directly. In dispersion mixing the interfacial
area varies with power input and must be measured by
special techniques or estimated by correlation with such
measurements. In a mixer suitably baffled to prevent
swirling and vortex formation, the specific interfacial
areaa is proportional23 to the cube root of the specific
power input, (P/V)1^, where the total power input21
is P = N3D5Kp/g. N is the impeller speed, D is the
impeller diameter, K is a constant for the type of
impeller,21 p is the mean density of the two phases,
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and g is the gravity constant. From this,

a=A/Vaq=kN(D5Kp/V)1'3 , (1)

where /c is a proportionality constant for simUar
systems in geometrically similar mixers. Its relative
values in different systems can be estimated from
published correlations of the effects of density, kine
matic viscosity, interfacial tension, and settling time,22

fccc,4/r/o:(expAp/pcont)

x(W«w)I/s(<>r0-36X's1/6)- (2)

Fitting Eq. (1) to the specific areas calculated in ref. 23
gave k = 14.6 (cgs units), and adjustment by propor-
tionaUty (2) led to k values in the range of 16 to 24 for
the various conditions used here. The self-consistency
of the calculated a values over the range of mixing
conditions and the agreement of the resulting r values
with those from the quiescent-interface measurements
at HDEHP concentrations below 0.1 M were both

surprisingly good and support confidence in the general
validity of the published correlations.

Beryllium Extraction by HDEHP

In spite of the elimination of several sources of
experimental error,24 the reproducibility of the beryl
lium extraction kinetics measurements continues to be

much poorer than that typical of the iron extraction
kinetics. Thus repeated runs continue to confirm that
the power dependence of rate (expressed as first-order
rate constant with respect to berylUum) on the HDEHP
concentration is near % below and % above about 0.2
M HDEHP, but they still fail to distinguish between
alternative possible mechanisms for the extraction
reaction. Work continues on trying to identify and
eUminate the causes of poor precision, including as
possibilities (1) unexpectedly early reverse reaction, (2)
interface blocking, and (3) variable catalytic effects
beyond those already identified and eliminated.

24. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, p. 194.



11. Chemical Applications of Nuclear Explosives

The purpose of this program is to provide research
and development in selected areas of the Plowshare
Program. Research was performed during the past year
in areas of study associated with evaluation of proposed
underground engineering applications of nuclear ex
plosives. The studies included determination of the
behavior of radionuclides (1) in the recovery of copper
from ore deposits that have been fractured with nuclear
explosives, (2) in the recovery of oU from shales, and
(3) in natural-gas storage reservoirs.

11.1 COPPER ORES

Fracturing of copper ore deposits with nuclear ex
plosives, followed by leaching in place, is being studied
by the Division of Peaceful Nuclear Explosives of the
U.S. Atomic Energy Commission and by associated
contractors. We are cooperating in this program by
studying potential problems that might arise from the
presence of radioactive contaminants in the processing
cycle. The recovery flowsheet involves percolating
dilute sulfuric acid down through the broken ore to
dissolve the copper, collection of leach liquor at the
bottom of the chimney and pumping it to the surface,
recovery of a copper concentrate from the solution by
cementation or solvent extraction, upgrading the
copper concentrate to pure copper metal, and recycling
of the copper-barren solution to leaching after forti
fying it with acid.

Our laboratory studies on this project are now
complete, and a final summary report1 has been
written. In the most recent studies, a bench-scale
demonstration was made of solvent extraction recovery
of copper (as an alternative to cementation) from the
leach liquor. The tests indicated that solvent extraction
would yield a copper product free of radionuclides. It is
the recommended process route for recovering copper

1. W. D. Arnold and D.J. Crouse, Radioactive Contamination
of Copper Recovered from Ore Fractured with Nuclear Ex
plosives, ORNL-4677 (in press).

from ores that have been fractured with nuclear

explosives.

Solvent Extraction of Copper

A bench-scale cyclic column leaching—solvent extrac
tion—electrowinning circuit was operated to measure
the separation of copper from radioactive contaminants
by this process. Although the column of ore was dosed
with relatively large amounts of several radionuclides in
soluble form, the radioactive contamination of the
copper metal products was extremely low, being detect
able only in a special low-level counting facUity.

A flow diagram for the test is shown in Fig. 11.1. The
4-in.-ID column contained 4500 g of —0.5-in. Safford
ore (1.3% Cu) that was spiked with a small volume of
solution of 85Sr, 9SZr-Nb, 106Ru, 12SSb, and 134Cs.
The ore was leached with dUute sulfuric acid (pH 2.0)
at a flow rate of 0.5 ml/min. Copper was recovered
from the effluent by batch countercurrent extraction
with 10 w/v % LIX-64 in Varsol, and the copper-barren
liquor was recycled to leaching. The solvent extract was
scrubbed with water to remove entrained liquor, strip
ped with about 4/VH2SO4, and recycled to extraction.
The strip solution was treated in a small electrolytic cell
to deposit part of the copper and then recycled to the
stripping system.

The copper concentrations in solutions in the process
circuits during the run are shown in Fig. 11.2. About
65% of the copper was leached from the ore in 24.6
liters of effluent; most of the copper was leached at an
effluent pH of about 3.5. Only minor fractions of the
radionuclides reported to the column effluent, due to
effective ion exchangeretention of the radionuclides by
the ore. Strontium-85 was the dominant radionuclide in

the initial effluent, and I06Ru was dominant in the
final effluent (Fig. 11.3). About 20%of the 85Sr was in
solution in the first half of the test; about 4% of it was
in solution at the end. The amount of 106Ru in

solution increased from less than 1%in the early part of
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the test to about 16% at the end. Less than 1% of the

125Sb or 134Cs was in solution at any time, and
95Zr-Nb was not detected in any of the effluent
samples.

Copper was separated efficiently from the radioactive
contaminants in the three-stage extraction step. More
than 98% of the copper was extracted. The highest
gross gamma count rate for any solvent extract sample
was only 8% above background.

Copper was stripped with about 4 N H2S04 in a
two-stage batch countercurrent stripping system. The
strip solution had a gross gamma count rate that was
less than 5% above background.

Copper was deposited from the strip solutions in a
small electrolytic cell. Radioactivity of the cathode
copper products was undetectable by our usual pro
cedures. However, tiny concentrations of 106Ru, but
no other radionuclides, were detected in a special
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low-level counting facility at ORNL. The activities of
copper products obtained early and late in the run,
respectively, were measured to be 9 X 10~6 and 1.9 X
10"5 /uCiof 106Ru per gram.

Copper cementation products prepared (from small
leach liquor samples) during the run for comparison
purposes were appreciably contaminated with 106Ru;
the 106Ru concentration increased from 0.02 to 1.0
/iCi per gram of copper as the 106Ru/Cu ratio in the
leach liquor increased during the run. Much lower,
although significant, amounts of 125Sb also con
taminated the cement copper products. Assuming a
decontamination factor of 100 from 106Ru during
electrorefining of the cement copper, the activity of the
final copper products would be one to three orders of
magnitude higher than the activity of the products that
were obtained by the solvent extraction—
electrowinning process.

11.2 RECOVERY OF OIL FROM SHALE

The feasibility of recovering oil from Green River oil
shales by using a nuclear device to fracture the shale
and then retorting the oil in place is being investigated
by several governmental agencies and commercial com
panies. We are participating in this program by ex
amining the oil recovery system with regard to the
behavior of the radioactive contaminants that would be

formed in a nuclear detonation. Studies of tritium

behavior were continued this year in small-scale tests.
Samples of oU shale were heated at 85°C and 560 psig
in small pressure vesselswith tritiated compounds, using
about 1 juCi of tritium per gram of shale. Oil was then
retorted from the shale after washing it with water and
drying with warm air.

The oU retorted from shale that had been exposed for
85 days to tritiated hydrogen contained 0.46 uCi of
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tritium per gram, about the same concentration that
was found in the oil obtained from shale exposed 44
days. The contamination of the oil had increased with
increasing exposure tune to 44 days. Similar behavior
was measured earlier2 on exposure of the shale to
tritiated water. In this case, the tritium contamination

increased with exposure time to 29 days and then did
not change significantly as the exposure was increased
to one year. Contamination from tritiated methane or
tritiated ethane, which was more than an order of
magnitude less than from tritiated hydrogen, was not
affected by increasing the exposure time from 7 to 25
days. Adding water equivalent to 1% of the shale weight
to the pressure vessel during exposure to tritiated
hydrogen or tritiated methane reduced the tritium
contamination of the retorted oil by about one-fourth.

At the request of the Division of Peaceful Nuclear
Explosives of the U.S. Atomic Energy Commission, our
studies on this project have been suspended, and a
terminal report is being written.

11.3 NATURAL-GAS STORAGE

The use of nuclear explosives has been proposed to
create storage reservoirs for natural gas. The natural gas
would be stored in chimneys formed by contained
nuclear detonations in tight rock formations and
removed for use as needed. We are investigating the
potential contamination of the stored natural gas by
radionuclides released in the detonation and are study
ing methods of decontaminating the chimney before gas
storage.

In our initial tests, we studied the behavior of
tritiated water in contact with Lewis shale. Lewis shale

is the dense, relatively impermeable shale that underlies
the gas-bearing sandstone in the San Juan Basin (where
the Gasbuggy test was made). The shale sample used is
from a core sample taken 300 ft from the Gasbuggy
shot point at a depth of 4210 ft. The porosity of the
shale sample was measured to be about 2.0%. More than
65% of the pore volume is due to pores less than 0.1 u
in diameter, and more than 85% is due to pores less
than 1 ii.

2. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL^572, p. 196.

When Lewis shale is exposed to tritiated water at
elevated temperature, some of the tritiated water enters
the pores and fractures of the shale and is not easily
removed by flushing with moist air. In one test, only
about 65% of the tritiated water was removed from a

contaminated shale sample in eleven 24-hr treatments at
50°C. The total air flow was more than 100 times the
bulk volume of the shale.

The potential contamination of natural gas in a
storage cavity is being studied by measuring the tritium
concentration of methane that has been held in contact

with contaminated shale in a small pressure vessel for
various periods of time. Several tests are made with the
same shale sample by pressurizing with fresh methane.
The amounts of tritium found in the methane (after
elaborate treatment to remove tritiated water from the

gas stream) were extremely low (Table 11.1). The
highest concentration measured, 0.0020 /iCi/liter, is
more than 100 times lower than the tritium concentra

tion in the initial gas removed from the Rulison
chimney. The concentration in the methane, which was
measured by burning the methane to form carbon
dioxide and water and measuring the tritium in the
water, was near the detection limit in the last three

releases.

Table 11.1. Contamination of methane during
storage

Procedure: 100 g of Lewis shale (0.1- to 0.5-in.-diam pieces)
was contaminated by heating at 50 C for 33 days with 1 ml of
water containing about 92 juCiof tritiated water. After removal
of about 23 iiCi of tritiated water by purging with air, the shale
was transferred to a pressure vessel for storage with methane.
The vessel was repressurized with fresh methane after each
release.

Methane

Methane

storage

time

(days)

Pressure

(psig)

Tritium

distribution

(uCi)

Tritium

in

release
In

water

In

methane

methane

(liCi/liter)

1 2 900 0.14 0.0278 0.0020

2 39 900 0.68 0.0181 0.0013

3 34 850 0.45 0.0008 <0.0001

4 40 725 0.44 0.0038 0.0003

5 29 790 0.39 0.0005 <0.0001



12. Biochemical Technology

MACROMOLECULAR SEPARATIONS

12.1 PREPARATION OF CRUDE BOVINE LIVER

TRANSFER RIBONUCLEIC ACID

Livers from large beeves (weighing more than 1000
lb) were used in our initial experimental work for the
preparation of mammalian crude tRNA. Numerous
tRNA preparations were made by following different
isolation procedures. The resulting samples of crude
tRNA were less active than typical crude tRNA
preparations obtained from E. coli. The total amino
acid acceptance was only 500 to 700 picomoles per
A260 unit, and the terminal 3'-nucleoside assay indi
cated 500 to 700 picomoles of adenosine per A260
unit, 500 to 600 picomoles of cytidine per A260 unit,
and small amounts of guanosine. It was obvious that
these beef liver preparations contained appreciable
quantities of degraded tRNAs. The use of reagents such
as bentonite or diethyl pyrocarbonate to inhibit nucle
ase attack during recovery did not improve the product.
The low terminal adenosine content and the low amino

acid acceptance appeared to be characteristic of liver
tRNA from mature beeves.

When calf liver, instead of beef liver, was used as the
mammalian tRNA source, a more active crude tRNA
was obtained. The livers used in these tests came from

young animals weighing less than 500 lb. The best calf
liver tRNA preparations had a total amino acid accept
ance of 1050 picomoles per,4260 unit and a 3'-terminal
adenosine content of 1410 picomoles per A260 unit
(Table 12.1). These values compare favorably with the
values of total amino acid acceptance and 3'-terminal
nucleoside content for typical E. coli tRNA prepara
tions.

To date, the highest yield of calf liver tRNA has been
4.5 X 106 picomoles of tRNA per kilogram of liver.
Comparison of this value with the typical yield of
tRNA from E. coli. cells (i.e., 72 X 106 picomoles of
tRNA per kilogram of cells) indicates that the recovery
from calf liver is only about 6% of that from E. coli.
This low yield appears to be typical of that to be
expected from tissue sources and will restrict the
quantity of purified mammalian tRNAs that can easily
be recovered.

A simplified flowsheet of the procedure is shown in
Fig. 12.1. After the animal had been slaughtered, the

Table 12.1. Summary of crude tRNA preparation from bovine liver

Run

No.

Sum of 20 tRNAs

Source Yield

(micromoles per kilogram of liver)

14 Beef 0.9

23 Beef 4.0

15A Calf 0.6

15B Calf 1.7

16 Calf 2.7

17 Calf 1.9

18 Calf 1.3

20 Calf 3.2

21 Calf 3.5

22 Calf 4.5

"Total acceptance for 20 amino acids.

Acceptance"
(picomoles peiA260 unit)

540

790

800

870

1050

730

440

690

730

530
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3 -Terminal nucleoside

(picomoles per-426 0 unit)

Adenosine Cytidine Guanosine Total

700 830 450 1980

1080 480 300 1860

1410 150 170 1730

1080 150 110 1340

1200 300 <150 -1650

860 150 <150 -1160

740 840 <100 -1680
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Fig. 12.1. Flowsheet for the recovery of crude tRNA from calf liver.

Uver was removed promptly, and the bile sac was
carefully cut off. The liver was washed with warm
water, the connective tissue was removed, and the liver
was sliced into 1-in. strips and frozen immediately in
liquid nitrogen. The frozen product was transported to
ORNL in a container of liquid nitrogen and then
broken into small cubes and stored at —20°C.

In order to recover the tRNAs, the frozen chunks of
Uver were ground for about 5 min in an Eppenbach
colloid mill with a buffer of the following composition:
0.005 M EDTA, 0.001 M Na2S203, 1% w/v bentonite,
and 0.1 M Tris-HCl (pH 8.0). Two liters of buffer was

used per kilogram of liver. The resulting suspension was
filtered through sterile cheesecloth. The mill was
cleaned of remaining connective tissue, and the filtrate
was reintroduced into the mill. Then 1 liter of 88%

phenol was added per liter of filtrate, and the solution
was made 1% in w-octyl alcohol. The phenol and the
aqueous filtrate were mixed for a period of 30 min,
during which the temperature increased to 20°C. The
phenol—aqueous buffer suspension was centrifuged to
recover the aqueous solution containing the nucleic
acids. In some of the runs, the centrifugate was not
clear and had to be filtered through a 5-p Millipore
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filter. Solid NaCl was added to make the centrifugate
(or filtrate) 0.5 M in NaCl; then two volumes of ethanol
were added to precipitate the RNA product. After
standing for 16 hr at 4°C, the precipitate was recovered
by centrifugation.

In order to remove high-molecular-weight RNA and
other contaminants, the precipitate was redissolved in a
volume of buffer (0.3 M NaCl; 0.001 M Na2S203; 1%
bentonite; 0.1 M Tris-HCl, pH 7.0) equal to the
previous volume. Isopropyl alcohol was added slowly to
achieve a final concentration of 25%, and the resulting
precipitate was removed by centrifugation and dis
carded. The tRNA was then precipitated by the
addition of an equal volume of isopropanol. After
standing for 16 hr at 4°C, the precipitate was recovered
by centrifugation.

Additional purification was achieved by DEAE-
cellulose chromatography. The solid product was dis
solved in buffer (0.1 M Tris-HCl, pH 7.5; 0.01 M
Na2S203) at a concentration of 50 ^4260 units/ml. The
feed solution was loaded onto a DEAE-cellulose column

(Schleicher and Schuell), which was subsequently
washed with a buffered 0.2 M NaCl solution to remove

low-molecular-weight RNAs. The desired tRNAs were
then eluted from the column using a buffered 1.0 M
NaCl solution and were recovered by precipitation with
ethanol.

Final purification of the crude calf Uver tRNA was
accomplished by means of SephadexG-lOOgel permea
tion chromatography. The crude tRNA was dissolved in
buffer (0.4 M NaCl; 0.01 M MgCl2;0.01 M Tris-HCl, pH
7.0; 0.002 M Na2S203) and loaded onto the column.
The tRNAs were eluted after two peaks containing
higher-molecular-weight material. They were recovered
by precipitation with ethanol, redissolved in buffer, and
stored frozen (—20°C).

12.2 NEW CHROMATOGRAPHIC SYSTEMS FOR

THE SEPARATION OF TRANSFER

RIBONUCLEIC ACIDS

A substantial improvement in the chromatographic
resolution of tRNAs by reversed-phase chromatographic
(RPC) columns was achieved by the replacement of the
diatomaceous earth support with a plastic support
material. The new material is polychlorotrifluoro-
ethylene (Plaskon CTFE, 2300 grade, powder), which is
marketed by Allied Chemical Corporation as a molding
and extrusion resin. As received, the material contains

lightly bonded aggregates of particles. These are easily
reduced to the 10-mprimary particles.
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Two new RPC systems were developed using the
Plaskon support. These were designated RPC-5 [4%
tricaprylylmethylammonium chloride (Adogen 464) on
Plaskon] and RPC-6 (5% trioctylpropylammonium
bromide on Plaskon). The chromatographic peaks (Figs.
12.2 and 12.3) were much sharper than those obtained
with RPC-2 and RPC-3 chromatography (the corre
sponding quaternary ammonium salts supported on
diatomaceous earth); also, more effective resolution of
isoaccepting tRNAs was achieved. For example, the five
leucine tRNAs were sharply defined by either RPC-5 or
RPC-6 chromatography; in contrast, under corre
sponding conditions, they were more poorly resolved in
RPC-2 runs, and they were broad and very ill-defined in
RPC-3 runs. No solvent was employed in RPC-5,
whereas tetrachlorotetrafluoropropane, which is ex
pensive and difficult to obtain, was used in the RPC-2
system. Recoveries of the tRNAs, based on acceptance
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Fig. 12.3. RPC-6 chromatogram of E. coli tRNAs. Packing:
5% trioctylpropylammonium bromide on Plaskon CTFE; equili

brating solution: 0.25 M NaCl, 0.01 M Mg(C2H302)2, 0.01 M
NaC2H302 buffer at pH 4.5, 0.002 M Na2S203; gradient: 2
liters of 0.32 to 1.0 Af NaCl plus other constituents.

activity, averaged 90%. The RPC-5 columns can be used
repeatedly; as many as 30 runs have been made on
smaller columns with no loss in resolution. Because the

trioctylpropylammonium bromide used in the RPC-6
system has a slight aqueous solubility, RPC-6 columns
probably can be used for only three to six runs.

The increased chromatographic resolution of the
RPC-5 and -6 systems greatly simplifies the prepara
tory-scale purification of individual tRNAs by reducing
the overlap of adjacent tRNA peaks. Also, the multiple
isoaccepting peaks for certain tRNAs can be more
readily observed. The improved resolution probably
results from the uniform small size (approximately 10
/j) of the coated particles and the chemically inert
nature of polychlorotrifluoroethylene.

12.3 MINIATURE CHROMATOGRAPHIC SYSTEMS

FOR TRACER-LABELED TRANSFER

RIBONUCLEIC ACIDS

Our reversed-phase chromatographic systems are
essentially anion exchange columns, constructed in such
a manner that the active exchange sites are present as a
thin film on the surface of an inert support. Hydro
phobic diatomaceous earth is employed as the inert
support in the RPC-2, -3, and -4 systems. These systems
are useful for the large-scale purification of individual
tRNAs as well as for the resolution of tracer-labeled

isoaccepting tRNAs. However, since satisfactory small
columns of this type could not be constructed for the
tracer-labeled experiments, relatively large (1-cm-diam
by 240-cm-high) columns and 2- to 3-liter elution
volumes were used. Thus, a period of one to two days
was required to complete a chromatographic run.
Recently, we have developed two new systems, RPC-5
and -6 (see Sect. 12.2), which employ 10-u particles of
Plaskon as the inert support.

Small (0.6-cm-diam by 30-cm-long) chromatographic
columns and correspondingly small (100-ml) elution
volumes proved to be practical for the separation of
[3H] - or [14C] aminoacyl-tRNAs. Further, by utilizing
commercially available high-pressure columns and fit
tings (Chromatronic, Inc.) and a positive displacement
pump to force the eluent through the column at 300 to
500 psi, the time required to complete the chromato
graphic run was shortened to 30—60 min. Typical
results with tracer-labeled calf liver tRNAs are shown in

Fig. 12.4. Sharp resolution of the multiple peaks for
isoacceptors of methionyl-, leucyl-, and seryl-tRNAs is
shown. Recoveries of these calf liver tRNAs averaged
99%.

Experiments were carried out with E. coli phenyl-
alanyl-tRNA to determine the minimum amount of
tRNA that could be resolved. Figure 12.5 shows the
chromatogram of a sampleof [14C]phenylalanyl-tRNA
having a radioactivity level of 44 counts/min. A total of
24.8 counts/min (56% of the initial activity) was
detected in the chromatographic peak. This chromato
graphic peak represents 3.5 X 10"9 g, or 60 X 10~6
A260 unit, of phenylalanyl-tRNA.

The advantages of this miniature chromatographic
system are (1) the speed with which chromatographic
runs can be carried out, (2) the very small quantity of
tRNAs required, and (3) the superior resolution of
isoaccepting tRNAs. The ability to detect and compare
such small quantities of tRNAs makes possible the
investigation of differences using small quantities of
cells (e.g., in biopsy samples).
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Fig. 12.4. Separation of calf liver tRNAs.

12.4. SEPARATION OF RIBOSOMAL

RIBONUCLEIC ACIDS

A reversed-phase chromatographic system employing
a column consisting of methyltrialkylammonium chlo
ride dissolved in chloroform and supported on Plaskon
CTFE, used previously for separating tRNAs and
higher-molecular-weight ribosomal RNAs (i.e., 16S and

23S rRNAs), has been applied to the isolation of 5S
rRNA from E. coli. Total ribosomal RNA was prepared
from E. coli Q13 ribosomes by a phenol extraction
procedure. The 16S and 23S rRNAs were precipitated
from a 2 Af sodium acetate solution, leaving most of the
lower-molecular-weight material (primarily tRNAs and
5S rRNA) in solution. The tRNAs and 5S rRNA were
then precipitated with cold ethanol. The precipitate was
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Fig. 12.7. Reversed-phase chromatogram of a mixture of 5S, 16S, and 23S rRNA fromf. coli. Column: 0.63 cm in diameterby
30 cm high; temperature: 25°C; flow rate: 1.0 ml/min; eluent: 0.01 MMgCl2, 0.05 MTris-HCl (pH 7.25), NaCl as shown.

redissolved, and 30 to 150j4260 units were chromato-
graphed on a 1-cm-diam by 60-cm-high column at room
temperature. Elution was achieved with a solution of
the following composition: 0.01 M MgCl2, 0.05 M
Tris-HCl (pH 7.3), and a NaCl gradient ranging from
0.50 to 0.60 M. The tRNA peaks were located by
assaying the fractions for amino acid acceptance. A
major non-tRNA peak was eluted ahead of the tRNAs
and was characterized by base composition and elec
trophoresis; it was identified as 5S rRNA. On electro
phoresis on 10% polyacrylamide gels, the 5S rRNA
(shown as the shaded area in Fig. 12.6) gave a single
band with a lower mobility than tRNAs. The hydroly-
sates obtained by hydrolysis of the 5S rRNA with 0.33
M KOH at 37°C for 18 hr were separated by anion
exchange chromatography. The unusual bases present in
tRNAs were not found in the 5S rRNA, and uridine-
3'-phosphate was obtained as the terminal nucleoside.
(Adenosine-3'-phosphate is the terminal nucleoside of
tRNAs.)

Small (0.63-cm-diam by 30-cm-long) reversed-phase
chromatographic columns have been utilized for the
rapid separation of 5S, 16S, and 23S rRNAs from E.
coli in a single chromatographic run. Figure 12.7 shows
a chromatogram obtained from a sample containing
about 1.2 totaM260 units of a mixture of 5S, 16S, and
23S rRNAs. The time required for a chromatographic
run can be shortened by using a smaller volume of

eluent or a faster flow rate. Good separation of 16S and
23S rRNAs has been obtained with only 0.1 A 260 unit
in about 30 min. Compared with other techniques, this
method gives better resolution and is faster and more
reproducible; in addition, it uses only small amounts of
material, which can be recovered.

12.5 PURIFICATION OF FIVE LEUCINE

TRANSFER RIBONUCLEIC ACIDS FROM E. COLI

A general method for the purification of isoaccepting
transfer ribonucleic acids (tRNA^s) has been developed.
To demonstrate the procedure, the five chromato-
graphically resolvable leucine tRNAs were separated
and purified by aminoacylation, chemical derivati-
zation, BD-cellulose chromatography, basic hydrolysis,
reversed-phase chromatography, and DEAE-Sephadex
chromatography.

Figure 12.8 shows the BD-cellulose chromatogram of
75,300 A260 units of crude tRNA that had been
aminoacylated with leucine and derivatized with the

Af-2-naphthoxyacetic acid ester of Af-hydroxysuccin-
amide. The combined product pools E, F, and G had a
specific activity of 1140 picomoles of leucine accepted
per ,426o unit, representing an 8.5-fold purification of
the feed.

Figure 12.9 shows the separation on a reversed-phase
column (RPC-5) of 500 A260 units of the leucine
product into the individual leucine tRNAs. The five
leucine tRNA pools were further concentrated and
purified by DEAE-Sephadex chromatography. The
leucine-accepting activities of tRNAiLeu, tRNA3Leu,
tRNA4Leu, and tRNAsLeu were increased to
1350-1600 picomoles per/4260 unit, and the activity
(leucine acceptance per terminal adenosine) varied from
80 to 103%. The sample of tRNA2Leu, which was
present in only smallquantities, was less pure, accepting
only 905 picomoles of leucine per^260 unit.

Overall recovery of the isoaccepting leucine tRNAs
for the total process, based on aminoacylation of small
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0.5

aliquots of the DEAE-Sephadex products, varied be
tween 10 and 20%. The method is amenable to scaleup
and could be used to prepare large quantities of purified
leucine tRNAs.

In ribosome binding experiments, tRNAiLeu and
tRNA2Leu recognized the codonCUG.and tRNA5Leu
recognized UUG. The tRNA3Leu and tRNA4Leu did
not recognize any of the known leucine codons.

The four arginine tRNAs from E. coli were also
recovered by this method; however, they were less pure,

possibly due to chemical damage in the derivatization
step.

12.6 FLOWSHEET DEVELOPMENT AND

LARGE-SCALE PURIFICATION OF E. COLI

TRANSFER RIBONUCLEIC ACIDS

A new process was developed for separating and
purifying the tRNAs that are usually situated in the
middle of the chromatogram. This process is a modified
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Table 12.2. Purified tRNAs obtained by the improved flowsheet

Quantity

(g)

Amino acid 3 -Terminal

tRNA accepting activity adenosine content

(picomoles perA2&o unit) (picomoles per.4260 unit)

Formylmethionine 3.5 1615 ±77a 1610 ±43

Glutamic acid 6.2 1210 + 34 1555±23
Phenylalanine-1 0.4 1152+44 1680 ±70
Phenylalanine-2 0.4 1400

"Formyl acceptance, 1690 ±62 picomoles peiA260 unit.

version of the method previously used for preparing
large quantities of tRNAs from E. coli. The earlier
method consisted of a primary separation of a crude
mixture of tRNAs on a DEAE-ceUulose column into

two pools - one enriched in formylmethionine tRNA
and the other enriched in phenylalanine tRNA. These
pools were further processed on reversed-phase columns
(RPC-3 and 4) to yield purified tRNAs at the ends of
the chromatograms. However, it was found that the
method could be improved considerably by the substi
tution of RPC-3 for DEAE-ceUulose in the primary
separation of the crude mixture. With this modification,
several tRNAs were eluted as sharply defined peaks well
separated from most of the other tRNAs. A simplified
version of the improved flowsheet, as developed for
small columns, is shown in Fig. 12.10. The fractions
from the RPC-3 column are divided into eight pools:
glutamic acid tRNA, glutamic acid-formylmethionine
tRNA mixture, formylmethionine tRNA, formyl-
methionine-arginine tRNA mixture, arginine tRNA, a
"middle" pool containing many tRNAs, leucine tRNA,
and phenylalanine tRNA. These pools are then rechro-
matographed under different conditions to separate
specific tRNAs. Advantage is taken of the fact that the
tRNA elution sequence varies with the RPC system
used, the pH of the eluent, and the presence or the
absence of divalent metal ions (usually magnesium).
Certain pools of tRNA fractions from the RPC-3
chromatographic separation are rechromatographed
under a set of conditions selected to maximize the

separation of the desired tRNA. The effluent fractions
are pooled, concentrated, and, if necessary, rechro
matographed again under a different set of column
conditions to effect further purification.

The new flowsheet was developed on a small scale,
using crude tRNA from two different batches ofE. coli
K-12 MO. Small quantities of glutamic acid, formyl
methionine, arginine, normal methionine, lysine, vaUne,
alanine, histidine, aspartic acid, and phenylalanine
tRNAs were purified, while several other tRNAs were
partially separated. This successful separation of tRNAs

from the middle of the chromatogram confirmed the
practicability of the flowsheet. The tRNA recovery
varied with the number of rechromatography steps
required and averaged about 70% per column run. The
amino acid acceptance of each product was generally
greater than 1200 picomoles per/l260 unit.

Preparatory to a large-scale test of the new flowsheet,
four batches of E. coli K-12 MO cells were grown and
processed by phenol treatment and successive ethanol
precipitations; they yielded a total of 5.5 X 106 A260
units of crude tRNA. The crude tRNAs were separated
in a series of runs on RPC-3 columns and combined in

eight pools, as described above. These pools were
concentrated on small DEAE-ceUulose columns and

stored at -20°C. Then the formylmethionine, glutamic
acid, and phenylalanine tRNA pools were rechromato
graphed, as shown in Fig. 12.10. The quantities of
purified tRNAs obtained and the results of the analyses
are shown in Table 12.2. About 3.5 g of formyl
methionine tRNA at 100% activity (amino acid accept
ance per terminal nucleoside), 6.2 g of glutamic acid at
78% activity, and 0.4 g each of tRNA,1""6 and
tRNA2Phe were obtained. Other tRNAs could have
been recovered from the pools on hand by following
the flowsheet shown in Fig. 12.10; however, a decision
was made to terminate the large-scale work at this point
because of reduced funds.

12.7 DISTRIBUTION OF PURIFIED TRANSFER
RIBONUCLEIC ACIDS

The distribution of purified samples of E. coli tRNAs
was continued in accordance with the recommendations

of the National Institute of General Medical Sciences
committee that reviews all requests. Samples of argi
nine, formylmethionine, glutamic acid, phenylalanine,
and valine tRNAs were distributed in 162 shipments
containing a total of 5.5 g of purified tRNAs. These
shipments went to investigators working in fields such
as x-ray crystallography, nucleotide sequence, solution
conformation, codon response, etc. During the year,
additional quantities of formylmethionine, glutamic
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acid, and phenylalanine tRNAs were added to the
inventory upon completion of the large-scale evaluation
tests (Sect. 12.6). All large-scale work with E. coli
tRNAs has now been terminated, and no future
additions will be made to the inventory. The supply of
arginine, phenylalanine, and valine tRNAs has been
exhausted; thus only formylmethionine and glutamic
acid tRNAs will be distributed. Currently, we have a
total of about 10 g of these two tRNAs on hand.

BODY FLUIDS ANALYSES PROGRAM

The goal of the Body Fluids Analyses Program is to
develop separation methods and automated systems for
use in the clinical laboratory for analysis of the
molecular constituents of body fluids. The third-
generation prototype analyzers for the high-resolution
analyses of the UV-absorbing and carbohydrate constit
uents in body fluids have been designed and built.
Several additional separated body fluid constituents
have been isolated and identified, and new separation
systems are being developed for the analysis of trace
organic compounds in body fluids, for the 5-hydroxy-
indoles in whole blood, and for ninhydrin-positive
compounds in body fluids.

12.8 PROTOTYPE ANALYZERS

Eleven high-resolution analytical prototype systems
have been fabricated from ORNL construction plans
and have been placed in laboratories other than those of
the Body Fluids Analyses Program (Table 12.3). Three
additional UV-analyzer prototype systems are being
fabricated for instaUation at three other laboratories for

continuing evaluation. The principal investigators of
these prototype systems will be as follows: Dr. J. Edwin
Seegmiller, Director of Department of Medicine, Uni-

veisity of California, La JoUa; Dr. Stanton Segal,
Department of Pediatrics, The University of Pennsyl
vania; and Dr. Lloyd H. Smith, Jr., Chairman, Depart
ment of Medicine, San Francisco Medical Center,
University of California. During fiscal year 1972, an
intensive evaluation program will be initiated at these
three laboratories, as well as at the three laboratories
where UV-analyzer prototype systems have already
been placed.

The concepts of the Mark III miniaturized carbohy
drate analyzer (Fig. 12.11) were discussed in the last
annual report.1 Development of this analyzer has now
been completed, and two prototypes have been built
for evaluation by other laboratories. One of them has
been installed in the Clinical Center of the NIH, where

it will be used by Dr. Donald Young for in-depth
analyses of body fluids from general hospital patients;
the other will be installed in the Department of
Pediatrics at Johns Hopkins Medical Center, where Dr.
R. Rodney Howell will use it to investigate abnormal
infants and children.

12.9 SEPARATION SYSTEMS

The use of an anion exchange column and a cation
exchange column in series, with concurren' elution of
both columns after the initial loading phase, is being
evaluated with the UV-analyzer. Preliminary results
show that the system gives increased resolution and a
significant decrease in analysis time. Neutral resins
manufactured by the Rohm and Haas Company have
been found useful in concentrating the trace organic
compounds in urine so that an additional 50 to 60
chromatographic peaks can be resolved in a separate

1. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, pp. 213-24.

Table 12.3. High-resolution analytical prototype systems in other laboratories

Laboratory

Clinical Center, NIH

Johns Hopkins University Medical Center

Duke University Medical Center
Eli Lilly Clinical Laboratory

University of Salford
Analytical Chemistry Division, ORNL
Biology Division, ORNL

Principal investigator

Dr. Donald S. Young

Dr. R. Rodney Howell

Dr. James Wyngaarden
Dr. Robert Wolen

Dr. R. W. A. Oliver

Dr. Gerald Goldstein

Dr. James Epler

"Fabricated by the other facility, using ORNL construction plans.

Type of prototype system

UV-analyzer, Mark 11"
UV-analyzer, Mark II-A
Carbohydrate analyzer, Mark II
Carbohydrate analyzer, Mark III
UV-analyzer, Mark II
Carbohydrate analyzer, Mark III
UV-analyzer, Mark II-A
UV-analyzer, Mark II-A

UV-analyzer, Mark II-A"
UV-analyzer, Mark II
UV-analyzer, Mark II-A
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elution. A new concept in which multiple columns are
operated at the same time in a single analyzer system
will allow many samples to be run simultaneously,
thereby increasing the sample throughput rate of such
systems.

Ion Exchange Columns in Series

The use of two or more ion exchange columns that
are connected in series and contain different types of
resi \ offers the potential of a high-resolution system for
th. separation of complex mixtures. Preliminary tests
n/dce this concept look very promising. An anion
exchange column (0.22 cm in diameter and 100 cm
long) and a cation exchange column (0.22 cm in
diameter and 50 cm long) were connected in series
during analysis of a reference urine sample, using an
ammonium acetate-acetic acid buffer concentration

gradient similar to that employed with the Mark III
UV-analyzer. The results of this analysis were accept
able from the standpoint of resolution; that is, the
resolution for the initial portion of the chromatogram
was somewhat superior, while the resolution for the
middle portion was somewhat inferior, to t lat obtained
with the sta idard 150-cm anion exchangt column (Fig.
12.12).

A second run was then made in which the urine

sample was afam loaded onto the coupled columns;
then, after 2 u of elution with duuU. b,ff';r, the two
columns were uncoupled and eluted separately with ti.e
usual ammon. .m acetate—acetic acid buffer concen

tration gradient. The results of this analysis showed
about a 15% increase in the number of peaks over that
obtained with elution in series; and, since the two

columns could have been eluted simultaneously, there
was a potential for reducing the analysis time from
more than 23 hr to about 18 hr.

This second type of run, in which the columns are
loaded sequentially and then eluted separately, looks
very promising; hence it will be investigated further. It
is interesting to note that, after only a slight modifica
tion, the previously developed sample injection valve2
can be used as an automated switching valve for this
type of analysis.

Neutral Resins

A study has been initiated to determine the feasibility
of using a family of neutral resins as separations media.
These resins, the XAD series marketed by Rohm and
Haas Company, are potentially useful for concentrating
trace organic constituents in body fluids. Their charac
teristics are briefly outlined in Table 12.4. The polar
ities of these resins differ widely, ranging from nonpolar
(XAD-2 and XAD-4) to highly polar (XE-284).

A procedure developed for evaluation of the neutral
resins was used to determine, qualitatively, the relative
number of urinary constituents held up by the resin.
About 25 cc of wet resin was packed, as a slurry, into a
column and backwashed with water to remove small

resin particulates. The column consisted of a 50-ml
buret containing a small plug of glass wool to hold the
resin. A 50-ml aliquot of urine was percolated through
the column; then the resin was washed with about two

bed volumes of 0.18 M ammonium acetate-acetic acid

2. C. D. Scott, W. F. Johnson, and V. E. Walker, Anal.
Biochem. 32,182 (1969).

Table12.4. Typical properties of Amberlite polymeric adsorbents"

Resin Chemical nature

Surface

area

(m2/g)

Average

pore

diameter

(A)

Skeletal

density

(g/cc)

Nominal

mesh

size

Dipole
moment

Nonpolar

XAD-2

XAD4

Polystyrene

Polystyrene

330

750

90

50

1.08

1.09

20-50

20-50

0.3

0.3

Intermediate polarity

XAD-7

XAD-8

Acrylic ester
Acrylic ester

450

140

Polar

80

250

1.25

1.26

20-50

25-50

1.8

1.8

XAD-12

XE-284

Very polar; nitrogen-
Sulfonic acid

oxygen group 25

600

1300

40

1.17

1.44

20-50

20-50

4.5

>5.0

"Taken from "Amberlite XAD Macroreticular Adsorbents" (bulletin), Rohm and Haas Co., 1970.
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buffer (pH 4.4). Methanol was found to elute most
sorbed species, and a 50-ml methanol wash was col
lected in a round-bottomed flask and evaporated to

dryness in a rotary evaporator. The residue was dis
solved in 1 ml of 0.015 M ammonium acetate—acetic

acid buffer and stored at —70°C.

During the loading of the urine on the column and
the subsequent wash with dilute buffer, eluate fractions
of 8 ml each were collected in sequence. These samples
were analyzed by the UV-analyzer, and the resulting
chromatograms were compared with a reference chro
matogram obtained for the urine sample prior to
treatment. With each neutral resin tested, the early
effluent fractions showed a striking absence of urinary
constituents. However, the effectiveness of removal of
the total UV-absorbing compounds from urine in
creased with the polarity of the resin. Thus, the XAD-2
resin tended to remove only the less-polar compounds
usually found as trace urinary constituents. This in
creased removal of UV-absorbing material as the polar
ity of the resin increases appears to stem from the
ability of the more polar resins to remove the polar, as
well as the more nonpolar, urinary compounds. It
follows, then, that the XAD-2 resin removes the
methylated xanthines but not xanthine, hypoxanthine,
or uric acid. Although the concentration of uric acid in
the effluent remains high in the case of XAD-4, it is
significantly reduced by XAD-7 and virtually eliminated
by XAD-12. Although methanol was used to elute the
bulk of the urinary compounds from the resins, formic
acid was found to be effective in eluting colored
compounds from the XAD-12 and XE-284.

The above results indicate that the family of XAD
resins should prove to be very useful as concentration
media for the chemical constituents of urine. At

present, they do not appear to have utility for
separating individual constituents from one another,
although such potential has not yet been explored. The
resins are capable of concentrating certain urinary
constituents, retarding various compounds, and passing
others. Some compounds are eluted with water, and
others are eluted with methanol; a few are not removed

unless formic acid is used. This indicates that certain

solvents can be used to elute certain groups of
compounds. Thus, it may be possible to remove and
concentrate trace components and various drugs and
drug metabolites from urine by passing urine through a
column containing neutral resin. These compounds can
then be recovered with a solvent system, and the usual
chromatographic analysis can be made.

High-Resolution Amino Acid Analysis

A high-resolution analyzer for ninhydrin-positive
compounds (amino acids and related compounds) is
being developed. A single-column cation exchange
separation system patterned after the work of
Hamilton3 is being used. The system is aimed at
separation of the constituents of urine, using all of the
automated features of our other systems. Initial results
show that a 0.45-cm-diam by 100-cm-long cation
column operating with 12- to 15-//-diam particles can
separate up to 100 chromatographic peaks from a single
urine sample. Longer columns will be used to increase
this resolution.

Parametric Studies

The study of the effects of operating parameters on
the pressure drop, void fraction, and peak dispersion in
a packed bed of small spheres was continued as an aid
in determining the optimum design for a chromato
graphic system. In this technique, distilled water was
used as the eluent, and a small quantity of NaCl
solution was injected into the flowing streams just
ahead of the packed bed. The electrical conductivity of
the column effluent was then measured as a function of

time. The void volume was obtained by determining the
elution volume required between the injection of NaCl
and the arrival of the peak maximum at the detector. It
was, of course, necessary to subtract the dead volume
of the system (i.e., fittings and tubing between the
column and the electrical conductivity cell) from the
elution volume. Experimental data were taken, using a
single 0.45-cm-diam by 50-cm-long column, at tempera
tures from 30 to 60°C, flow rates from 80 to 800 cm3
cm-2 ru"1, and particle sizes from 3.6 to 34.1 jum.

The pressure drop through a packed bed of small
spherics, particles has been previously shown to be
linearly dependent on column length and flow rate and
inversely dependent on the square of the particle
diameter; the more recent work confirms these relation

ships. However, a more general correlation would be

useful. Such general correlations have been derived in
enginee. ng studies of pressure drop in fixed beds of
larger r. .rticles. Typical of these is the work of Ergun,4
who followed earlier workers in correlating a dimen-
sionless pressure drop in the form of a friction factor /
with a dimensionless flow parameter called the modi-

3. P. B. Hamilton, Anal. Chem. 32, 1779 (1960).

4. S. Ergun, Chem. Eng. Progr. 48(2), 89 (1952).
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fied Reynolds number, A^Re:

/= 150
1
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-+ 1.75 ,

Re

where

_AP &<Pp e3
/

L pU2 1-e

DPPU
^Re =

(1)

AP = pressure drop across the column,

L = length of the column,

gc = gravitational constant,

D = average diameter of the spheres in the column,

p = density of the mobile phase,

U = superficial fluid velocity based on an empty
column and average conditions,

e = void fraction = void volume/geometric volume,

u = viscosity of the eluent.

Figure 12.13 shows the correlation of the experi
mental data obtained with five different column pack
ings, as compared with the semiempirical relationship
developed by Ergun for beds packed with much larger
particles. The correlations are consistent within the
same packed bed, and the resulting f-vs-N^e plot on
log-log paper gives a relatively straight line with a slope
similar to that of the extrapolated Ergun relationship.
However, particle size seems to have some effect on the
absolute values of the friction factor. Perhaps, in the
case of these smaller particles, the particle size must
also be considered in the correlation. This will be

investigated further.

12.10 SYSTEM COMPONENTS

The primary developmental emphasis with regard to
system components has been centered on new detection
systems. Work is progressing on two flow detectors: a
multiple-channel photometer and a flow fluorimeter-
photometer.
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Multiple-Channel Photometer

In order to reduce the cost of a parallel-column
analyzer, it would be desirable to replace the several
individual detectors with a single detector capable of
monitoring multiple streams. We have completed the
conceptual design of a multichannel two-wavelength
UV photometer that will simultaneously measure the
transn ittance of UV-absorbing constituents eluted
from, perhaps, as many as eight chromatographic
columns. The instrument would make use of a single
Ught source, a single reference flow cell, and a single
electronics channel with electronic switching of the
measuring photocells (Fig. 12.14). The photometer
outputs can be recorded on a multipoint recorder that
is synchronized with the photometer channel stepping
switch, or the outputs of the individual channels can be
stored in a sample-and-hold circuit that would permit
either unsynchronized multipoint recording or the use
of a continuous pen trace recording on specific channels.
Obviously, the ideal mode of operation would involve
the use of an on-line computer. A two-channel photom
eter is now being fabricated to prove the feasibility of
the concept.

Flow Fluorimeter—Photometer

A new detection system combining a fluorimeter and
a photometer in a single miniaturized detector head
(Fig. 12.15) has been designed and fabricated, and a
prototype system is being tested. Both the fluorimetric
and the photometric measurements are made at an

excitation wavelength of 254 nm. The instrument uses
photoconductors as detectors for the UV photometer
and a photomultiplier for the fluorescence detector.
The flow cells, of "U" configuration, are embedded in a
small cylinder of solid acrylic plastic and have a quartz
window at each end. The design of the flow cell
provides essentially 100% collection of emitted fluores
cent light at wavelengths about 350 nm; cutoff occurs
at about 310 nm. The 254-nm light from the excitation
lamp is very effectively blocked by the acrylic trans
mission characteristics. Preliminary tests are encour
aging, and modifications to improve the response of the
instrument are being designed.

12.11 IDENTIFICATION OF BODY FLUID

CONSTITUENTS

Major progress has been made in identifying constit
uents separated from human urine by the UV-analyzer.
The number of positively identified compounds has
increased from 35 (at the end of the last report period)
to 69. Included among these new compounds are
several that have little UV absorbance. No new identifi

cations were made with the carbohydrate analyzer.
Positive identification requires corroborative evidence
by at least two of the following methods: UV spectro
photometry, gas chromatography, UV chromatography
(with standards), and mass spectrometry. The last
method is almost always used to obtain a confirmation.

Several compounds that show weak or no UV
absorbance have been identified in urinary fractions
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Fig. 12.15. Dual-beam flow monitor incorporating UVabsorbance and fluorescence detection.

from the UV-analyzer. These compounds include urea,
citric acid, glyoxylic acid, inorganic phosphate, and
mannoheptulose. Although many other carbohydrates
have been found in early fractions from the UV-
analyzer, mannoheptulose is currently of some interest
since it is reported to be an inhibitor of insulin release
and glucose oxidation.5 The compound was found in
appreciable quantities in the urine of a 21-year-old

institutionalized patient afflicted with phenylketonuria.
(The only dietary source of mannoheptulose is reported
to be avocado pears, and it is difficult to believe that an
institutionaUzed patient had ingested a large amount of
this fruit.)

5. Carbohydrate Metabolism and Its Disorders (ed. by F.
Kiclens, R. J. Randle, and W. J. Whelan), Academic, New York,
1968.
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12.12 APPLICATIONS AND EXPERIMENTAL

RESULTS

Several interesting analytical results were obtained
from pathologic urine samples. For example, a new
metabolite of nicotinamide, nicotinamide-N1 -oxide,
was found in the urine of two schizophrenic patients
and a mentally retarded child; large quantities of uracil
and uridine were found in the urine of a three-year-old
boy afflicted with orotic aciduria; and large amounts of
sucrose were found to be excreted by an infant who
lacked the enzyme galactokinase.

Chromatographic peak areas were shown to be linear
over a fourfold change in urinary concentration, elution
volumes were reproduced within ±2%, and absorbance
ratios (254 nm/280 nm) coupled with elution volumes
were shown to be useful data for peak identification by
the computer.

Metabolism of Nicotinamide and Nicotinic Acid

The metabolic pathways involved in the metabolism
of nicotinic acid (niacin) and nicotinamide (niacina
mide) were investigated using the UV-analyzer. Samples
of 24-hr urine composites were collected from a
clinically normal subject who had ingested different
dosages of nicotinic acid and nicotinamide; and urine
samples from two patients diagnosed as schizophrenics
and one mentally retarded patient, who were being
tested with these drugs, were also analyzed.

The principal metabolite of nicotinamide in humans is
reported to be N'-methyl^-pyridone-S-carboxamide;
up to 60% of an ingested dose of nicotinamide is
excreted in the urine as this pyridone.6 The compound
N'-methyM-pyridone-S-carboxamide has been identi
fied as a metabolic product of nicotinamide in human
plasma, and about 38% of an ingested dose of nicotina
mide has been reported to be present in body fluids in
the form of this metabolite.7 Another major ^e+abolite
of nicotinic acid or nicotinamide is reported to be
N'-methylnicotinamide; however, we have been unable
to identify it in the studies we have made thus far. The
compound nicotinamide-N1 -oxide has been reported to
be a metabolite of nicotinamide in mice but has not, to

our knowledge, been reported in humans.8

6. W. A. Perlzweig, F. Rosen, and P. B. Pearson,/ Nutr. 40,
453 (1949).

7. D. M. Abelson and A. Boyle, Clin. Chim. Acta 14, 483
(1966).

8. V. Bonavita, S. A. Narrod, and N. O. Kaplan, /. Biol.
Chem 236,936(1961).

The significant feature of the analyses of excreted
nicotinic acid metabolites is the confirmation of the

presence of significant quantities of the metabolite
nicotinamide-N1 -oxidein the urine of the three subjects
with two different pathologies. (This compound is
absent in a normal subject.) The appearance of this new
metabolite could be either dose- or threshold-related.

However, it is equally possible that its appearance may
be related to the pathologic condition of the patient. In
either case, it would seem to be important to determine
any possible secondary effects of this compound on the
human body. Studies will be continued in order to
determine whether the appearance of this new metabo
lite is dose- or history-related, or whether it is con
nected with a particular pathology.

Orotic Aciduria

Hereditary orotic aciduria is a rare genetic disorder of
pyrimidine metabolism characterized by excessive ex
cretion of orotic acid in the urine. The metabolic defect

is appareniy caused by the absence, or very low
activity, of the enzymes orotidylic pyrophosphorylase
and orotidylic decarboxylase. The absence (low activ
ity) of these enzymes causes a blockage in the metabolic
pathway leading from orotic acid to uridine-5-phos-
phate. Drug therapy, utilizing uridine or uracil to
inhibit orotic acid synthesis by means of a feedback
mechanism via end-product repression of enzyme
synthesis, is employed to cor'rol orotic acid synthesis.9

Urine samples from !.,„ Jiiiiirtn <uflicttu with orotic
aciduria were analyzed on the UV-analyzer.10 One of
the children was being treated with uridine, while the
other was not receiving drugs. Bc*h sets of chromato-
grams showed the excretion of massive amounts of
orotic acid and the absence of orotidine, which suggest
a blockage of the normal enzyme. Uracil excretion for
the child undergoing uridine therapy was about normal;
however, large amounts of both uracil and uridine were
excreted by the other child. These results may indicate
an in vivo synthesis of uridine monophosphate (UMP)
from uracil. UMP may be formed by a reversible
pyrophosphorolysis between uracil and 5-phospho-
ribosyl pyrophosphate, a reaction analogous to the

9. The Metabolic Basis of Inherited Disease, 2d ed. (ed. by J.
B. Stanburg, J. B. Wyngaarden, and D. S. Fredrickson),
McGraw-Hill, New York, 1966.

10. Samples obtained through the courtesy of Dr. P. Rowe,
Royal Alexandra Hospital for Children, Australia, and Dr. R.
Howell, Johns Hopkins Medical Center, Baltimore.
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reaction of orotic acid with orotidylic pyrophos-
phorylase to give orotidine-5-phosphate.11 UMP has
been synthesized from uracil in rat tissue, both in vi\o
and in vitro, but the reaction has not been demon
strated in mammalian tissues. The reaction in rat tissues

is less effective than the reaction with orotic acid

except under conditions of very high concen
tration.12'13

The presence of a relatively large amount of uracil
may indicate the existence of a "shunt" synthetic
pathway that does not involve orotic acid. The possible
existence of such a pathway was suggested by Stanburg,
Wyngaarden, and Fredrickson;9 however, Reichard has
reviewed evidence which appears to show that the
pathway does not normally operate in mammalian
tissues.14 This brief chromatographic study demon
strates the utility of the UV-analyzer in basic studies of
some inborn errors of metabolism.

Infant Who Lacked Galactokinase

The miniaturized carbohydrate analyzer has been
demonstrated to have improved sensitivity, which
makes possible the analysis of urinary samples without
prior concentration. An interesting chromatogram was
obtained from a urine sample from a child afflicted
with a rare carbohydrate disorder characterized by the
lack of galactokinase. The chromatograms of the
pathologic sample and a typical normal sample are
shown in Fig. 12.16. Note the absence of peaks A and B
(i.e., the first two peaks in the normal urine) in the
pathologic sample and the appearance of a new peak at
4.3 hr.

Feeding the child a diet low in galactose content
appeared to control the galactose level of the body
quite satisfactorily. The abnormally large sucrose peak
would indicate that increased amounts of glucose and
fructose should also be observed, assuming that the
bodily hydrolytic degradation was functioning prop
erly. However, concentration, of both of the latter
sugars appeared to be approximately normal, leading
one to conclude that the normal degradation process
was impaired by the pathologic state.

Analytical ReproducibiUty and Linearity

UV analyses of a series of samples of the same
reference urine were made at different dilutions in

11. E. S. Canellakis, /. Biol. Chem. 227, 329 (1957).

12. E. S. Canellakis,./. Biol. Chem. 227,701 (1957).

13. O. Skold, Biochim. Biophys. Acta 44, 1 (1960).

14. P. Reichard, Advan. Enzymol. 21,263 (1969).

order to determine the reproducibility of elution
volumes, elution times, and absorbance ratios (254
nm/280 nm) of the chromatographic peaks, as well as
to determine the linearity of peak areas with concen
tration. Four analyses were made using 0.25, 0.50,
0.75, and 1.0 ml of a standard reference urine on a

UV-analyzer comparable to a Mark II prototype. An
on-line computer evaluated the resulting chromato
grams. The data were examined for relationship be
tween chromatographic peak area and sample size. The
areas of most of the larger peaks and of peaks that were
known to represent relatively pure compounds varied
almost linearly with sample volume. The data for
creatinine, whose absorbance is highly dependent on
pH, and for some of the smaller peaks (e.g., orotic acid)
were scattered (see Fig. 12.17).

Elution volumes and elution times for most of the

chromatographic peaks were reproducible within a 2%
relative standard deviation. The highest deviations in
elution position were observed for creatinine and for
those peaks occurring at elution times from 6 through 9
hr. This area of the chromatogram corresponds to a
region in which chromatographic peak positions are
somewhat more uncertain because of an acetate front

moving through the column.15 The reproducibility of
elution positions is satisfactory for computer analysis
and for the assignment of peak identity when coupled
with the absorbance ratio data (A2S4/A280). No
attempt was made to determine whether the repro
ducibility is improved for this series of runs by
normalizing to one or several reference peaks.

12.13 DATA ACQUISITION AND ANALYSIS

The routine use of an on-line model PDP-8/1 com
puter has significantly increased the speed and flexi
bility with which data from the high-pressure anion
exchange chromatographic system can be analyzed. The
data analysis program previously described16 has been
in a continual state of refinement and is now capable of
delivering precise quantitative results. Various improve
ments have been added to the chromatographic analysis
computer program.

Extra Area

A chromatographic run often yields a chromatogram
with overlapping peaks that do not interfere severely
enough to eliminate the minimum absorbance value or

15. S. Katz.X Chromatogr. 53,415 (1970).

16. C. D. Scott and D. D. Chilcote, Clin. Chem. 16, 637

(1970).
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"valley" between the two peak maxima. Since the
program demands a second verification of this mini
mum before the first peak is considered to be ended, it
will have already examined and included data for the
second peak in the analysis of the first peak. To
alleviate this situation, the program was modified so
that the computer is instructed to search for an
absolute minimum after the peak maximum is found. A
separate routine is used to determine the area under the
curve from this minimum to the point where the end of
the first peak is verified. The resulting area is subtracted

from the determined area of the first peak in order to
yield the true area. After the termination of the first
peak, the computation of this extra area continues until
either the beginning of a new peak is found or the
absorbance value begins to decrease.

Tailing Peak

Occasionally, a peak does not return to the base line
in a symmetrical manner but, instead, "taUs" severely.
It is difficult to detect the end of such a peak by usinga
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first derivative Umit since this would stop the analysis
prior to the end of the peak. The program is now
written so that, once the base-line limit is exceeded, an
absolute minimum must be found before the analysis
stops. If no minimum is found before the base line is
reached, the program allows analysis of the "tail."

Verification of the Beginning of a Peak

Large peaks that rise sharply from the base line are
easy to recognize, whereas small, slowly rising peaks
present a considerable problem. The first derivative is
used to determine the beginning of a peak. Because
base-line noise is an ever-present problem, it is necessary
to use a first derivative limit that allows the computer
to disregard small changes in the first derivative due to
noise. The program must then adjust the limit to find
the optimum value that will reject the greatest propor
tion of the noise but still recognize sufficiently small
peaks.

To rectify this problem, a method that employs a
double limit was developed. This method can be
described as follows. After a new data point is obtained
and the first derivative is calculated, this derivative is

compared with a relatively large limit to check for the
start of a large, sharply rising peak. If the limit is not
exceeded, the computer then compares the derivative
with a second limit, which is much smaller than the
first, to check for the beginning of a small peak. The
large limit must be exceeded twice in succession to
establish the start of a peak. In this case, the first
derivative is determined between each new data point

and the previous one.
The verification of the beginning of a small peak is

more involved. First, the smaller limit must be exceeded
several times in succession (in our case, nine times);
second, the limit itself is incremented after each check;
and third, the first derivative is determined between the
present data point and the data point where the limit
was first exceeded. This technique ensures that the
small peak, although gently sloping,steadily increases in
height during the verification period. The length ol the
verification step eliminates the small background fluc
tuations resulting from noise. Such fluctuations begin
like small chromatographic peaks but soon drop toward
the base line.

Elution Volume Calculation

The eluate from the high-pressure anion exchange
system feeds a glass siphon that completely emptiesby
a siphoning procedure after it accumulates a specific
volume. Electrodes in the siphon are connected to

contact points in the computer; these contact points
close just before the siphon is filled and open as the
siphon dumps. A computer program was written to
instruct the computer to calculate the flow rate and
accumulated volume as soon as contacts open. Since the
siphon delivers a reproducible volume of fluid each time
it dumps, the flow rate is easily calculated by dividing
this volume by the elapsed time between each dump.

Once a peak maximum is found, its elution volume is
determined in the following manner. The time of the
last dump is subtracted from the time of the appearance
of the maximum. This difference is multiplied by the
flow rate that was determined at the last dump and
then added to the accumulated volume (also deter
mined at the last siphon dump).

WATER POLLUTION STUDIES

Much of the usable water supply in areas of high
population density is polluted by various organic
contaminants, including those present in industrial
wastes and sanitary sewage as well as natural organic
contaminants. If contamination levels become too high,
additional processing steps will be necessary before
waste streams are released to the»environment or before

water supplies are used by the human population.
Although such contaminants have been analyzed in
terms of gross organic content, only limited work has
been done in determining their molecular constituents.
Obviously, information of this type will be required to
adequately design systems for removal or recovery of
these contaminants.

Because of their sensitivity and capability for de
tecting and quantifying all, or essentially all, of the
constituents in a sample, the high-resolution ion ex
change chromatographs recently developed17~20 at Oak
Ridge National Laboratory appeared to be adaptable to
the problem of analyzing for residual organic com
pounds present in water at low concentration levels.

17. C. D. Scott, J. E. Attrill, and N. G. Anderson, "Auto

matic, High-Resolution Analysis of Urine for Its Ultraviolet-
Absorbing Constituents," Proc. Soc. Exp. Biol. Med. 125, 181
(1967).

18. Charles D. Scott and Robert S. Melville, "J"*-oduction to

the Proceedings of the Symposium on Urinary Constituents of
Low Molecular Weight," Clin. Chem. 14, 287 v'968).

19. R. L. Jolley and M. L. Freeman, "Automated Carbohy
drate Analysis of Physiologic Fluids," Clin. Chem 14, 538
,1968).

20. Charles D. Scott, Robert L. Jolley, and Wayne F.
Johnson, "Prototype Systems for the Automated High-
Resolution Analyses of UV-Absorbing Constituents and Carbo
hydrates in Body Fluids," Amer. J. Clin. Pathol. 53, 701

(1970).
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Two types of high-resolution chromatographs have been
developed for analyzing samples of body fluids. One of

these, called the UV-analyzer, utilizes an acetate buffer
(as the eluent) and ultraviolet photometry (for detec
tion) to determine more than 200 compounds of
biological origin in the concentration range of 100 ng to
100 /xg/ml. The second chromatograph, called the
carbohydrate analyzer, uses a borate eluent and a
phenol—sulfuric acid color development system to
determine more than 50 carbohydrate compounds of
biological origin in the concentration range of 1 to 100
jug/ml. Many of these compounds and their degradation
products are probably present in sewage effluents.
Additional organic compounds of concern in sewage
treatment2' '2 2 could also be analyzed using these
instruments.2 3 In view of such considerations, we have
begun a program directed along four lines:

1. the selection of a technique for concentrating
sewage effluent samples so that sufficient quantities
of the individual constituents will be present to
permit detection, and the testing of the method of
choice for maintenance of sample integrity;

2. the development and testing of the analytical sys
tems for reliability and reproducibility, and demon
stration of their capabdities for the analysis of
sewage effluents;

3. construction of an analytical system for the Ad
vanced Waste Treatment Laboratory of the Water
Quality Office;

4. the identification and quantification of the indi
vidual constituents in sewage samples.

12.14 PREPARATION OF SAMPLES

As was reported last year, a two-step procedure using
both vacuum distillation and freeze-drying has been
adopted as the technique for concentrating sewage
effluent samples. The initial concentration of 10- to
30-fold is performed using the large vacuum still. The
resulting concentrate is further reduced to a few
milliUters by freeze-drying. A concentration factor of

21. R. L. Bunch, E. F. Barth, and M. B. Ettinger, "Organic
Materials in Secondary Effluents," /. WaterPollut. Contr. Fed.
33,122(1961).

22. D. W. Rychman, James W. Irvin, and Reginald H. F.
Young, "Trace Organics in Surface Waters," /. Water Pollut.
Contr. Fed. 39,661 (1967).

23. S. Katz and C. A. Burtis, "The Relationship between
Chemical Structure and Elution Position in an Anion Exchange
System," J. Chromatogr. 40, 270 (1969).

500 was found to be adequate in most cases, but it
appears to be dependent on a variety of sewage plant
operating conditions, including temperature and resi
dence time. For example, the effluent taken during the
hot, dry summer periods required larger (>1000)
concentration factors.

In order to test this concentration technique for
maintenance of sample integrity, the total losses of
noncarbonate carbon during the concentration of
sewage effluent samples for the UV-analyzer were
determined. Unfortunately, the method of analysis is
not sufficiently sensitive to permit accurate determina
tion of the carbon concentration in the sample of
effluent before concentration. The results, however,
indicated a carbon concentration of 22 jug/ml ± 100%.
The method is satisfactory for analyzing the liquid
concentrate and the separated solids. The carbon
contents of the liquid and solid portions of two samples
of concentrate (in each case, a volume of 3 liters of
secondary effluent containing ~22 Mg/ml of carbon
concentrated to 6 ml) were as follows:

Sample

1

2

Carbon content (mg ± 10%)

Liquid portion SoUd portion

120

150

6.0

8.4

Percent C in

solid portion

5.0

5.3

The carbon found in the solid portion may be biased
high since the solid could not be washed and thus
undoubtedly retained some liquid concentrate. The
recovery of 95% or more of the noncarbonate carbon in
the concentrated Uquid and more than 85% of the
original sample is considered to be quite satisfactory for
the purpose of this application.

12.15 ANALYTICAL SYSTEMS

The analytical technique developed for polluted water
samples consists of a concentration step (by a factor of
50 to 1000, depending on the history of the sample)
followed by analysis on either the UV-analyzer or the
carbohydrate analyzer (or both analyzers). Several sets
of duplicate analyses using this technique with the
UV-analyzer were made to demonstrate the reliability
and reproducibUity of the method. In each set, we
started with two separate 3-liter volumes of sewage
effluent and concentrated each to 6 ml; then we
chromatographed 2 ml of each of the concentrates on a
Mark II UV-analyzer. With the exception of some small
differences in peak resolution, these duplicate analyses
were in good agreement.



800 900

ELUTION POSITION, ml

800 900

ELUTION POSITION, ml

800 900

ELUTION POSITION, ml

— Absorbonca ot 260 nir
Absorbanca ot 280 nrr

2 cc OF PRIMARY

CONCENTRATE (500 X)

2cc OF SECONDARY

CONCENTRATE (500X)

Fig. 12.18. Comparison of UV chromatograms of a primary effluent, secondary effluent, and urine.

ORNL DWG 70-12471RI



212

The usefulness of the technique was demonstrated for
primary and secondary sewage effluents from two
different sewage treatment plants. One, the Oak Ridge
East Waste Treatment Plant, processes essentially
domestic wastes; the other, the KnoxvUle Third Creek
Treatment Plant, handles primarUy industrial wastes.
Eleven samples of effluent were taken at intervals
during the period of February 12 to September 14,
1970, from the Oak Ridge plant. As expected, the UV
chromatograms from the primary effluent samples
resemble, in a general way, those obtained from urine
samples (Fig. 12.18). In general about 75 to 80 peaks
were found. The UV chromatograms from secondary
effluent usually contain only about half as many peaks
as the primary effluent samples taken at the same time
(Fig. 12.18).

Often a few of the peaks in the secondary effluent
chromatograms are larger than the corresponding peaks
in the primary effluent chromatogram; this indicates
that the compounds responsible had "grown in,"
perhaps as decomposition products of compounds
present in the primary effluent. A carbohydrate chro
matogram for primary effluent, obtained by using the
new Mark III carbohydrate analyzer, had 18 well-
defined peaks (Fig. 12.19).

In order to demonstrate the general applicability of
the analytical technique, samples of both primary and
secondary effluents from a treatment plant handling
industrial wastes were collected, filtered, and concen
trated by a factor of 40. (Since the concentrations of
organic compounds in streams handling industrial

wastes are generally high, concentration by a factor of
40 to 100 is probably sufficient.) The UV chromato
grams (Fig. 12.20) obtained from the primary and
secondary effluent samples are remarkably similar to
each other but distinctly dissimilar to normal urine
chromatograms and those of domestic sewage samples.
Not only are the poUutants present at much higher
concentration levels than in domestic sewage, but they
are also more stable and difficult to remove by standard
secondary treatment.

A significant part of this program has been concerned
with the construction of a UV-analyzer for use at the
Advanced Waste Treatment Research Laboratory of the
Water Quality Office (WQO). The Mark II UV-analyzer
design was selected. However, a nine-chamber Varigrad
was substituted for the original two-chamber gradient
generator to provide flexibUity in choosing a gradient.
The use of this analyzer design wiU simplify the
problem of identifying peaks since the identifications
made and the techniques used in the parallel work of
the Body Fluids Analyses Program will be directly
applicable.

After the UV-analyzer had been fabricated, six test
samples were run on it at ORNL to ensure satisfactory
operation. ExceUent results were obtained, and the
resolution of peaks was found to be equal to that
obtained with other MarkII UV-analyzers. The analyzer
was then disassembled, shipped, reassembled (at the
Advanced Waste Treatment ResearchLaboratory), and,
with the assistance of personnel from ORNL, placed in
operation.
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An operating manual modified to reflect the changes
made for the WQO analyzer was written and supplied
with the Mark II instrument.

12.16 IDENTIFICATION OF REFRACTORY

ORGANICS

The third effort of the experimental program, that of
identifying the individual compounds found in sewage
plant effluents, depended on the successful completion
of the first two efforts and, hence, has only recently
been initiated. The definitive identification effort, now

under way, involves the collection of fractions from a
large-scale preparative chromatograph and subsequent
analyses of the fractions by auxiliary techniques such as
cation exchange chromatography, ultraviolet spectros
copy, gas chromatography, and mass spectroscopy. As
in the Body Fluids Analyses Program, such analyses are
necessary to positively establish the identities of the
chromatographic peaks. The 12 compounds listed in
Table 12.5 have been identified with varying degrees of
certainty. In addition to these compounds, excellent gas
chromatographic and mass spectrographic data have

Table 12.5. Compounds identified in sewage effluents

Compound Identification method"

Uracil AC,CC

5-Acetylamino-6-amino-3-methyluracil AC, CC

N! -Methyl-2-pyridone-5-carboxamide AC,CC

Caffeine AC, GC, MS

Theobromine AC.CC
7-Methylxanthine AC.CC

1,7-Dimethylxanthine AC.CC

3-Methylxanthine AC, CC

1-Methylxan thine AC.CC

Uroxanic acid AC

Uric acid AC, GC, MS

4-Hydroxyphenylacetic acid AC, GC, MS

"AC = anion exchange cochromatography, CC = cation ex
change cochromatography, MS = mass spectroscopy, and GC =
gas chromatography.

been obtained from another peak that also appears in
urine chromatograms. The compound has an apparent
molecular weight of 153, but it has not been identified.



13. Spectrophotometric Studies of Solutions

of Lanthanides and Actinides

The major objective of this program is to develop and
exploit spectrophotometric techniques for studying and
utilizing the chemical properties of aqueous solutions,
especially of the lanthanide and actinide elements, over
wide ranges of experimental conditions. Some studies
extend to nonaqueous and to solid solutions. The usual
spectrophotometric techniques are used wherever
materials and experimental conditions permit. A
specially modified Cary model 14 spectrophotometer
system has been built for use in extreme conditions and
to permit study of the more highly alpha-active
actinides. This system can be alpha-contained and is
capable of operating at temperatures up to the critical
point of water (374°C) and at pressures up to 10,000
psi. In conjunction with the spectrophotometric
studies, the densities of aqueous solutions are being
measured over the temperature range of 25 to 400°C to
determine the concentration changes needed in the
spectrophotometric studies and to obtain fundamental
information.

13.1 HIGH-ENERGY ABSORPTION BANDS

OFH2OANDD20

The studies of the effects of temperature (25 to
380°C) on the near-infrared (5000 to 12,000 A)
absorption bands of H20 and D20 have been com
pleted and reported in two papers. One has been
published;1 the abstract of the other follows:

"New Absorption Bands for H20 and D20 and the Effects of
Temperature to 380°C on the Near IR Bands of Liquid and
Vapor H20 and D20," by J. T. Bell, N. A. Krohn, and D. M.
Helton. Abstract: The changes in the four highest energy
absorption bands of liquid and vapor H20 and D20 are related
to the changing concentration over the temperature range 25 to
380°C. Two new bands for liquid H20 are reported at 16,540
and 15,060 cm-1, and two corresponding D20 bands are

1. J. T. Bell and N. A. Krohn, J. Phys. Chem. 74, 4006
(1970).

reported at 13,580 and 11,770 cm . The changes in the band
energies and the intensities are shown to be linear functions of
the molar concentrations, regardless of the liquid or vapor
states. The linear relationships between the spectral changes and
the molar concentrations may be used to support most any
model for the structure of H20, but probably support the
continuum models best. The data along with the assumption
that the spectral changes result from changes in the molecular
association of H20 or D20 lead to the conclusions that H20
and D20 are considerably associated at the critical points,
where the concentration is ~17 M, and this association

continues to concentrations near zero.

The discovery of two absorption bands at 6050 and
6640 A for H20, and three bands at 7200, 8000, and
8500 A for Y>20,1 showed that the absorbance of H20
and D20 in cells with long path lengths (>10 cm) at
wavelengths less than 7000 and 8800 A, respectively,
cannot be completely neglected in the spectral studies
of aqueous solutions. The linear relation between the
absorption band parameters and the molar concentra
tions at the various temperatures led to the conclusion
that the H20 or D20 molecules are continuously
dissociated over a concentration change of 55.5 to OAf,
regardless of the physical state. The positions and
intensities of these new bands for H20 and D20 at
25°C (i.e., ~55 M water) were determined by extrapola
ting the band parameters as determined at higher
temperatures and lower concentrations.Since that time,
we have confirmed those band positions in the
spectrum of H20 in a 44-cm-path-length cell, and have
determined more accurate values of 1.6 X 10~5 and 2.8
X 10"s for the molar absorptivities of the bands at
6050 and 6640 A respectively.

13.2 SPECTRAL STUDIES OF THE

ACTINIDES

In experiments with concentrated (>1 M) solutions of
U02(C104)2 we observed appreciable absorbance at
wavelengths greater than 5000A, where the absorbance
is generally assumed to be zero. The spectrum of 1.89
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M U02(C104)2 in 2 M HC104 in a 44.0-cm cell clearly
showed an absorption band at 5077 A and a poorly
defined band at 5310 A, with molar absorptivities of
6.9 XlO-3 and about 10-4 respectively. The intensities
of these bands at 25°C are in good agreement with
intensities calculated by the Boltzmann equation [Eq.
(1)] for the transitions from the first and second
vibrational levels of the ground state,

N/N0 =e-1 -44/iw/r > (1)

where A^0 = population of the ground state, N =
population of the vibrational state, n = degeneracy of
the vibrational state, 77 = vibrational frequency of the
ground state (884 cm-1), and T= temperature in °K.
Furthermore, the observed increases in the band in

tensities for a temperature change of 17 to 95°C are
almost exactly the same as the increases predicted for
this temperature change according to Eq. (1). These
relations are almost conclusive evidence that the new

uranyl bands at 5077 and 5310 A are "hot bands"
originating from the first and second vibrational levels
of the ground state. Details of this work have been
submitted in a note to the Journal of Molecular
Spectroscopy.

The thermodynamic quantities for the endothermic
reaction for the formation of the 1:1 complex of Am3+
with iminodiacetic acid have been determined by
spectrophotometric and pH methods. A paper sum
marizing the results has been accepted for publication
in the Journal of Inorganic and Nuclear Chemistry. Its
abstract follows:

"The Thermodynamics for the Formation of Americium-
Iminodiacetic Acid Complexes as Determined by Spectro
photometric and pH Techniques," by J. T. Bell, R. D. Baybarz,
and D. M. Helton. Abstract: The changes in the spectra and the
pH of four solutions of Am and iminodiacetic acid (IDA) have
been observed over the 15-90 C range. Equilibrium constants
for the reaction forming the 1:1 complex AmIDA* have been
determined, and AH for the reaction was calculated to be 6.9
kcal mole-1 from the linear plots of In K vs. 1/T. The free
energy decreases from 3 to 2 kcal mole-1 while the entropy is
constant, 13.1 ± 3.7 e.u.,over the 15-90°C range.

The heat of reaction for the first ionization of IDA was

determined to be -1 kcal mole , and the second ionization of
IDA was indicated to also be exothermic. Therefore, the
ionization of IDA cannot induce the endothermic character of

reaction forming the 1:1 complex. The thermodynamics is
likely controlled by the heat of dehydration of Am which is
expected to be about 200 kcal mole-1.

13.3 EMISSION SPECTRA OF THE

ACTINIDES

The emission spectra of the lanthanides and the
electronic energy levels for the actinides indicate that

some of the actinides have laser potentialities. The
techniques for preparing a liquid laserof Nd3+ in POCl3
and a laser of Nd3+ in CaW04 matrix have been refined
and scaled down such that they have been applied to
the preparation of an Am3+ laser.

The emission spectrum of Am3+ in CaW04 indicated a
good possibility of a laser with a wavelength near 6900
A. The calculated lifetimes for the 6900 A emission also

seemed adequate for Am3+ in CaW04,but the relatively
low lifetimes for Am3+ inPOCl3 made a laser doubtful.
Further testing showed no laser activity near 6900 A
for Am3+ in either matrix. However, an emission
observed near 2.3 p. may make possible a 2.3-ju Am3*
laser.

13.4 DENSITIES OF AQUEOUS
RARE-EARTH SOLUTIONS TO 340°C

The densities of solutions 0.05 to 0.44 Af in Pr(N03)3
and 0.1 to 0.63 M in HN03 were measured from 25 to
340°C. The effects of HN03 on these solutions were
observed by measuring the densities of six HN03
solutions at 0.05 to 0.64 M over the same temperature"
range. The calculated apparent molal volumes of HN03
at 25°C are in good agreement with published data. At
higher temperatures the apparent molal volume of
HN03 decreases, and this decrease is inversely related
to the HN03 concentration. The partial molal volumes
of HN03 have been determined by extrapolating the
plots of apparent molal volume vs the square root of
the molality to zero concentration. The results, which
were unexpected, are given in Table 13.1. A summary
of this work is being prepared for publication.

Table 13.1. Partial molal volumes,0V,
of HNO3 in aqueous solutions at temperatures

of 25 to 340°C

r(°C) 0V° (ml) f(°C) 0V° (ml)

25 33.1 225 -567

50 -4.9 250 -969

75 -17.6 275 -2223

100 -49.3 300 -3974

125 -129 310 -6093

150 -337 320 -8091

175 -227 330 -8071

200 -302 340 -8924

13.5 PROTONIC WAVE FUNCTIONS AND

SPECTRA

In the previous annual report, we described a method
for solving Schrodinger's equation without using the
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Born-Oppenheimer approximation.2 Briefly, the co
ordinates of the molecule are transformed to center-of-

mass coordinates, and the equation in the internal
coordinates is solved variationally using Slater de
terminants as trial functions for the electrons and the

protons. The calculations demonstrated that the
protons have multiplet structure, analogous to the
electronic multiplet structure, in addition to the so-
called vibrational and rotational structure.3

It has been shown recently that the "vibrations" are
protonic transitions of the type «/->(« + 1)(/+ 1). For
example, in HF, the calculated energy of the transition
from the 108 s ground state of the proton to the 109 p
excited state is 4277.4 cm-1, which is within 10% of
the experimental value of 3961.57 cm-1. The "rota
tions" are transitions of the type nl -> n(l + l).4

The effects of external homogeneous electric and
magnetic fields on the protonic structure have also been
studied. In the case of neutral hydrides, an external
homogeneous electric field has the same effect on the
protonic coordinates as on the electronic coordinates.
However, for ionized hydrides, the effect is propor
tional to (1 —Nmp/M), where m and M are the
protonic mass and the total molecular mass, respec
tively, and N is the degree of ionization. A homoge
neous magnetic field affects the protonic coordinates
through terms proportional to IfmJM and
Ne(Hmp/M)2, where H is the strength of the magnetic
field and Ne is the number of electrons.5 It has also
been found that, in the presence of a homogeneous
magnetic field, the center of mass of neutral atoms and
molecules will vibrate in the plane perpendicular to the

2. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, pp. 233-35.

3. I. L. Thomas, "The Protonic Structure of Methane,

Ammonia, Water, and Hydrogen Fluoride," Chem. Phys. Lett.
3, 705 (1969); I. L. Thomas, "The Protonic Structure of
Molecules. I. Ammonia Molecules," Phvs. Rev. 185,90 (1969);
I. L. Thomas and H. W. Joy, "The Protonic Structure of
Molecules. II. Methodology, Center-of-Mass Transformation,
and the Structure of Methane, Ammonia, and Water," Phys.
Rev.K2,1200(1970).

4. I. L. Thomas, " 'Vibrational' and 'Rotational' Energy
Levels as Protonic Structure in Molecules," Phys. Rev. A3,565

(1971).

5. I. L. Thomas, "The Stark and Zeeman Effects on the
Protonic Structure of Molecules," Phys. Rev. A2, 1675 (1970).

direction of the field with a frequency of (A^
e2H2/4Mmec2yi2, where e is the electronic charge and
c is the velocity of light.5-6

The multiplet theory for a single configuration for
symmetric wave functions has been developed, and
orthonormal eigenfunctions of/,2 and S2 in terms of
symmetric products of one particle wave function have
been calculated for the s2, sp, p2, s3, s2p, sp2, p3, s4,
s3p, s2p2, sp3, and p4 configurations.7 With these
eigenfunctions and the Hamiltonian matrix elements
from a symmetric wave function,8 the deuteron
structure of a molecule with up to four deuterons can
be studied.

At ORNL, experiments involving the use of photo-
electron spectroscopy have shown that the vibrational
transitions that are seen are dependent on the angle
between the direction of the photoejected electron and
the polarization of the incident photon.9 The work on
the selection rules for protonic transitions10 was
extended to include the photoeffect, and it was found
that the vibrational transitions should have an angular
dependence of the form a + (0 —a) sin2 6, wherea and
(3 are the absolute squares of the transition matrix
elements and 6 is the angle between the direction of the
photoejected electron and the polarization of the
photon.11 A consequence of the above study is the
prediction that protons can be photoejected from
molecules in the same way as are electrons. Un
fortunately, the cross section is large only at fre
quencies near the resonance frequency (i.e., the
protonic binding energy).12

6. I. L. Thomas, "The Motion of the Center of Mass of
Atoms and Molecules," Phys. Rev. A3,1022 (1971).

7. I. L. Thomas, "Multiplet Theory for Symmetric Wave
Functions," submitted for publication in the Physical Review.

8. I. L. Thomas, "Hamiltonian Matrix Elements from a

Symmetric Wave Function," Phys. Rev. A2,728 (1970).

9. T. A. Carlson and A. E. Jones, "Angular Distribution of
Photoelectrons," Chem. Div. Annu. Progr. Rep. May 20, 1970,
ORNL^581, pp. 178-80.

10. I. L. Thomas, "Selection Rules and the Protonic

Structure of Molecules," Phys. Rev. A2, 72 (1970).

11. I. L. Thomas, "The Angular Dependence of the Vibra
tional and Rotational Excitations Seen in Photoelectron

Spectroscopy," submitted for publication in the Physical
Review.

12. I. L. Thomas, "The Photoprotonic Effect in Hydrides,"
submitted for publication in the Physical Review.



14. Preparation and Properties of Actinide Oxides

14.1 THORIA DESINTERING STUDIES1

Experiments with thoria were continued2 to deter
mine the causes of desintering and the range of
conditions under which it occurs. The development of a
rational control of desintering could be useful for
incorporating specified amounts, sizes, and geometries
of porosity in nuclear fuel ceramic oxides. The con
tinued determination of mercury porosities of desin-
tered thoria to 15,000 psi indicated that most of the
porosity is inaccessible in the majority of samples.

Fig. 14.1 shows representative desintering curves for
sol-gel thoria, which had a density 99+% of the
theoretical crystal density after prefiring in air at
1200°C for 2 hr. Although sol-gel thoria shows pro
nounced desintering effects, the density data in Fig.
14.2 for a representative selection of thoria powder
compacts show that desintering may or may not occur
in thoria powder pellets. With the exception of one
sol-gel specimen for comparison, aU the samples used in
obtaining the data shown in Fig. 14.2 were compacts of
thoria powder made by calcining thorium oxalate at
650 to 800°C and then carrying out the final firing at
1600 to 1800°C. The "DT" powders are characterized
by a narrow-range (ag ~ 1.1) log-normal distribution of
relic particle sizes near an average of 2 p. Samples 305
and 355 were also calcined-oxalate thoria powders, but
the digestion of sample 305 eliminated submicron
oxalate particles that otherwise would have been
present.

1. Work done in cooperation with C. S. Morgan, Metals and
Ceramics Division.

2. Metals and Ceramics Div. Annu. Progr. Rep. June 30,
1970, ORNL-4570, p. 26.

3. P. Vela and B. Russel, "Spontaneous Grain Boundary
Swelling in Irradiated Copper-Boron Alloys," J. Nucl. Mater.
14,327-40(1966).

4. R. S. Wilks, J. A. Desport, and J. A. G. Smith, The
Irradiation-Induced Macroscopic Growth of a Al203 Single
Crystals, AERE-R-5460, Harwell (1967).
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Fig. 14.1. Desintering of sol-gel thoria in air at 1600°C.

A number of possible mechanisms for void growth
and desintering in oxide ceramics have been proposed.
These include trapped gaspressure,3 anisotropic crystal
growth,4 creep from externally applied stresses,5 in
ternal stressing by crystal growth and by thermal
gradients,6 and surface free-energy differentials induced
by chemisorption.7

The simplest model for desintering is based on the
Kelvin equation for surface-tension pressure in spherical
fluid bubbles:

P=2y/r, (1)

5. L. E. Poteat and C. S. Yust, "Creep of Polycrystalline
Thorium Dioxide," J. Amer. Ceram Soc. 44, 410-14 (1966).

6. S. E. Bronisz and D. L. Douglas, "Grain Growth in Thin
Films of Th02, Np02 and Pu02," Phys. Status Solidi 29, K95
(1968); and "Annealing Effects in Thin Films of Thoria," Proc
26thAnnu. Meeting, Electron Microsc. Soc. Amer. (1968).

7. W. Missol, "Nature of Driving Force for Activated Sin
tering," 4th International Meeting on Powder Metallurgy,
Dresden (1969), CONF-690943, voL 2.
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Table 14.1. Predicted final equilibrium densities of desintered
thoria using the modified Kelvin equation for cubical pores

Assumptions: A7 = 500 dynes/cm, perfect gases, no chemical reactions

Nominal
Total

gas

(std cc/g)
Retained gas

Temperature
(°C)

Pore radius

GO

pore

pressure

(atm)

Equilibrium

density"
(j/cm3)

0.056 All 1800 5 4 5.4

0.056 C02,N2,CO 1600 2 10 8.7

0.032 All 1800 2 10 8.2

0.032 C02,N2,CO 1600 2 10 9.2

0.018 All 1800 2 10 8.9

0.018 C02,N2,CO 1600 X 40 9.9

"Theoretical crystaldensity of thoria =10.0 g/cm3.

Table 14.2. Effect of lowering the external overpressure on "desintering" of sol-gel thoria

Sample Prefiring condition
Initial

density

(g/cm3)

1 1200°C, air, 4 hr 9.96

2-a 1800°C, air, lV2 hr 9.56

2-b Sample 2-a" 9.65

3-a 1800°C, air, 6 hr 9.38

3-b Sample 3-a" 9.44

4-a 1200°C, air, 2 hr 9.9 +

4-b Sample 4-a" 9.83

"After "desintering"

external gas overpressure is a detectably significant
percentage of the total pore pressure in all cases: 2^%
at the smallest and probably nearer 10%. If the external
gas overpressure is reduced to zero, Eq. (2) predicts that
the equilibrium density of 8.9 in Table 14.1 should
decrease to 8.8. The results of desintering experiments
performed in vacuum, to see if additional swelUng could
be induced, are given in Table 14.2. Setting Pe to zero
significantly suppresses desintering, which is opposite to
the effect predicted by the simple gas-pressure models.

The gases evolved during vacuum firing of samples 1,
2-a, and 2-b (Table 14.2) were analyzed for H2, N2, and
(02 + CO + C02) chromatographically. Oxygen and the
oxides are "lumped" because a molybdenum-lined
graphite crucible had to be substituted for the available
tungsten crucibles, which would have contributed ex
cessive extraneous gas. Evolved hydrogen varied from
0.0001 wt % at 10 min to 0.001 wt % at 2 hr. Nitrogen
hovered near the limit of detection, never exceeding

Desintering conditions

1800°C, vacuum, %hr
1800°C,vacuum, % hr
1800°C, vacuum, 2 hr

1800°C, vacuum, 1 hr

1800°C, air, 2 hr

1800°C, vacuum, 1 hr

1800°C, air, 2 hr

Final density
(g/cm3)

9.77

9.65

9.86

9.44

9.40

9.83

9.66

0.0003 wt %. The (02 + CO + C02) content varied
from 0.02 wt % for 10 min to 0.08 wt % for 120 min.

The high and progressive evolution of "oxygen" is
probably an artifact of continuing oxygen dissociation
from the thoria as the free oxygen reacted with the
graphite.

The main conclusions from these data are that oxygen
is unUkely to be able to contribute to gas pressure in
voids, because of the ease of its progressive removal at
1800°C,10 and that nitrogen is either virtually absent,
in agreement with Cordiner and Dean,9 or else is
virtually nondiffusive in thoria at 1600 to 1800°C.

These results suggest that the gas-pressure model for
desintering of thoria needs further testing despite the

10. The diffusion coefficient of oxygen is 104-106 timesas
great as that of thorium in thoria at 1600-1800°C, according
to data of Poteat and Morgan and of Morgan and Yust: S.
Peterson and C. E. Curtis, Thorium Ceramics Data Manual,
ORNL-4530(1970).
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Table 14.3. Apparent x-ray crystallite size of sol-gel thoria fired
atl600-1800°Cinair

Apparent metallographic grain sizes >5 11

Composition
Firing temperature

(°C)
Firing time

(hr)

Crystal size (M)
Sample

(Ul) (220) (311)

1

1-a

2

3

Th02
Th02
Th02
ThO2-0.5MCaO

1600

1600

1800

1600

8

16

X
14

0.1440

0.1635

0.124

0.1445

0.140

0.1475

0.134

0.174

0.1545

0.1325

0.131

0.164

small x-ray crystal sizes for samples fired at 1600 to
1800°C could be due to strain broadening seems
unlikely; however, in the absence of reproducible and
independent confirmation of subgrains in the 0.1-u
range, the interpretation of the x-ray results in terms of
subgrain structure is tentative.

There is some independent evidence compatible with
the hypothesis of large strains in the sol-gel thoria
prefired at 1200 to 1400°C. Anomalously small and
irregularly variable apparent x-ray crystal sizes have
been found for sol-gel thoria fired at 1075 to
1270°C,11 and cyclic grain growth and breakdown
phenomena have been observed in sol-gel thoria under
going low-temperature sintering.12

14.2 ADSORPTION OF NITRIC ACID ON THE

SURFACE OF URANIA

The adsorption of nitric acid from solution on the
surface of urania is important in stabilizing the colloidal
urania particles in sol-gel processes for making nuclear
fuel microspheres. However, the determination of iso
therms and adsorption potentials for nitric acid adsorp
tion on urania under the conditions encountered in

processing practice is obscured by the circumstance that
urania exists in both crystalline and amorphous states in
the sol. The system is further complicated by the
presence of a holding reductant, added to stabiUze the
uranium(IV).

For well-dispersed, fully crystallized dilute thoria sols
it has been shown13 that the ideal Donnan emf relation

1L K. H. McCorkle, Surface Chemistry and Viscosity of
Thoria Sols, ORNL-TM-1536 (June 1966), pp. 23, 205,
215-16.

12. B. D. Chun, Properties of Colloidal Thoria (Part I. "Grain
Growth of Thoria Gel"), Ph.D. thesis, Dept. of Metallurgy,
Univ. of Utah (1964).

13. K. H. McCorkle, Surface Chemistry and Viscosity of
Thoria Sols, ORNL-TM-1536, p. 208 (June 1966).

Table 14.4. Correlation of urania sol

adsorption equilibrium for nitric acid
by the ideal Donnan emf

PHapp PHcond"

Total nitrate/U (mole ratio)

Sample
Eq. (1)

Chem.

analysis
Difference6

B 2.10 1.92 0.09 0.20 0.11

C 2.33 2.09 0.07 0.24 0.17

D 2.26 2.35 0.08 0.12 0.04

E 2.51 2.11 0.10 0.09 -0.01

F 2.28 2.09 0.07 0.11 0.04

"Conductivity of the sol assumed to be due to free nitric acid
only.

*Kineticallyunavailable nitrate.

between adsorbed nitric acid and free nitric acid is

valid:

pH = 2[log10(HNO3)F] -log10(HN03)T (1)

where

pHapp =apparent electrometric pH,
(HN03)F = free nitric acidconcentration in solution,

(HN03 )T = total nitric acid concentration, free and
adsorbed, in the sol.

Since urania and thoria are homologous compounds
which should be roughly similar, aside from redox
properties, Eq. (1) was applied to pH, conductivity, and
chemical data for a variety of ASPU-8 urania sols14 to
get the results shown in Table 14.4.

Examination of analytical error Umits led to the
expectation of about ±0.01 error in the HN03 /U mole
ratio; thus only the smallest difference (sample E) is
explainable as data scatter.

14. Made by solvent extraction at 0.2 M U, 87-91% U(VI),
by Unit Operations Section.
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Table 14.5. Correlation of bound

nitrate with amorphous urania

Table 14.6. Effect of surface oxidation on settled bed density
of precipitated urania particle beds

Amorphous Kinetically Crystal size in Density, expressed as moles of U

Sample
urania unavailable crystalline

Sample
per liter of settled bed"

fraction" nitrate6/U fraction Before air After air
±0.20 (mole ratio +0.01) (A ±3) exposure exposure

B 0.78 0.11 34 1 0.30 0.40
C 0.78 0.17 34 2 0.33 0.58

D 0.62 0.04 40 3 0.36 0.58

E 0 -0.01 39 4 0.36 0.63

F 0.45 0.04 37 5 0.40 0.72

"Determined by x-ray diffraction line intensities.
6From Table 14.4.

The "Difference" column in Table 14.4 was found to

correlate roughly with the amorphous urania fraction in
the sol, as shown in Table 14.5. This correlation
indicates that nitric acid associated with amorphous
urania is kinetically unavailable to the diffusion proc
esses involved in generating the Donnan-like emf correc
tion for electrometric pH measurement and that the
rapid-equiUbration adsorption effects are dominated by
the urania surface of the crystalline fraction. Making
the approximation that all the rapidly equiUbrating
adsorption is dependent on the crystalline urania
surface alone allows us to calculate the adsorption
potential for nitric acid, by the methods used for
thoria,1 s to be (-2.5 + 0.5) kcal/mole HN03 with 12%
of the metal-ion surface sites occupied by nitric acid.
This compares with about —6.5 kcal/mole HN03 on
thoria.

Part of the foregoing difference can be attributed to
the presence of formic acid (formate/U mole ratio of
0.5) during the adsorption of nitrate on urania, so that
the potential refers to a displacement reaction instead
of to simple adsorption. Urania sols containing nitric
acid alone cannot be made reproducibly because of the
Erratically uncontrollable redox reaction between U(IV)
and nitric acid and concomitant particle agglomeration.
Formic acid diminishes the extent and the irreproduci-
bility of these effects; however, even in the presence of
formic acid at a formate/U mole ratio of 0.5, colloidal
urania is slowly oxidized by the nitric acid. The rate of
self-oxidation of the urania sol undergoes a change in
slope at 80 ± 2% U(IV), which corresponds to about
half of the crystallographically calculated surface urania
ions. This oxidation to the 80% U(IV) level is accom
panied by a release of nitric acid to the solution, despite
the consumption of nitrate in the oxidation process,
because of the loss of area by the particle agglomeration
accompanying oxidation. The effect of additional sur
face oxidation on the agglomeration of urania particles

"U(VI) content before air exposure, 6-9%; after air exposure,
15-17%; determined by difference from U(IV) analyses, with
probable errors of around ±1%.

is illustrated in Table 14.6. The extreme sensitivity of
the colloidal urania to oxidation, and of agglomeration
state to surface oxidation, makes adsorption data
having well-defined thermodynamic meaning difficult
to obtain.

14.3 PREPARATION OF CARBIDES AND

CARBONITRIDES

Single-Step Conversion-Sintering of
Carbides and Carbonitrides16

In concert with the continuing and growing interest in
advanced types of nuclear fuels, studies have been
carried out on the preparation of carbides and carbo
nitrides. One of the objectives of the work was to
prepare the monocarbide or the carbonitride of ura
nium, uranium-plutonium, or plutonium in a single
conversion-sintering step.

A sol-gel process for preparing the carbides and
carbonitrides from oxides was investigated on a labo
ratory scale. In the process, stable colloidal solutions of
the metal oxides and carbon are prepared, the sols are
converted to solid gel forms, and the solids are then
converted to the desired product by a high-temperature
conversion step. The general preparation scheme has
been previously described.17 Low-nitrate plutonia sols
and CUSP-type urania sols18 were used as starting

15. K. H. McCorkle, op. cit., pp. 56-87.

16. Work done in cooperation with L. G. Farrar, Analytical
Chemistry Division.

17. Chem Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, pp. 246-50.

18. Chem Technol Div. Annu. Progr. Rep. May 31, 1968,
ORNL-4272, pp. 158-60; Chem Technol. Div. Annu. Progr.
Rep. May 31, 1969, ORNL-4422, pp. 223-28.
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materials, and M02 + C sols were prepared by ultra-
sonically dispersing carbon black in the oxide sols.
Stable fluid sols were obtained (1—2 M in metal
content) with sufficient carbon to produce the mono-
carbide, sesquicarbide, or dicarbide. Sols used for
preparing carbonitrides contained a carbon content
consistent with the quantity required for a single-phase
product. Depending on the method of preparation
(evaporation, vacuum freeze drying, or extraction with
water-immiscible solvents), the gels retain some volatUe
materials that are readily removed by low-temperature
treatment (<800°C). The conversion to carbide or
carbonitride is performed in a subsequent heating step.

The laboratory results have demonstrated the tech
nical feasibUity of the sol-gel procedure. The process
offers several advantages in making the products from
oxide — principally, the homogeneity of the starting
materials, the flexibility of the product forms (micro
spheres, shards, powders), and the ease of adaptation to
remote operations. The homogeneity of the M02 + C
sols arises from the fact that the primary particles are
very small (<500 Ain diameter).^ Although aggre
gates are undoubtedly formed, the association of the
M02 and carbon particles is maintained at the above
magnitude. Theoretically, the small size of the reactants
should provide faster conversion rates than are ob
tainable with mechanically ground material. However,
in preparing shards or microspheres, the full potential
of the faster rates cannot be utUized without destroying
the macro bodies or creating unacceptable porosity.
The intimate mixture does make it possible to obtain a
ceramic body by using a single high-temperature con
version-sintering step.

The most recent work has been focused on the

conversion-sintering step, using microspheres as the gel
form. Although the prefiring (low-temperature step)
and the conversion step could be combined, all the
work has been done in a two-step sequence to define
better the variables in the second step. The only
difficulty with this procedure is that in uranium-bearing
materials the U02 is very susceptible to oxidation and
must be protected from oxygen. The carbides are
converted in an argon atmosphere and are generally
heated in vacuum at the end of the conversion to aid in

the removal of oxygen from the system. The procedure
for preparing the carbonitrides is similar except that
nitrogen is introduced during the carbothermic re
duction of the oxide. Since the mixtures used for

preparing carbonitrides contain less carbon than would

19. Work done by T. B. Lindemer, Metals and Ceramics

Division.

be required for making the carbide, the nitration must
be done simultaneously with the reduction to conserve
the proper stoichiometry. The subsequent evacuation of
the carbonitride at an elevated temperature also serves
to decompose any higher nitrides that may have
formed. The conversion-sintering process is carried out
at 1400 to 1600°C for plutonium preparations and at
1400 to 1750°C for uranium-plutonium mixtures. The
specific procedures minimize the physical loss of
reactants and the preferential volatilization of plu
tonium and reduce the porosity of the product.

The conversion step has been examined by thermo-
gravimetry and by metallography at different stages.
The results have shown that porosity develops very
early in the conversion and at lower temperatures than
originally anticipated. Excessive porosity formed early
in the reduction cannot be removed during a subse
quent sintering step. Further, there is evidence that the
effect of increasing the sintering temperature to the
point of particle deformation merely generates larger
voids from microvoids. It appears that the initial stages
of the reduction step must be closely controlled to
achieve high-density products. The procedure must
balance a rapid heating rate to minimize the sintering of
the oxide particles with a rate that would avoid
generating porosity or cracking. The most recent efforts
have been directed toward examining this area of the
procedure. With plutonium, the heating rates become
important at temperatures as low as 1000 to 1100°C.
The reduction of Py02 occurs in two steps. In argon,
the first step starts at 1000 to 1100°C, and the carbide
is formed above 1400°C.

Using the sol-gel procedure, it has been possible to
prepare the monocarbides and carbonitrides of plu
tonium and uranium-plutonium mixtures as well as
plutonium sesquicarbide. The corresponding uranium
compounds have also been prepared by this tech
nique.18 Although it is difficult to completely avoid
small amounts of other phases in the monocarbides, it is
possible to prepare monocarbide which, according to
x-ray analysis, is apparently single phase. Most of the
metallographic examinations have been done on micro
sphere products, and the results have indicated that
high-density carbides and carbonitrides can be obtained.
The products generally had some internal porosity,
usually in the form of small voids or microporosity. The
densities of these products, as measured by mercury
porosimetry, ranged from 88 to 95% of theoretical
(based on calculated density from lattice parameters).
To date, the plutonium carbonitride preparations have
not been as satisfactory as the other products.
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Table 14.7. Sol-gel carbide and carbonitride preparations

Material

I (U,Pu) carbides

II (U,Pu) carbonitrides

III Pu carbides

IV Pu carbonitrides

C/M"
prior to

conversion

3.1

3.0

2.9

2.8

2.7

2.8

2.7

2.4

2.3

3.5

3.1

3.0

2.9

2.6

2.4

2.3

2.2

"M = U + Pu.

^Parentheses denote minorphase.

Mole ratio by chemical analysis of products"

C/M N/M O/M

1.10 0.039

1.04 0.002

0.92 0.008

0.88 0.042

0.74 0.085

0.80 0.18 0.059

0.60 0.41 0.010

0.40 0.61 0.002

0.36 0.43 0.084

1.48 0.03

1.04 0.12

1.03 0.09

0.86 0.10

0.73 0.20

0.49 0.58 0.09

0.40 0.58 0.09

0.22 0.75 0.20

(C + N + 0)/M

1.14

1.04

0.93

0.92

0.82

1.04

1.02

1.01

0.87

1.51

1.16

1.12

0.96

0.93

1.16

1.07

1.17

X-rayanalysis6

MC (M2C3)
MC

MC

MC

MC

MCN (M2C3)
MCN

MCN

MCN

Pu2C3 (PuC)
PuC + Pu2C3
PuC + Pu2C3
PuC (Pu2C3)
PuC

PuCN, Pu2C3
PuCN, Pu2C3
PuCN, Pu2C3

The oxygen contents of the final materials prepared
by the sol-gel process varied with the particular product
and with the conditions under which it was made.

Slightly higher values were observed with the plutonium
monocarbides than with the corresponding uranium-
plutonium material. However, the values may reflect
the higher reactivity of the plutonium material With
the uranium-plutonium carbonitrides, lower oxygen
contents were found for products that had C/M ratios
of 0.5 to 0.8. It is possible to prepare products from the
M02 + C sols that contain less than 1000 ppm of
oxygen (some products had oxygen contents as low as
100—200 ppm); all the products can be readily pre
pared with less than 4000 ppm of oxygen. Typical
results for the different types of products are given in
Table 14.7. Figure 14.7 indicates the general appear
ance of some uranium-plutonium (25% Pu) (b) mono-
carbide and (c) carbonitride microspheres as compared
with (a) the prefired (M02 + C) microspheres. The
sizes of the microspheres shown are not directly
comparable, although a reduction in size does occur
during the conversion-sintering step.

In the work to date, the best results have been

obtained with the monocarbides of uranium-plutonium
(15—25% Pu) and plutonium, plutonium sesquicarbide,
and the carbonitrides of uranium-plutonium. When the
C/M ratio in the starting material was less than 2.4, it

was more difficult to prepare satisfactory products,
probably because of the lower carbon activity avaUable
during the reduction step. In the uranium-plutonium
system, satisfactory products were obtained when a
sufficient amount of carbon was used to produce a
product that had a C/M ratio of 0.4 to 0.8. With
plutonium, it was necessary to use a lower carbon
content in order to obtain a single-phase carbonitride.
The plutonium carbonitride products were the most
difficult to prepare, and the experiments have indicated
that a longer time may be needed for the conversion
and that it may be more difficult to reduce the oxygen
content in the products. Some of the preparation
problems encountered are common to the general
preparative method (carbothermic reduction of oxides),
while others are unique to the single conversion-
sintering step. Additional studies are planned, on a
limited laboratory basis, to optimize further the vari
ables of the system.

Kinetics of the Syntheses of Carbides,
Carbonitrides, and Hypostoichiometric

Oxides in the U-Pu-O-C-N System /1

The kinetics of the reactions for producing carbides,
nitrides, and carbonitrides in the uranium-plutonium
system by the carbothermic conversion of sol-gel
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oxide-carbon mixtures are being studied to ascertain the
mechanisms controlling the conversion. This informa
tion is then applied to the design parameters of specific
conversion equipment. Particular kinetics studies during
this report period include those of UC with N2,20 UC2
with N2,21 and U02 with C,22 with the information
being used to analyze the fluidized-bed conversion of
oxide-carbon mixtures to fuel compounds in the
U-Pu-C-N system.23 The latter analysis was tested by
converting 250 g of sol-gel (U0 8Pu0 2)02-C shards to
(U,Pu) (C,N) in a fluidized-bed reactor. These shards
were pressed and sintered into 89%-dense, 0.63-cm-OD
by 0.535-cm-long pellets that contained no second-
phase compounds.24

A current kinetics study involves the simultaneous
reaction of U02, C, and N2 to produce U(C,N). This is
being accomplished with oxide pellets so that quanti
tative weight change and metallographic techniques can
be used to follow the progress of the reaction. At
1700°C, and with Pco = 10 torrs and PN =380 torrs,
the conversion is accomplished via two successive
chemical reactions:

U02 + 0.78C + 0.27N2 UO122N054+0.78CO

20. J. M. Leitnaker, T. B. Lindemer, and C. M. Fitzpatrick,
"Reaction of UC2 with Nitrogen from 1475°C to 1700°C, /.
Amer. Ceram Soc. 53,479-81 (1970).

21. T. B. Lindemer, J. M. Leitnaker, and M. D. Allen,
"Kinetics of the Reaction of UC2 and Nitrogen from 1500°C to
1700°C,"/. Amer. Ceram Soc. 53,451-56 (1970).

22. T. B. Lindemer, M. D.Allen, and J. M. Leitnaker, "Reply
to Discussion by Y. K. Rao," J. Amer. Ceram Soc. 53, 581
(1970).

23. T. B. Lindemer, "Rate Controlling Factors in the
Carbothermic Synthesis of Advanced Fuels," Nucl. Appl.
Technol 9,711-15(1970).

24. T. B. Lindemer, LMFBR Fuel Cycle Studies Progress
Report for October 1970, No. 20, ORNL-TM-3217, pp. 43-46
(November 1970).

and

UOj.22N0.54 + 1.68C- UC0-46N0.S4 + 1.22CO ,

in which the UOj.22N0 54 is a composition in a
solid-solution field that includes U02.2S>26 This se
quence of reactions in the synthesis of U(C,N) has
apparently never been reported in the literature. It is
significant to note that U02 is converted to
UOj 22N0 s4 by the approximate replacement of each
three atoms of oxygen by two of nitrogen and that the
nitrogen present in the final U(C,N) appears to be
incorporated in the system by the initial reaction.

A kinetics and thermodynamics analysis has been
performed for the synthesis of (UJ"u)02.x from
(U,Pu)02.27 The hypostoichiometric oxide enhances
the compatibUity of oxide fuel with cladding during
burnup, but occurs at such low oxygen potentials that
its synthesis often requires extremely long production
times and high temperatures. The interrelations among
the process variables for hydrogen reduction have been
derived and shown to be consistent with experimental
results; this permits, for the first time, an accurate
prediction of the oxygen-to-metal ratio resulting from a
given production process. Additionally, the parameters
were developed and tested for reduction of oxide via
the C-CO-C02 system; this technique reduces the
processing time by at least an order of magnitude over
that available in the hydrogen-reduction system.

25. J. M. Martin, "Les Diagrammes de Phases U-UN-U02 et
U02-UN-N2,'V. Nucl. Mater. 34, 81-85 (1970).

26. R. Benz, G. Balog, and B. H. Baca, "U-U02-UN2 Phase
Diagram," High Temp. Sci. 2, 221-51 (1970).

27. T. B. Lindemer and R. H. Bradley, "Kinetic Analysis of
the Synthesis of (U,Pu)02.JC from Stoichiometric Oxide,"
presented at the annual meeting of the American Ceramic
Society, Chicago, Apr. 26-28, 1971.



15. Chemical Engineering Research

The Chemical Engineering Research Program consists
of several studies which are generally pertinent to the
applied programs of the Chemical Technology Division;
however, the studies are carried out in a more funda

mental manner than that usually employed in applied
programs. The areas of study may arise from needs for
fundamental information in existing applied programs
or from new ideas, which frequently mature into
applied programs.

Much of the work performed under the Program can
be more conveniently reported as part of the applied
programs with which they are associated. In this section
we are reporting only those studies not closely asso
ciated with the Molten-Salt Reactor (MSR) Program.
Three particular studies that are carried out in support
of the MSR program are summarized in this section;
these studies are described in detail in Sect. 1.

We are also reporting a study made during an
assignment to the.Swiss Federal Institute for Reactor
Research (EIR), Wiirenlingen, Switzerland.

15.1 MASS TRANSFER OF WATER

FROM SOL DROPLETS

During the preparation of sol-gel microspheres, sol
droplets must be suspended or fluidized in an organic
phase until enough water is extracted from the aqueous
sol to cause gelation. Mass transfer data have been
obtained for single water and sol droplets fluidized in
2-ethyl-l-hexanol (2EH) at temperatures of 25,40, and
50°C and in 2-methylpentanol and n-hexanol at 25°C.
The Schmidt numbers for the three alcohol systems
ranged between 5000 and 36,000, and the sphere
Reynolds numbers varied from 0.2 to 30. A surface-
active agent, Ethomeen S/15, was added to the organic
phase to produce a "rigid" liquid drop with no induced
circulation.

The controlling mass transfer resistance for a thoria
sol drop fluidized at 25°C in 2EH is located in the
organic-phase film surrounding the drop.1 Thus, at
identical hydrodynamic conditions, the mass transfer

rates with either water or sol drops will be the same.
The amount of solvent that transfers into the aqueous
drop is negligible; therefore the change in the diameter
of the drop is a direct measure of the amount of water
that transfers into the organic phase. The mass flux can
be related to the measured change in the diameter of
the drop with time, as follows:

-Pw (Tt\d(D 3) -pwdD
(1)

where

N= mass flux of water from the drop, g cm-2 sec-1,

pw = density of water, g/cc,

Dp = diameter of drop, cm,

6 = time, sec,

K = mass transfer coefficient, cm/sec,

Cs = concentration of water in solvent at the inter
face of the drop, g/cc,

C0 = concentration of water in bulk solvent, g/cc.

Equation (1) states that the mass transfer resistance
within a thoria sol drop will be negligible during
gelation; that is, water can be supplied to the interface
fast enough to maintain Cs saturation.

The most commonly used mass transfer correlation
for spheres in a flowing system expresses the Sherwood
number, Afgn, as a function of the product of the
Schmidt number, N$c, to the V3 power and the
Reynolds number, NRe, to the V2 power. There is good
evidence to believe that the exponent of the Reynolds
number varies with Reynolds number, increasing from
V3 in the Stokes' law region to 2/3 in the fully turbulent

1. S. D. Clinton, Mass Transfer of Water from Single Thoria
Sol Droplets Fluidized in 2-Ethyl-l-hexanol, M.S. thesis, Uni
versity of Tennessee, Knoxville; also published as ORNL-
TM-2163 (June 1968).
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region. For this reason, the mass transfer data were
correlated on a log-log graph in which the Sherwood
number divided by the Schmidt number to the V3
power was plotted against the sphere Reynolds number.
The Reynolds number is based on the diameter of the
drop and the fluidizing velocity of the organic phase.
Runs with single water drops contributed 1785 data
points, with the Reynolds number ranging from 0.2 to
30. The data are represented by the following equation:

A^ = 1.0/V-°-4177Vo,0-333"Sh 'Re Sc (2)

Data from the thoria sol drop runs can also be
correlated by Eq. (2) with a maximum deviation of
±10%. The use of a single correlation for both water
and sol droplet data confirms that, until gelation
occurs, the controlling mass transfer resistance is in the
organic-phase film surrounding the sol drop.

An explicit relationship for the mass transfer coef
ficient can be derived by making use of experimental
drag coefficient data in Eq. (2). The following equation
defines the drag coefficient for flow around a sphere:

P'fo
%c 4v (3)

where

F= force exerted by the fluid on the sphere, dynes,

fD = sphere drag coefficient,

ps = density of continuous phase, g/cc,

U= fluidizing velocity, cm/sec,

gc =dimensional constant, 1 g-cm dyne-1 sec-2.

In Eq. (3) the first term in parentheses is the fluid
kinetic energy per unit volume, and the second term in
parentheses is the projected area of the sphere. The drag
coefficient for the sphere was found experimentally to
be a function of only the Reynolds number,

/D =33.77VRe-°-749 =33.7(-^-J , (4)

where u is viscosity of continuous phase, g cm-1 sec-1.
The following expression for the fluidizing velocity is

derived from Eq. (3) when F is equal to the buoyant
weight of the aqueous drop in the alcohol:

U =
HDV

3PsfD
(fin - Ps)

o.so

(5)

where g is acceleration of gravity, cm/sec2, and p„ is
density of sol drop, g/cc. Substituting Eq. (4) into Eq.
(5) for the drag coefficient, an explicit relationship can
be obtained for the fluidizing velocity which can then
be used in Eq. (2) to evaluate the mass transfer
coefficient After elimination of the fluidizing velocity,
Eq. (2) reduces to the following explicit relationship for
the mass transfer coefficient:

D 2/3"vK=3A (n -Ps)i/3,
,1/3

p fs) (6)

where Dv isdiffusion coefficient, cm2 /sec.
With Eq. (6), an expression can be derived to predict

the time required for the gelation of a fluidized sol
drop. The difference between sol drop and solvent
densities and the drop diameter can be related to the sol
molarity by the following expressions:

pp-ps=0.238Mp +0.175 ;

/Mc\1/3
(7)

where

Mp =molarity of the thoria sol, moles/liter,
Mc = molarity of theoretically dense thoria, moles/

liter,

Dc = diameter of theoretically dense thoria, cm.

Using Eqs. (6) and (7), Eq. (1) can be integrated to give
the following relationship for the time required for
gelation of a sol drop:

0G=2.7X 10"3
p^Dc

D2'3 (Cs - Co)

dM„

•. (8)
Mi Mp4/3(0.238Mp+0.175)1/3

where

0G = time required to gel fluidized sol drop, min,

Mj = initial molarity of thoria sol drop, moles/liter,

MG = molarity of the gelled sphere, moles/liter.

The integral in Eq. (8) has been evaluated for
molarity increments of 0.01, and values of the integral
are tabulated (see Table 15.1) as a function of the sol
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Table 15.1. Values of the sol molarity integral function

To find the value of the integral for a sol of initial molarity
Mj which sets to a gel at a molarity oiMG, subtract the

tabulated value at X =Mq from that at X = Mj

X

(moles/liter)

* 20

JX

dMp

Mp4'3 (0.238Mp + 0.175) 1/3

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

3.5

4.0

4.5

5.0

5.5

6.0

7.0

8.0

9.0

10.0

12.0

14.0

16.0

18.0

20.0

5.17

3.47

2.69

2.23

1.91

1.68

1.50

1.35

1.23

1.13

1.05

0.974

0.910

0.853

0.802

0.696

0.612

0.543

0.486

0.437

0.395

0.326

0.271

0.227

0.190

0.131

0.087

0.052

0.024

0.000

molarity. Gelation times have been calculated with Eq.
(8) and compared with the experimentally determined
gelation times of fluidized thoria sol drops (see Fig.
15.1). The calculated gelation times are plotted on the
abscissa, and the experimental gelation times are shown
on the ordinate. The variation between the calculated

and experimental gelation times is less than +10%.

15.2 DEHYDRATION OF INDIVIDUAL

SOL DROPLETS IN A MINICOLUMN2

A miniature tapered column (similar to a rotameter)
has been used by Clinton to measure dehydration rates

2. This work was done at the Swiss Federal Institute for
Reactor Research (EIR), Wiirenlingen, Switzerland, while a staff
member of the Chemical Technology Division was on assign
ment to the EIR Plutonium Project under a cooperative
agreement between EIR and ORNL.
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15.1. Experimental gelation time vs calculated gelation

of individual sol droplets1 (see also Sect. 15.1 of this
report). A similar experimental approach was used to
obtain qualitative data related to droplet deformation
during the dehydration-gelation process. This work was
performed by a Chemical Technology Division staff
member at EIR under a cooperative agreement between
EIR and ORNL; it has been reported in summary form
(in German) in the EIR Plutonium Project Annual
Report3 and wUl be reported in detail in an EIR topical
report4 (in English). HighUghts of the work are de
scribed below. Most of the work was done with U02 -C
sols in 2EH. The column, which was made of Plexiglas,
had an overall height of 8 in. and a minimum diameter
of V8 in.

Microsphere deformation is a problem that is fre
quently encountered in the sol-gel process. Deformation
has previously been studied, primarily by using a
stepwise technique in which microspheres are formed
under given conditions and then examined after gela
tion is complete. Such an approach provides very little
information about the mechanics of deformation. The

minicolumn, on the other hand, is ideally suited to this
type of study since a single droplet can be observed

3. Plutonium-Brennstoffprogramm Jahresbericht 1970, EIR-
Bericht Nr. 192 (in press).

4. K. J. Notz and K. J. Bischoff, Dehydration of Individual
Sol Droplets in a Minicolumn, EIR Bericht No. 193 (in
preparation).
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Fig. 15.2. Typical dehydration curves. A, for a droplet that
remains spherical, B, for a droplet that develops a pit. Redrawn
from EIR drawing.

continuously throughout its entire dehydration cycle.
Two general types of dehydration rate curves were

obtained (Fig. 15.2). The smooth curve is typical of
nondeforming droplets in the presence of a surfactant
(which halts internal circulation, giving a stagnant
droplet). This type of curve shows a linear shrinkage
rate initially, with an increasing rate as the density of
the sol increases, requiring an ever-increasing fluidizing
velocity. This type of dehydration curve has been
characterized by Clinton.1 The other curve exhibits a
"stepped" shrinkage rate which is typical of droplets
that acquire a flat spot, which may later develop into a
pit. During the time the pit is enlarging, the horizontal
diameter of the droplet remains constant or nearly
constant. The pit always appears at the top of the
droplet for hydrodynamic reasons; a surfactant concen
tration gradient may also contribute to the orientation.
During the time that the horizontal diameter remains
constant, the settling velocity also remains constant.

Although sphere deformation takes many forms,
there is a real basis for classifying these forms into two
groups based on the present work: "cherry pitting" and
"raisining." These terms describe the physical appear
ance of the two types of products as they leave a
production-scale column. In the minicolumn, which
normally causes the droplet to maintain a fixed
orientation, raisining also appears as a single pit; in this
case, the droplet has been reduced to a pitted hemi
sphere.

The difference between droplets exhibiting the cherry
pit defect and those exhibiting the raisin type of
deformation is further demonstrated by their response
to rotation during dehydration. Rotation is easUy
accomplished by tilting the column slightly, causing the
droplet to be displaced from the center of the axially
symmetrical flow pattern. With rotation, droplets with

ORNL-DWG 71-5087

Fig. 15.3. Skin formation in a rotating droplet of sol showing
the raisining type of deformation. Redrawn from EIR drawing.

the cherry pit deformation remained spherical, showing
that any skin which might be present must be elastic
Droplets of the raisin type, however, clearly showed the
presence of a flexible but nonelastic skin; whUe the
volume of the droplet decreased due to extraction of
water, the surface area remained constant, causing
deformation at the top surface (Fig. 15.3). With
continued water extraction, the deformed area became
greater untU it was finally fixed in position. With
nondeforming droplets, high rotation rates (ca. 30 rpm)
resulted in slower water extraction.

Settling velocities were calculated using the drag
coefficient relationship5 and were compared with ex
perimental values. Although the data are well out of the
Stokes' law region, they are in reasonable agreement
with the calculated values (based on the appropriate
Reynolds number) after a correction is made for the
so-called wall effect.

The formation of a surfactant cap has been postulated
on the basis of indirect evidence.6 We have now
actually seen such a cap form and grow (Fig. 15.4).
Surfactant, an impurity in the solvent in this case, is
carried to the droplet by the fluidizing solvent and is
swept to the downstream side by viscous drag. Coverage
of the upper hemisphere is rapid, but the lower half

5. J. H. Perry (ed.), Chemical Engineer's Handbook, 4th ed.,
pp. 5-59 to 5-62, McGraw-Hill, New York, 1963.

6. A. Frumkin and V. Levich, Zh. Fiz. Khim. 21, 1183
(1947).
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Fig. 15.5. Surface flow on a rotating sphere with partial
surfactant coverage. Left, divergent-convergent type of flow.
Right, floe type of flow. Arrows indicate direction of rotation.
Redrawn from EIR drawing.
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Fig. 15.6. Parameters for a spherical droplet with a surfactant
cap. Sol: U02-C (C/U atom ratio of 3); solvent: 2EH + 1% H20
+ 0.01 7VHNO3; column diameter: ca. 4 mm at sphere location.
Redrawn from EIR drawing.

tends to resist coverage because of the greater drag
there. The droplet orientation remains fixed during
coverage of the top half but becomes unstable there
after, as shown in Fig. 15.4. If droplet rotation is
induced, the surfactant layer can flow by either of two
modes, as shown in Fig. 15.5. During the time the
surfactant cap is growing, the settling rate goes through
a minimum, as reflected by the flow rate required to
maintain the droplet at a fixed altitude (Fig. 15.6). This
is a consequence of the transition from an internally
circulating to a stagnant (or "rigid") droplet, which
causes an increase in the net surface velocity difference
between solvent and droplet. When the surface coverage
is complete, the rate of extraction decreases rapidly;
this result is also due to the stagnant condition of the
droplet.

Internal circulation patterns were observed in a
translucent Zr02 sol containing a small amount of
aluminum powder. Although a surfactant cap could not
be seen, its presence was inferred by the gradual
lowering of the circulation loop (Fig. 15.7). As the
circulation path dropped lower, aluminum powder

ORNL-DWG 71-5090

Fig. 15.7. Internal flow in a circulating droplet. Left, initial
droplet; right, half covered with a surfactant cap. Redrawn from
EIR drawing.

accumulated on the stagnant surface, shown at the
halfway point in Fig. 15.8.

15.3 PRODUCTION OF SOL-GEL MICROSPHERES

OF SMALL UNIFORM SIZE

Preliminary experiments have been made using ultra
sonic vibrations to prepare small, uniform sol-gel
spheres. Water was injected into 2-ethylhexanol through
a hypodermic needle vibrated at various frequencies
between 18 and 25 kHz by a MuUard ultrasonic drUl.
The experiments performed to date were rapid and only
semiquantitative, but the water was shown to break up
into drops of approximately the expected size (as
calculated from the vibration frequency and the water
flow rate). The droplets were much smaUer than those
formed without the vibration. Both axial and sidewise

vibration of the needles have been tested; as expected,
smaller droplets were formed with sidewise vibration.
The droplets formed in these initial experiments are stUl
larger than the 25- to 80-/a size that is our eventual goal.
To reach these smaller drop sizes, it will be necessary to
use higher-frequency disturbances (from either ultra
sound or possible electrical stimulation) or to reduce
the flow rate (capacity) through the nozzle.

15.4 PULSED CLONE CONTACTOR

A novel compact liquid-liquid contactor suitable for
use in a glove box has been designed and briefly tested.
The device consists of a cascade of hydroclones
arranged so that the overflow part of the Nth hydro-
clone is the underflow part of the (N + 1)th hydro-
clone. Spin is imparted to the clones intermittently by
reciprocating pistons (one per clone) that alternately
inject and remove fluid from the tangential port of each
clone. Adjacent clones are 180° out of phase; fluid is
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Fig. 15.9. Comparison of mercury-water data obtained in this study with the Vermeulen, Moon, Hennico, and Miyauchi
correlation.

previously.7 A tracer solution (dUute cupric nitrate)
was pumped continuously into the top of a 2-in.-diam,
4-ft-long column. The steady-state tracer concentration
in the continuous (aqueous) phase was then measured
photometrically at several points down the column,
that is, upstream. A plot of the logarithm of the tracer
concentration vs distance down the column results in a

straight line with a slope of —V/De, where V is the
superficial continuous-phase (aqueous) rate and De is
the dispersion coefficient.

Four different packing materials - V4 -, %-,and V2-in.
Raschig rings and %-in. solid cylindrical packing —were
studied in a total of 37 runs. All of the packing was
made of polyethylene, which is not wet by either phase.

The results are summarized in Fig. 15.9. The ranges of
superficial mercury and water rates covered were 20 to
80 and 2.5 to 15 ft/hr respectively. The results are
compared with a correlation proposed by Vermeulen et
al.8 Their correlation is based uponstudies made witha
variety of packing materials and several fluids having a

7. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, p. 253.

8. T. Vermeulen et al., Chem. Eng. Progr. 62, 95 (1966).

range of physical properties. However, the authors
pointed out that the fluids used in their study did not
have a sufficiently wide range of differences in fluid
densities to permit evaluation of the effect of fluid
density.

In Fig. 15.9, the dimensionless quantity eVcdJDe is
plotted against the dimensionless quantity

(Wldpvcyi2(vdivc),
where

Vc, Vd = superficial velocities of continuous and dis
persed phases,

dp =packing diameter,

e = packing void fraction,

V= kinematic viscosity of the continuous phase,

\p = sphericity of the packing.

The agreement of the correlation with the recent
experimental data is good. The scatter of the present
data on this plot is not significantly greater than that of
the original data. Axial dispersion, unlike flooding and
holdup, can be described in both high- and low-density
systems by a single correlation.
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Reduction of Axial Dispersion in Packed Columns

We have continued studying column modifications
that will reduce the effect of axial dispersion. In th' last
annual report, we described a device9 tl at would
reduce axial mixing to essentially any desired level by
choosing the proper conditions. In the dev:cc, the
dispersed phase flowed down through an annular region
that functioned as an inverted bubble cap. This formed
a seal that forced the continuous phase upward through
a sieve plate. The axial dispersion was defined or
described by the fraction of continuous phase flowing
upward through the device which was recycled by
back-mixing through the device. This "fraction back-
mixing" was measured experimentally in a mercury-
water column and was found to depend on the sieve
opening size and on the water flow rate per opening.
The only Umitation of these devices was their limited
capacity for handling dispersed phase. That is, when the
mercury rate was increased, the columns flooded at
relatively low rates as compared with a packed column
that did not contain such devices.

A modified back-mixing preventer, which permits
much higher metal rates, was tested during this report
period. The modified device is illustrated in Fig. 15.10.
The continuous-phase sieve openings are replaced with a
vertical tube, which can be of any appropriate length.
This releases the continuous phase at a position well
above the metal-filled bubble cap. Flooding occurs
when there is not sufficient, driving force to provide the
desired metal flow through the bubble cap without
blocking the continuous-phase flow path. The modified
design permits the metal level to rise to the bottom of
the continuous-phase exit near the top of the vertical
tube. In principle, this will allow enough pressure to
force metal through the bubble cap seal at any desired
rate. Thus an unproductive portion of the column
(there is no useful two-phase contact between the
preventer and the top of the continuous-phase outlet
tube) is sacrificed in order to obtain increased metal
capacity.

The device performed essentially as expected. Super
ficial metal rates up to 150 ft/hr were tested in a
2-in.-diam column; this approached the maximum rate
obtainable in a packed column without preventers.
Although the major effect of the modification was to
increase the capacity of the column, there was a
significant increase in back-mixing. However, this in
crease was tolerable and could be reduced by modifying

9. Chem. Technol. Div. Annu. Progr. Rep. May 31, 1970,
ORNL-4572, p. 254.
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Fig. 15.10. Schematic diagram of an axial mixing preventer.

the continuous-phase opening at the top of the vertical
tube.

15.6 MULTICOMPONENT MASS TRANSFER

IN ELECTROLYTE SYSTEMS

Calculations and correlations ibr mass transfer rates

between two fluid phases are traditionally made in
terms of Active stagnant films on both sides of the
interface. The diffusion coefficients and film thickness

are "lumped together" into a mass transfer coefficient.
There are two principal limitations to these techniques
in several applications in the nuclear industry.

First, many applications involve the transfer of mori
than one component. When this occurs, there is usually
no simple analytical (algebraic) expression that can be
used to treat such columns, and investigations fre
quently resort to an analogous model which compares
the system to a staged column. The staged model is not
applicable over wide ranges of flow rates or composi
tions.

Second, many applications involve the transfer of
materials that are ionic «:"* possess electro "harges in
one of the phases, for example, an aqueous solution or
molten salts. These applications wUl always be exchange
processes unless a net flow of electric current is
allowed. The transfer of ions is influenced by electric
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fields as well as by concentration gradients, and these
fields may be generated by the difference in mobilities
or the difference in valence of the diffusing ions.
Solvent extraction by the so-called "liquid ion ex
change" solvents and reductive extraction are two
examples of situations in which ions are transferred.

A mathematical technique has been developed for
treating such systems. It involves use of the Nernst-
Planck equation to describe diffusion in the electrolyte
phase, where the transferring components exist as
charged ions. This equation is as follows:

/,=£,. [vc^^cv^],
where

/,- = the flux of component i,

D{= diffusion coefficient of i,

Ci= local concentration of i,

F/RT= constant (Faraday constant divided by the gas
constant and the absolute temperature),

Zj= valence of/,

0 = electric potential.

The equilibrium at the interface is described by the
relation:

Cj solvent

Cj electrolyte.

C: electrolyte\ Zi
Cj solvent / Zy-

In principle, any equiUbrium expression could be used,
but this equation is appropriate for many or most
exchange processes of interest.

When the exchange involves more than two ions, the
calculations involve a trial-and-error calculation of the

flux of each component at various increments up the
column, followed by a trial-and-error fit of the inlet
conditions at the ends of the column. Yet, the

computation times are reasonable for essentially aU
conditions of interest.

The importance of electric fields depends upon the
valence of each ion involved, the difference in the
diffusivities of the ions, the equiUbrium constant, the
relative total concentration in the two phases, and the
presence of nontransferring ions in the electrolyte.

The importance of one of these quantities is iUus-
trated in Fig. 15.11. The local flux for the binary
exchange of two ions with like charges is plotted as a
function of the ratio of the solvent flow to the

nontransfer coefficient in the electrolyte phase. Three
curves are shown; one curve corresponds to the dif-
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fusion of uncharged molecules, another corresponds to
diffusion in an aqueous solution where the coion
(usually the anion) is free to distribute nonuniformly in
the electrolyte film, and the third corresponds to
diffusion in molten salts where the anion concentration

remains approximately constant across the electrolyte
film. In these particular calculations, both diffusing ions
have a valence of +1; the diffusion coefficients are equal
in the solvent phase but differ by a factor of 5 in the
electrolyte (D2E/DlE = a = Vs). Figure 15.11 was
obtained by holding the mass transfer coefficient
(DE2/8E) for the electrolyte constant and changing the
solvent-phase transfer coefficient. For low values of K,
the major mass transfer resistance is in the solvent film
(DS2/8S), and there is no difference in the curves
shown. As K increases, the resistance in the electrolyte
film becomes more important and eventually controls
the transfer rate. As the electrolyte film gains im
portance, the effects of electric potential gradients
within the electrolyte film become important, and the
three curves separate. The transfer rate of component 2
is enhanced by the electric fields generated by the more
mobile component 1. The mobile anions act as "sup
porting" electrolyte and suppress the effects of electric
fields in the aqueous system (case 1). Thus the transfer
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rate is enhanced more in the salt system (case 2). The
presence of any nontransferring ions has a similar
effect.

The calculational procedure is presently equipped to
handle up to ten ions, although there are no immediate
plans to study any systems involving more than five.
The results will be immediately applied to the analysis
of reduction extraction systems, and we hope to obtain
enough data from aqueous systems to test applicability
or usefulness of the data in other situations.

15.7 CHEMICAL ENGINEERING RESEARCH

STUDIES RELATED TO MSR PROCESSING

Frequently, some of the studies performed under the
Chemical Engineering Research program can be re
ported more conveniently as part of the appUed
programs with which they are associated. Several
studies that support or supplement the molten-salt
reactor (MSR) program fall into this category and are
mentioned only briefly here; a more detailed discussion
will be found in Sect. 1. These studies were supported
either partially or entirely by Chemical Engineering
Research funds.

Reductive Extraction Engineering Studies
(See Sect. 1.6)

Semicontinuous engineering experiments concerned
with reductive extraction were performed using liquid
bismuth and a molten fluoride salt in an 0.82-in.-ID,
24-in.-long column packed with V4-in. Raschig rings.
Measurements included hydrodynamic parameters and
mass transfer rates.

Contactor Studies of a Simulated Molten-Salt—Liquid-
Bismuth System (See Sect. 1.8)

The hydrodynamic behavior of packed columns and
mixer-settlers was studied using mercury and water or
an aqueous glycerin solution to simulate bismuth and
molten salt.

Axial Dispersion in a Simulated Continuous Fluorinator
(See Sect. 1.9)

Axial dispersion of liquid in an open column was
measured with a gas bubbling through the liquid.
Measurements were made with a variety of column
diameters, gas inlets, and liquid properties.



16. Reactor Evaluation Studies

This program, which is a joint effort with the ORNL
Reactor Division, has the primary purpose of assisting
the USAEC in evaluating the technical feasibility and
economics of various nuclear power concepts being
developed, or being considered for development, under
the U.S. Civilian Power Program. Work in this Division
during the past year was devoted primarily to per
forming production calculations with the Oak Ridge
Systems Analysis Code and developing systems analysis
models for electric utility systems in cooperation with
other members of the Joint Systems Analysis Study
Group [Tennessee Valley Authority (TVA), Common
wealth Edison Company, Westinghouse Atomic Devel
opment Corporation (WADCO), and ORNL].

In other work, the reactor power cost code
POWERCO1 '2 was revised for more effective handling
of fuel cycle costs incurred prior to reactor startup.
Formerly the cost of the initial core, including interest,
was assigned to the first year of reactor operation. The
code now assigns all preoperational costs to the time of
actual occurrence.

The report "Reactor Fuel Cycle Costs for Nuclear
Power Evaluation" was revised extensively and sent to
the USAEC in a form ready for reproduction as
WASH-1099.

16.1 OAK RIDGE SYSTEMS ANALYSIS CODE

The ORNL reactor systems analysis code ORSAC was
described in a previous annual report.3 Several changes
were made to increase the speed and flexibility of the
code, as follows:

1. R. Salmon, A Procedure and a Computer Code
(POWERCO) for Calculating the Cost of Electricity Produced
by Nuclear Power Stations, ORNL-3944 (June 1966).

2. R. Salmon, A Revision of Computer Code POWERCO
(Cost of Electricity Produced by Nuclear Power Stations) to
Include Breakdowns of Power Cost and Fixed Charge Rates,
ORNL4116 (August 1969).

3. D. E. Ferguson et al., Chem. Technol. Div. Annu. Progr.
Rep. May 31, 1969, ORNL-4422, pp. 309-11.

1. The number of fossil fuel cost regions was increased
from 10 to 13.

2. Separation of nuclear plants by fossU fuel cost
regions was eliminated since this feature has been of
little use thus far. This change reduced the number
of equations in the linear programming calculation
from 980 to about 320 and decreased the running
time of the code by a factor of about 4.

3. Provision was made for fixing the known nuclear
and fossil fuel plant startup schedule for the first
several periods (e.g., through 1976).

4. The maximum number of linear segments in the
capacity factor curve of a plant was increased from 2
to 6.

5. An improved routine was added for printing the
results.

6. Cost constants for fuel cycle operations were up
dated to a 1970 basis.

7. The use of magnetic tapes was completely elimi
nated in favor of high-speed direct-access disk
storage. This greatly improved the overall reliability
of the system by eliminating tape failures.

A new series of ORSAC runs was made to provide
data for use by the AEC in updating the 1969 LMFBR
Cost-Benefit Analysis.4 The plants that were entered as
competitors for the electric power production market
were fossil plants, light-water reactors, LMFBR's, and
HTGR's, in various combinations. Updated capital costs
were supplied by the ORNL Reactor Division. Use was
made of the fuel cycle cost iteration feature of ORSAC,
which permits the fuel cycle costs to be adjusted in
accordance with the reactor mix obtained in the

previous iteration. Essential convergence of the reactor
mix was generally reached in three or four iterations.

4. Cost-Benefit Analysis of the U.S. Breeder Reactor Pro
gram, USAEC report WASH-1126 (April 1969).

240



241

16.2 OPTIMAL DISPATCHING OF ELECTRIC

POWER GENERATING PLANTS

As a continuation of our effort in the Joint Systems

Analysis Study Group,5 an improved dynamic program
ming model was developed for determining the optimal
short-term dispatching schedule of power generating
plants in an electric utility system. This improved
model is described in an ORNL report.6

16.3 ECONOMIC INTEGRATION OF NUCLEAR

REACTORS IN ELECTRIC UTILITY SYSTEMS

During the year the Joint Systems Analysis Study
Group formed three working groups in order to direct
concerted effort toward the development of a strategic
operating model for an electric utility system that
contains nuclear generating plants. The Core Simulation
Group will develop a model for in-core management of
nuclear fuel. The Power Systems Simulation Group will
develop models for power generation and transmission
systems. The Systems Integration Group will develop a
model for overall optimization that is based upon the
work performed by the other two groups. The Chemical
Technology Division has primary responsibility for the
systems integration model and shares responsibility
with TVA and Commonwealth Edison for the power
systems simulation model. TVA and WADCO are
primarily responsible for the core simulation model.

The time horizon for the strategic operating model
has been selected as three to five years. This time period
is sufficiently long to permit detailed analyses of
outages, nuclear refueling, and seasonal loads, but short
enough to provide a reliable projection of the status of
the power generation and transmission systems. This

5. D. E. Ferguson et al., Chem. Technol. Div. Annu. Progr.
Rep. May 31, 1970, ORNL4572, pp. 236-38.

6. D. S. Joy, A Dynamic Programming Approach for Deter
mining the Optimal Dispatching Sequence for a Combined
Hydro-Thermal-Pumped-Storage Utility System, ORNL-4624
(December 1970).

strategic operating model will form the basis for future
improvement of long-term expansion models such as
ORSAC (Sect. 16.1) and short-term dispatching models
(Sect. 16.2).

The following sections summarize the current status
of the work, within the Division, involving development
of models for power systems simulation and systems
integration.

Power Systems Simulation

The initial developmental work on computer program
SIMUL, which will be the basic model for power
systems simulation, has been completed. Basically, this
program calculates capacity factors of each generating
plant in the system for each time period (usually one
month) within the time horizon of the model. The
program uses a probabilistic technique to incorporate
the random effects of forced outages and load forecast
error into prescribed load duration functions. The
program has been transmitted to TVA, where other
members of the Power Systems Simulation Group will
develop a production version of the program and
incorporate routines to develop an order of commit
ment of the individual plants based upon generating
costs, transmission, and system reliability.

Systems Integration

Three computer programs are being developed as part
of the overall systems integration model. Program
MAIN schedules maintenance of all generating units. It
also minimizes the probability of loss of load over the
period of study in which system constraints are being
considered. A second program, HYDRO, determines
optimal usage of hydroelectric power and schedules the
operations of all other types of power generating plants.
Program REFCO calculates nuclear fuel cycle costs
based upon a discounted cash flow procedure using
continuous discounting. With REFCO, income tax
deductions can be collected by fuel batches. This
program must be supplied with a charge-discharge
schedule for reactor fuel and with unit costs of fuel

cycle services.



17. Miscellaneous Programs

17.1 QUALITY ASSURANCE PROGRAM

Standard quality assurance procedures are being
developed for the Chemical Technology Division and
are being applied to many of the projects, primarily
reactor support work, presently being carried out
within the Division. As new projects or experiments are
planned, the quality assurance requirements considered
to be appropriate are applied by the Quality Assurance
Coordinator (QAC) in cooperation with the Project
Leader.

The QAC becomes involved in one of several ways. He
may be contacted initially by a Project Leader, who
makes an appointment to discuss a proposed project
and put it into the proper perspective. This method of
transferring information appears to be the most effec
tive and is becoming the preferred method as personnel
in the Division become cognizant of quality assurance
and its importance. Also, the QAC reviews all new work
orders that are opened each month and examines all
applicable purchase requests. These two sources provide
additional information about projects that might not
have been brought to his attention otherwise.

Each project is assigned a quality level between 1 and
4; quality level 1 is the highest, and quality level 4 is the
lowest. The quality level not only reflects the im
portance of the project but indicates whether fadure of
the project or experiments could cause: (1) significant
delays in the overall project, (2) significant damage to
the facility in which it is located, or (3) hazardous
consequences. It is important to assign the proper
quality levels to projects or experiments. A quality level
that is too low might prove to be detrimental from the
standpoint of safety and reliability. On the other hand,
the higher the quality level assigned, the more expensive
the project can become. Justification of the greater
expense, then, resolves to a comparison of the cost of
reliability with the cost of failure.

During this report period, more than 30 experiments
in the Division were examined and assigned appropriate
quality levels. A written program plan was required for

each of the experiments involving quality level 2 (QL-2)
work. This program plan outlines the method by which
the project will be handled in all stages from design and
development through operation and shutdown.

Standard procedures for use in the Division, including
procedures for making engineering drawing changes, for
QL-3 projects, and for incident reporting, have been
written and approved. Additional procedures for the
Division are currently being prepared.

Recently, an order was received from Argonne Na
tional Laboratory for 2.5 kg of dense (U + Pu)02
microspheres, which were to be prepared according to
Argonne's "Specification FEFS-4, Uranium—Plutonium
Dioxide Spheres (July 29, 1970)." To ensure that the
material met the requirements of this specification,
which arose from the planned end use of the material
(i.e., fabrication of irradiation specimens), we were
requested to write a Quality Verification Plan (QVP)
stipulating the means employed to achieve product
specifications and the accuracy to which the numbers
could be determined. The plan, entitled "Quality
Verification Plan for Production of (Pu,U)02 Spheres
for Argonne National Laboratory (ANL)," was formally
prepared at ORNL and approved by ANL. It will be
useful as a guide for similar work for other projects.

17.2 EVALUATION OF THE RADIATION

RESISTANCE OF SELECTED PROTECTIVE

COATINGS (PAINTS)

Tests to evaluate commercial protective coatings for
potential use in various nuclear facUities have been
continued. A total of 108 coating systems were exposed
in air and in water to a 60Co source to obtain
comparative ratings of coatings from 14 manufacturers
with a recent or renewed interest in marketing their
product in the nuclear field. Also, three different
generic coating systems were irradiated for "steam-
gamma" and "air-gamma" testing procedures followed
by autoclave testing as part of the development of

242
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Coating

Amercoat No. 90

Amercoat-90/Dimetcote-6
Q-Kote
Epoxy-Polyamide

Chem-Thane

Silicone-Alkyd

63-139A (Epolon AE-7/Epolon Multi-Mil)
68-139B (Vinyloid AE-98/Epolon Multi-Mil)
68-121A (Epolon/Epolon Primer)
68-121B (Epolon/Metal Bond Primer)
68-139C (AE lU-69/Epolon)
68-139D (AE 15-69/Epolon)
Dur-A-Poxy No. 200

System-A (Engard Epoxy No. 1+37)
System-D (Engard Epoxy No. 437)
System-B (Engard Epoxy No. 475)
System-E (Engard Epoxy No. 1+75)
System-C (Engard Epoxy No. 480)
System-F (Engard Epoxy No. 480)
Epoxy-Phenolic (Rust-Ban EP6846/ep6841)

Epoxy-Polyamide (Rust-Ban EX6671/EX6664)

Epoxy-Polyamide (Rust-Ban EX6671/EX6664 and No. 191)
(Vinyl Y-5280/Y-5296, Y-5295, Y-5290)
(Nu-Pon Y-5240, Y-5242/Glid-Zinc 103)
(Nu-Pon Y-5240, Y-524-2/EGL-69722)
(Nu-Pon Y-5240, Y-5242/chromate Primer)
(Glid-Tile Y-5596/Nu-Pon Cote Y-5240)
(Nu-Pon Y-5240, Y-5242/Nu-Pon Mastic Y-5256)
(water reducible enamel EGL-68144, -68l46/EGL-68l45,
-68146 primer)

Nu-Pon Y-5240, Y-5242/Glid-Tile, Y-5512)
Nu-Pon Y-5240, Y-5242/Nu-Pon Y-5256, Y-5257
Gild-Tile, Y-5597, Y-5596/Glid-Tile Y-5512
Water Reducible enamel-ELG-68144, -68146 ELG-68145, -68146,

primer

Vinyl Y-5280/Y-5285/Y-5283
Glamorglaze

No. 200/No. 654 primer

No. 201/No. 654 primer
No. 20l/Acrylic Surfacer
Vinyl No. 403/400/No. 25 primer

Bitumastic No. 300-M
No. 800/8l0Torex/820 primer
Organic Zinc w/Phenoxy resin
No. 1 (84-F-15/89-F-34, Mobilzinc-7)
No. 3 (78-D-7/Mobilzinc-7; amine cured)
No. 7 (84-F-15/89-F-34)

No. 15 (78-D-7, amine cured)

No. 17 (Val-Chem/89-F-34)
No. 19 (84-F-15/89-F-34)

No. 23 (78-D-7, amine cured)
No. 24 (val-Chem/89-F-34)

No. 1

No. 2

No. 5
No. 4
No. 5
No. 6
No. 7

Table 17.1. Gamma radiation resistance of several protective coatings

Radiation source: 6°Co withan intensity of 6 X 10s R/hr
Temperature: 40 to 50°C

Type

Modified phenolic

Modified phenolic
Phenolic

Epoxye

Urethane

Alkyd

Epoxy

Vinyl

Epoxye
Epoxye
Polyurethane
Polyester

Epoxy

Epoxy

Epoxy

Epoxy

Modified phenolic

Epoxye

Epoxye
Vinyl
Epoxy

Epoxy

Epoxy
Epoxy
Epoxy

Epoxy

Epoxy

Epoxy
Epoxy

Epoxy

Vinyl
Epoxy

Epoxy

Epoxy

Epoxy

Vinyl

Epoxy (coal tar)
Chlorinated Rubber

Organic Zinc

Epoxy6
Epoxy

Epoxy6

Epoxy

Polyurethane
Epoxy

Epoxy

Polyurethane

Manufacturer Substrate

Steel

Steel

Steel

Steel

Concrete

Steel

Concrete

Steel

Concrete

Concrete

Concrete

Steel

Steel

Concrete

Concrete

Steel

Concrete

Steel

Concrete

Steel

Concrete

Steel

Concrete

Steel

Concrete

Steel

Concrete

Steel

Steel

Steel

Steel

Steel

Steel

Steel

Steel

Concrete

Concrete

Concrete

Concrete

Concrete

Steel

Concrete

Steel

Concrete

Steel

Concrete

Steel

Steel

Steel

Steel

Steel

Steel

1-Steel

2-Steel

1-Steel

2-Steel

Steel

1-Concrete

2-Concrete

1-Concrete

1-Concrete

2-Concrete

Exposure in

Demineralized Water

Dose rads) Effect0

7-0 X 109<!
109^
1Q9d109d

F

7-0 X F

5-^ X C

7-0 X F

3.4 X 10 A109d
C

7-8 X F

>9-0 X 109
108*
iosf

1.0 X B

1.0 X B

1-5 X 109 A, C
2.0 X io9

108*
109f

B,F
8.0 X B

1.9 X B

>?.4 X 109
1.0 X 109 A, C
1.0 X 10 9 B

4.0 X 109 B

1.9 X 109 A, C
1.0 X 109 B

>2.4 X 10 9
>1.0 X 10 9
>2.4 X 109
>1.0 X 109

4.5 X io9
109f

F

3-3 X B,F
4.5 X 10 9 F

4.1 X 109 A

4.9 X 109 B

7.0 X 108 B

1-5 X 109 B

5-0 X 10 9 C

1.5 X 109 B

4.8 X 108 B

^.3 X 109
1.4 X 109 D

1.9 X 109 C

1.4 X 109 A, C
8.6 X 10s B, C
5.0 X 10s B

3.6 X 108 B

>1.4 X 109
5-0 X 108 B

>1.4 X 109
5-0 X 10s B

3-6 X 108 B

5-0 X 108 B

>*.6 X 108 B

>1.4 X 10s
3.6 X 108 B

>1.4 X 10!f

wi

108*

1.2 X A,B
1.2 X A,B
1.6 X A,C
3-8 X A,B
1.6 X A, C
1.2 X B, C
7-8 X C

3-8 X B

2.0 X A, B
5-9 X 108*

io8*
B

3.1 X B

2.6 X 10 9 B

Exposure in Air

Dose (rads)

1

1

>8
>8

>7
>8

>7
6

>8
>1

>1

>e

>2

>4

>4

>2

>1

>2

>1

>2

>1

>9

>5

>9

>5

>9
4

>6

>6
>6

>6

>6
4

>2

>2

>2

>2

>1

>1

>5
>1

>1

>1

>1

>1

>1

1

1

>1

>1

>1

>1

>1

>1

10xu

1010
109
109

10?
109

1Q9d109d
109
io9,
10"

10
x 10

x 101
x 10-

x 10-

x 10s
x 10-

x 10s
x 10s
x 10-

x 10s
10 a

109
10 9
109
109
109
109
10 9
109
10 9
10 9
109
109
10 9

0 x

0 x

0 x

0 x

4 x

4 x
4 x

3 x
3 x
0 x

4 x 109
0 x 109
0 x 109
0 x 109

9 x 109
4 x 109
0 x 10B
4 x 109

4 x 109

10-

10 s
10 9
10 9
10'
10

10 J

iod

IO10

IO10
1010

0 x

0 x

0 x

0 x

10

,10

Effect

A, C



Coating

No. 25 (LM-115, "water dispersed")
No. 26 (78-W-102)
No. 27 (LM-809, w/fiberglas cloth backing)
N-l-S (No. 567I thixopoxy)
N-l (No. 567I thixopoxy)
N-l-C (No. 567I thixopoxy)
N-2-C (No. 5697, polyamid epoxy)
N-3-S (Nos. 5673 and 5627)
N-3 (Nos. 5673 and 5672)
N-4-F (No. 1371, "4Z")
N-5-S (No. 5627/5673/137I)
N-6-s (no. 1357, "5Z")
N-6 (No. 1357, "5Z")
N-7-S (No. 5697/1357, "5Z")
N-7 (No. 5697/1357, "5Z")
Series-1 (DD-82/DD-82 primer)
Series-2 (DD-82/DD-8I primer)

Series-3 (100$ solids epoxy)
Series-4 (DD-82/HB epoxy primer)

System-1 (No. 545 and 520/545 primer)

System-4 (Epoxy-polyester/No. 545 epoxy primer)
System-5 (styrene copolymer/p-50, alkyd-phenolic)
System-6 (Zp-200)

System-7 (No. 520/Epoxy Primastic and ZP-200)

ME-1022 (Kem Cati-Coat Enamel and Primer)
ME-1023 (Pexthane Enamel/Kern Cati-Coat Primer)
ME-1025 (Rexthane Enamel/Zinc Clad-7)
ME-1026 (Rexthane Enamel/latex-cement filter)
X-430 A (Capox EP System)
X-430 B (Capox A HB System)
X-430 D ( Capox EP inorganic zinc system)
X-430 F (Capox A HB system w/fiberglas)
System-1 (no. 92 Themec Zinc)
System-2 (HB Epoxoline)
System-3 (HB Epoxy/No. 92 Zinc)
System-4 (HB Epoxy/HB Epoxy Primer)
System-IA (No. 368 urethane/67-124l epoxy)

Epoxj
Mod if

Epoxj
Epoxj
Epoxj
Epoxj
Epoxj
Epoxj
Epoxj
Inorg

Epoxj
Inorg

Inorg

Epoxj
Epoxj
Polyi
Polyi.

Epoxj
Polyi

Epoxj

Epoxj
Styrc
Inorg

Epoxj

Epoxj
Polyi
Polyi

Polyi
Modi!

Epoxj
ModiJ

Epoxj

Inorg

Epoxj

Epoxj

Epoxj

Polyi

"Manufacturer: (1) Amercoat Corp; (2) Chemline Div., Dixie Pa:
(6) Enjay Chemical Co.; (7) Glidden-Durkee Div. of SCM Corp; (8) K<
(l2) Sherwin-Williams Co., Inc.; (13) Subox Division, Wyandotte Cher

The coatings were inxpected for radiation damage at various expc
the cumulative dose that had been received at the time adverse effect!

Radiation effects: A, chalked; B, blistered; C, embrittled; D,

Earlier failure not detected. Appearance indicates that resist;

Polyamide-cured epoxy.

Previously reported in ORNL-4572.

8Sandblasted steel.

Pickled steel.

able 17.1 (continued)

Manufacturer Substrate

9 Concrete

9 Concrete

9
10

Concrete

Steel**
- -. n
Steel10

10 Concrete

10 Concrete

10

10

10

Steel8
Steel

Steel5
10

10

Steel8
Steel?

,h
Steel10

10 Steel8
Steel10

11 Concrete

11 1-Concrete

2-Concrete

11 Concrete

11 1-Concrete

2-Concrete

11 Steel

Concrete

11 Concrete

11 Steel

11 Steel

Concrete

11 Steel

Concrete

12 Steel

12 Steel

12 Steel

12 Concrete

13
13
13

Steel

Steel

Steel

13
14

Concrete

Steel

14

14

Concrete

Steel

14 Steel

14 Concrete
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Exposure in

Demineralized Water

Dose (rads) Effect0

3-4 X 108* B

3-8 X 109 B,C

4-3 X 109f

10s*

A,F
1.0 X B

1.0 X A,B

1.3 X A,B,C
4.6 X 10!f109*

io9*
io9*
10^

C

1.0 X A,B,C
1.0 X A,B,C
1.0 X E

1.0 X B

9-5 X io9 E

9-5 X io9 E

1.0 X 10x°
IO9*1.0 X A,B,C

>2.3 X 109 B,D

1.0 X io8 A,B

2.3 X 109 B

1.0 X io8 A,D
6.0 X io8 B

3-5 X io9 A,D

1.4 X 109 A

4.3 X io9 B

>6.3 X 108
10s*
10^
10f
10Rf
i°!dio1^
IO1?4
io8*
io8*
109*
10^

B

2.0 X B

6.0 X C,E

6.0 X C

2.0 X B

6.0 X B

1.0

1.0

X

X

A,C
C

3-0 X B

5-0 X B

1.2 X A

1.5 X B

1.2 X 109*
io9*
io8*
109*
10s*
10iod

io9*

A

1.2 X B

3-0 X E

2.1 X B

3-0 X B

1.0 X F

1.8 X B

Exposure in Air

Dose (cads)

>1.0 X 1010

1.0

1.0

X

X

"iolcd
10iod

-8.0 X 109
1.0

1.0

1.0

X

X

X

1010
10icd
10iod

1.0

1.0

1.0

1.0

X

x

X

X

10
10iod
10iod
10iod

1.0

1.0

X

X

10iou
10iod

>3-4 X 10y

^•4 X 10y

>3.4 X 109

>2.4 X 109
>1.0 X 10io
>1.0 X 1010

109*1-7 X

>1.0 X 10x"
109*
109*

3.8 X

3.8 X

>1.0 X 1010
>2.4 X 109
1.0 X 10xo
1.0 X 10±o
1.0 X 1010

10iod
1.0 X

1.0 X 1010
1.0 X 1010
1.0 X 1010
1.0 X 1010
1.0 X 1010
1.0 X 1010
1.0 X 1010
1.0 X IO1"

10iod
1.0 X

Effect

A, B

C,D
C.D

Go., Inc.: (3) Con-Lux Paint Products, Inc.; (4) Dur-A-Flex, Inc.; (5) Engard Coatings, Corp.;
; (9) Mobil Chemical Co.; (10) NAPC0, Inc.; (ll) Prufcoat Div., Grow Chem. Coatings Corp.;
) TINEMEC Co.

-1 x 10s, 3 x 10s, and each additional 5 x 108 rads exposure thereafter. The values listed represent
If no effects are entered, the exposure test is continuing, if less than 1 x 1010 rads.

n; E,"sweating,"; F, checking (surface cracking).

1 that given.
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testing procedures for coatings to be used in reactor
containment buildings. The procedures developed from
the above tests were written into a proposed American
National Standards Institute standard ANSI 101.2-

1970, "Protective Coatings (Paints) for Light Water
Reactor Containment FacUities."

The proposed ANSI 101.2-1970 standard was initially
reviewed by a committee of 32 representatives of
coating manufacturers, reactor designers, contractors,
and private consultants. This standard is currently
undergoing a second review, and we anticipate that it
will be approved for publication within FY 1972. In
addition, a new proposed standard, "Quality Assurance
for Protective Coatings Applied to Nuclear Facilities,"
has been written in rough draft form and is now ready
for the initial review.

The comparative resistances of the protective coating
systems in deionized water-radiation tests show that
selective systems of epoxies, modified phenolics, and
polyurethanes would be satisfactory up to gamma
exposures of 7 X 109 rads (see Table 17.1). All of the
coating systems exposed in air indicate a resistance of at
least 1 X 10' rads; about 50% of them would still be
useful after exposures of up to 1 X 1010 rads. Tests of
each of the various coating systems will be continued
until the coating has failed or until it has received a
cumulative exposure of 1 X 1010 rads. The average
intensity of the 60Co source is 6 X 10s R/hr, and the
temperatures to which specimens are exposed range
from 40 to 50°C.

As part of the protective coatings activities a paper
entitled "Protective Coatings (Paints) for PWR and
BWR Reactor Containment Facilities," by C. D.
Watson, J. C. Griess, T. H. Row, and G. D. West, was
written and will be published in Nucl. Technol. 10
(April 1971).

17.3 RESOURCE STUDIES

A wide-range program was begun partly as a National
Science Foundation activity and partly as an inde
pendent effort to evaluate the long-term situation in
regard to the availability of mineral resources and the
future potentials for substitution and recycle to extend
resource horizons of critical materials. Much of this
work has been done in cooperation with Resources for
the Future, Inc. (RFF). H. E. Goeller spent the summer
of 1970 at the RFF offices in Washington, D.C.,
working with Joel Darmstadter, Hans Lansberg, and
Samuel Schurr, who are economists on the RFF staff.

Thus far, the work has included studiesinvolving: (1)
evaluation of the resource-substitution-recycle situation
for the major nonferrous metals (copper, lead, zinc, and

tin), (2) a more comprehensive examination of all the
chemical elements, and (3) preliminary evaluation of
the resource and use pattern for mineral resources in
the long-term future when many elements will be in
short supply. The last two activities were undertaken
after it was realized that a study of all mineral
commodities was necessary to answer adequately all the
problems inherent in the first activity. A comprehensive
report on the last two areas of study is partially
completed. This report is being written primarily for
nontechnical readers in the social sciences in an attempt
to familiarize them with the overall long-term situation
on mineral resources; the major emphasis is on inter
relations among mineral materials and their relation
ships to recycle and substitution. When this effort is
completed, the study on copper, zinc, lead, and tin will
be resumed and carried to completion; particular
emphasis will be placed on future economics we can
expect for these metals.

Some of the preliminary conclusions obtained from
our studies are as follows:

1. About 17 of the chemical elements have near-

infinite resource bases and will be available at fairly
constant prices for as far in the future as we care to
consider. These include oxygen, nitrogen, argon, neon,
krypton, and xenon from the atmosphere; oxygen,
hydrogen, sodium, chlorine, magnesium, bromine, po
tassium, boron, lithium, and iodine from seawater;and
sUicon, calcium, sodium, potassium, and chlorine from
mineral sources.

2. Certain elements in limited supply with respect to
presently used resources have near-infinite bases in
alternative, but presently uneconomic, resources. For
these, improved technology may counterbalance de
creased resource quality (and, therefore, prices will
remain stable); examples are iron, which will be
obtained from taconite and laterite deposits when

hematite deposits are exhausted, and aluminum, which
wUl be won from high-alumina clays when bauxite is
fully depleted. Recovery of other elements will proceed
through a hierarchy of resources of decreasing quality
in a way which will make it unlikely that improved
technology can keep the price stable; for these ele
ments, prices must certainly increase. The two principal
examples are sulfur and carbon. The first wUl be
cbtained over *he long term from native sulfur, sulfide
ores, and pyrites; from fossil fuels; and ultimately from
gypsum and seawater. Carbon (for nonfuel use) wUl be
recovered from natural gas and petroleum, then from
coal and oil shales, and finally from limestone. There
will be a long period of oversupply of sulfur since its
mandatory removal from fossil fuels (for pollution
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control reasons) wUl yield quantities far in excess of
world demand for this element.

3. A number of elements with presently limited
market demand (e.g., Ga, Cs, Rb, Sc, Th, Nb, Hf, and
the rare earths) now have long supply horizons. An
insidious problem with these elements is that, in the
event that new uses significantly increase the demand in
the future, the long-time horizons could change rapidly
to ones of very short duration.

4. Resources of nearly aU other elements have time
horizons of a century or less for recovery from
reasonably economic resources. Since most uses of aU
elements are substitutable, the trend in the future for
these elements must be toward (1) minimization or
elimination entirely of dissipative uses, (2) essentially
complete recycle of materials in nondissipative uses to
provide a stable world pool for each material, and (3)
development of methods for recovering multiple
products from resources of ever-decreasing grade, in
cluding acceptable disposal methods for the rapidly
increasing amounts of tailings or waste generated during
recovery. For example, the world pool of copper wUl
probably amount to about 1 billion tons in 50 to 100
years. Annual additions of a few million tons per year
wUl be made to the pool from very low grade ores at
prices greater than $1 per pound. Probably the most
serious long-term resource problem is that of a per
petual supply of phosphorus, the only one of the three
major plant nutrients with a noninfinite resource base.
As soon as possible, means must be developed to
maximize the recovery of phosphorus from phosphate
rock (currently about 50% for acid processes and 75%
for the electric furnace method) and minimize agri
cultural application to the lowest level possible to
achieve acceptable crop yields. The problem with
phosphorus is not only one of convenience but also
may ultimately be a much more basic one —survival for
a world with an equUibrium population of 12 to 20
bUlion people. Other elements with nearly unsubsti-
tutable uses include lithium (fusion energy), manganese
(sjeelmaking), fluorine (steel, aluminum, glass), helium
(cryogenics and power), titanium (pigments at reason
able cost), tungsten (high temperature and hardness in
toolmaking), and uranium and thorium (fission energy).

5. A century from now, we predict that the world
wUl have the necessary quantities of nearly aU minerals
and metals required to sustain a materials-energy-
oriented civUization, provided we have successfully
completed the about-face from our present "use and
dispose" philosophy to one of accepting substitution,
recycle, and conservation as the standard way of life.
To fill the gap resulting from increasing scarcities of

many materials, we wUl live, even more than at present,
in a world made principally of steel, aluminum,
magnesium, glass, and ceramic and powered almost
exclusively by nuclear energy. Petrochemical products
such as plastics, solvents, synthetic fibers, etc., derived
from coal, shale od, and ultimately limestone, rather
than from natural gas and petroleum, wdl stUl be in
plentiful supply; however, the costs wUl be somewhat
higher.

17.4 ENVIRONMENTAL QUALITY PROGRAM:
PRODUCTIVE USES OF WASTE HEAT

The Environmental Quality Program was estabUshed
in response to the increasing involvement of the Atomic
Energy Commission in assessing the total impact of
nuclear power plants on the environment. Productive
uses of waste heat relate to the utilization of this

thermal energy as a resource instead of the rejection of
it as a waste.

In the conventional steam-electric power plant, up to
2 kW of thermal energy has to be dissipated for every
kUowatt of electrical energy produced. Instead of
indiscriminately discharging the heat to receiving
waters, government regulatory agencies are enforcing
legislation that requires electric utUity companies to
dissipate the heat into the atmosphere by cooling
towers, by cooling ponds, or by more elaborate means
such as closed cycle systems. This leads to an added
expense to aU consumers of electricity.

Alternatively, power plants may be conceived of as
energy centers that produce electrical and thermal
energy. And the cost of heat disposal might be
minimized by maximizing the revenue-producing poten
tial of the total energy output. Biological applications,
particularly food cultivation in controlled environ
ments, appear to be a promising way of utilizing at least
a portion of the heat. Heating and cooling of urban
areas, particularly new cities, might be another applica
tion, provided higher-temperature steam (300-400°F)
is avaUable and lower conversion efficiencies of thermal

energy to electrical energy are tolerable.
Basic data indicate that temperature is one of the

important variables to consider in the optimization of
environmental conditions to increase growth and yields
of cultivated foods.1 Lettuce grows best at 55°F,
tomatoes at 70°F, and cucumbers at 80°F. Chicken
(broUers) and swine grow best at 68°F, and shrimp and

1. S. E. Beall, "Agricultural and Urban Uses of Low-
Temperature Heat," presented at the Conference on Beneficial
Uses of Thermal Discharges, Albany, N.Y., Sept. 16-18, 1970.
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catfish at 85°F. All of these are within the range of
temperatures of power plant effluents, which represent
a potential year-round source of heat that could
enhance food yield and modify seasonal variations in
food supply.

Feasibility studies have been made to show the
potential of thermal energy utilization. For greenhouse
agriculture,2 an analysis of the possible benefits was
made for an established set of site conditions at the

gas-cooled nuclear reactor at Fort St. Vrain, Colorado.
"Greenhouse cooling towers" could be substituted for
the specified conventional cooling towers at the same
cost of $1 to $1.5 million. Instead of being dumped,
the waste heat could be utUized to heat and cool 200

acres of enclosures in the exclusion area that surrounds

the nuclear plant. The temperature of these greenhouses
could be maintained at 75 to 80°F in the summer and

about 65°F in the winter. Both the greenhouse operator
and the utUity would profit from such an operation.

In aquaculture,3 a conceptual design was proposed
for intensive year-round fish culture, utilizing published
data on shrimp biology and technology to establish a
model. Production was based on the availability of
1000 million gallons of flowing water per day, main
tained at 80°F by blending power-plant effluent water
with ambient-temperature water. At a yield of 25,000
lb of shrimp per acre-year over 400 acres of water
surface in culture and a wholesale value of $1 per
pound, a 23% return on investment was estimated for a
specified set of conditions. A cost sensitivity analysis of
the operation revealed that production cost is most
sensitive to feed conversion ratio and least sensitive to

labor factors; site improvement cost is intermediate.
In urban uses,4 the concept of total energy utilization

was examined in connection with new city planning for
a population of 400,000 and a cUmatology similar to
that for Philadelphia. An energy center of 2000 MW(t)
was considered with a base load of 500 MW(e). Thermal
heat was removed at various temperatures from the
back-pressure turbine and utilized as follows: (1) almost
30% was used to heat water to 300°F, and the latter
was piped to the downtown area for urban heating and
cooling; (2) 24% was used for three different grades of
process heat for urban industry; (3) 6% was employed

2. S. E. Beall and G. Samuels, The Use of Warm Waterfor
Heating and Cooling Plant and Animal Enclosures, to be

published as an ORNL-TM report

3. W. C. Yee, Potential of Aquaculture at Nuclear Energy
Centers - a Systems Study, ORNL-4488 (to be published).

4. A. J. Miller et aL, Use of Steam-Electric Power Plants to
Provide Thermal Energy to Urban Areas, ORNL-HUD-14
(January 1971).

for sewage distillation; and (4) 40% was available for
greenhouse agriculture. Thermal energy was utilized and
dispersed, rather than discharged as a point source to
the surroundings. Use of high-temperature steam
(400°F) reduced the turbine efficiency for electric
power production to about 23%.

17.5 SYSTEMS ANALYSIS OF A NUCLEAR

ENERGY CENTER

An economic model was developed5 for determining
(1) an optimum combination of industrial activities for
a nuclear energy center as a function of energy cost and
(2) the economic impact of the center on its economic
region. The model is derived from the coupling of two
research techniques, separable programming and input-
output analysis, in a mutually consistent manner.
Separable programming was used to optimize the mix
of energy-intensive industries proposed for an energy
center; maximization of premium worth at a 10%
minimum acceptable rate of return was adopted as the
optimization criterion. The program used energy cost as
a parameter in order to study the variations in industrial
activity and total energy demand as a function of
energy cost.

Problems associated with the achievement of local

optima in the separable program were corrected
through development of a search routine based on
inserting activity vectors into the basis of each prior
solution and running the problem until an optimum
that was believed to be reasonably close to the global
optimum for this particular study was achieved.

Results of the separable program served as the data
for an input-output program which examined the effect
of the center on its economic region in terms of
increases in gross product, employment, and capital
demands. A feedback of information from the input-
output program permitted adjustment of the capital
and employment constraints in the separable program
so that consistent relationships were maintained be
tween the project demands and the resources of the
economy. Projection of the input-output data to show
the effects of an energy center over both short- and
long-term time periods was developed employing a
dynamic procedure which took into account the
changes in the final demands of the economy as a
function of the growth of gross product.

Puerto Rico was selected as a test region for this
model because the commonwealth has (1) an interest in

5. J. M. Holmes, "The Impact of Nuclear Energy Centers on
the Economy of Puerto Rico," Ph.D. dissertation, University of
Tennessee, Knoxville, July 1970.
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the development of nuclear energy centers and desalting
of seawater to obtain fresh water, (2) a rapid industrial
growth, particularly in the heavy chemical industries,
(3) an abundant supply of industrial labor, and (4)
adequate economic information, including the data
needed for input-output analysis. All data used for
capital, labor, raw materials, and utility costs, income
taxes, product values, and transportation rates were
adjusted to represent current Puerto Rican conditions.
A 1960 Puerto Rican input-output table that had been
projected to 1975 by the Puerto Rico Planning Board
was used as the basis for the economic impact phase of
the study.

Industrial activities considered for the energy center
included the production of elemental phosphorus,
aluminum, magnesium, chlorine, caustic, vinyl chloride
monomer, pig iron, steel, ammonia, and fresh water
(seawater desalting). The feasibility of installing in
dustrial activities at an energy center was established by
comparing individual processes with competitive and, in
some cases, non-power-intensive processes located else
where in Puerto Rico or on the mainland of the United

States.

Results of the optimization phase indicate that, for an
assumed base power rate of 4.1 mills/kWhr and com
parable costs for steam, the energy center should
produce elemental phosphorus, fabricated aluminum,
chlorine-caustic, magnesium and steel ingot, desalted
water, and a small amount of anhydrous ammonia. The
total energy demand would be 890 MW(e) (including
steam expressed as equivalent electrical megawatts), the
capital cost would be $461 mUlion (1975 dollars), and
the center would employ about 5335 people. If a
12-year Puerto Rican tax exemption is not assumed,
only the aluminum plant appears feasible, and the
energy demand decreases to 209 MW(e).

The overall results of this study indicate that the
impact of an energy center on the Puerto Rican
economy would be significant, particularly on the
demands for additional capital by the government and
public services sectors. This additional capital demand
for government and public services would total $464
million (including the nuclear reactor), which is equal
to 101% of the cost of an energy center. The short- and
long-term employment increase attributable to the
complex (including those employed at the complex)
was estimated at 8400 and 26,300 respectively. The
long-term perturbation to the gross product would be
an increase of $734 million, which is a factor of 6.55

times the value added by the complex alone.

17.6 APPLICATIONS OF 2s 2Cf

Two promising applications for 2s2Cf which deal
with neutron activation and neutron radiography are
being investigated in cooperation with the Chemistry
and the Analytical Chemistry Divisions. Preliminary
experimentation was begun using a capture-gamma
activation analysis technique for the detection of trace
elements in an aqueous medium. The experiment
consists of a 2s2Cf source centrally located in two
concentric polyethylene containers. The inner container
is filled with the solution being analyzed, and the outer
container is filled with a neutron shielding material. A
Ge(Li) detector is placed outside the outer container to
detect the secondary gamma rays produced.

The ANISN6 computer program was used to select
materials of construction that minimize the production
of secondary gamma rays. The quantity of 252Cf, size
of the container, and distance between the container

and the detector are some of the other parameters yet
to be optimized.

To date, thermal-neutron radiography studies have
used the two-dimensional DOT7 computer program to
analyze a proposed facility. The model used for this
study is a 24-in.-long conical neutron collimator with a
l-in.-diam aperture, near the 2s2Cf source, that in
creases to a 6-in.-diam opening at the imaging plane.
The air-filled cone, submerged in water, is fabricated of
aluminum and is lined with V8 - and V2 -in. thicknesses of
boral and bismuth respectively. A 10-mg 252Cfsource
is located 1 in. from the collimator, tangential to the
opening. For such an arrangement, it was determined
that a thermal-neutron flux of about 3.7 X 104
neutrons cm-2 sec-1 with radiation dose levels of

approximately 130, 3, and 0.4 rem/hr from total
neutrons and from primary and secondary gammas,
respectively, would be produced at the imaging plane.

The objective of the study is to develop a design that
maximizes the thermal-neutron flux at the imaging
plane and minimizes the gamma radiation so that the
film can be exposed with the neutron converter foU. If
the gamma radiation is too high, the foil must first be
exposed and then transferred to the film, thereby
resulting in loss of image quality. A number of variables

6. W. W. Engle, Jr., A Users Manual for ANISN, K-1693, Oak
Ridge Gaseous Diffusion Plant (March 1967).

7. F. R. Mynatt, F. J. Muckenthaler, and P. N. Stevens,
Development of a Two-Dimensional Discrete-Ordinates Trans
port Theory for Radiation Shielding, CTC-INF-952 UCC
(August 1969).
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can be optimized more economically in an actual thicknesses and types of material of construction, (3)
facility after the initial conceptual design is formulated the medium in and around the collimator, (4) the
with the aid of the computer. Some of the variables to position of the shielding materials, and (5) the position
be optimized are: (1) dimensions of the collimator, (2) of the 252Cf source in relation to the collimator.
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McDowell, W. J., "Liquid Scintillation Counting Techniques for the Higher Actinides," presented at the
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THESIS

Holmes, J. M., The Impact ofNuclear Energy Centers on theEconomy ofPuerto Rico, Ph.D. dissertation, University
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31. Lawrence Radiation Laboratory, Livermore, Calit
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Meeting, Washington, D.C., Nov. 15-19,1970.

Clark, W. E., 77ie Status of Pressurized Aqueous Combustion for Burning Solid Wastes Contaminated by
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34. Present address: Ministerio de Industria, Junta de Energia Nuclear, Madrid, Spain.
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