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Preface

This progress report is a summary of the tesearch and development efforts conducied in the Chemical
Technology Division during the period April 1, 1974--March 31, 1975. Further information regarding work in the
virious programs can be obtained from the topical reports and journal articles cited in the references
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1. Development of Aqueous Processes for LMFBR Fuels

The work concerned with the development of aque- Reactors. The results of our studies have been summa-
ous processes for LMFBR fuels is not reported here this rized in the LMFBR Fuel Recycle Program Progress
vear, in compliance with regulations which stipulate Repaort for the Period April 1 to December 31, 1974
that such information must be distributed solely under (ORNL-TM-4836). Some areas of the work have also
the category UC-79 - Liquid-Metal Fast Breeder been discussed in documents of a topical nature.



2. HIGR tiel Recyele Development Program

The Chemical Technology Division’s wactivities under
the HTGR Fuel Recycle Developient Progriun, which
is part of the overall Thorium Utilization Program.
include development work in head-end reprocessing and
fuel fabrication, off-gas cleanup. and conceptual and
cost studies. s work is not reported here this yeur. in
cempliance with regulations which stipulate that such

information must be distributed solely under the
category UC-77 - GasCooled Reactor Techniology. The
work has been reported separately in monthly GCR
documents and will be sumiiarized in the Gas-Cooled
Reactor  Frogrums Frogress Report  for the Period
faiwary 1, 1974, to June 30, 1975 (to be published).
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4. Waste Managemeiit

4.1 GEOLCGIC DISPOSAL
EVALUATION FROGRAM

The Geologic Disposal Evaluation (GDE) Program, as
now constituted, has two objectives: first, to evaluate
the suitability of all potential geolagic tormations and
rock types in the continental United States as perma-
nent receptacles or repositories for any category of
radioactive waste, using any appropriate emplacement
technique; second, for those promising geologic forma-
tion—waste-type--eiplacement technique systems, to
carry out the research and development activities that
could eventually lead to the establishment of actual
waste repositories using one or more of these systems.
During the current report period. emphasis has been
focused on (1) geologic and hydrologic studies of a
number of rock types. to evaluate their fundamental
suitability for use as waste receptacles, and (2) develop-
mental studies, in particular those concerned with rock
mechanics, rock properties, and radiation effects on
rocks and borehole plugging.

Major changes have occurred in the GDE engineering
programs during the past year. The Bedded-Salt In-Situ
Experimental Program to support the high-level waste
repository design effort at the New Mexico site was
terminated in late August 1974. With the assignment of
primary responsibility for the design, construction, and
operation of an alpha repository to Sandia Laboratories
in February 1973, all QRNL engineering efforts direc-
ted toward the design of an alpha repository at the New
Mexico site were terminated {or will be by the end of
FY-1975). Engineering efforts are now directed solely
toward evaluating and assessing promising waste dis-
posal systems developed by the GDE Program.

Geology and Wydrology

The objective of the geologic and hydrologic studies is
to investigate the general characteristics, features, and
occurrence of a number of rock types so that their
fundamental suitability for use as radioactive-waste
receptacles can be evaluated. The principal characteris-

tics to be examined for this purpose relate to stability
(both short-terimm mechanical stability for the operations
and long-term stability for preservation of waste con-
tainment) and tighiness (i.e., isolation from the circulat-
ing waters of the biosphere). This will be accomplished
largely through the study of mines and other under-
ground openings constructed in the various rock types
throughout the country. The geologic formations or
rock types under investigation include: (1) rock salt
(interior salt domes of the Gulf Coast area; Salt Valley
anticline and other structures in the northwest portion
of the Paradox Basin; and deep bedded salt deposits of
the Williston, Supai, and Salina Basins); (2) argillacecus
rocks (shales and especially the Pierre Shale formation);
(3) carbonate rocks (limestones in northern Ohio and
Kansas City areas, and the Selma Chalk in Alabama and
Mississippi); (4) volcanic rock (basalts and tuffs); (5)
crystalline rocks (granitic intrusives and high metamor-
phics); and (6) porous and permeable formations for
disposal of fluids.

Bedded salt, salt domes, and salt anticlines. The
stratigraphy of the southeastern New Mexico repository
site developed from cores taken from exploratory
boreholes AEC 7 and 8 indicates that marginal commer-
cial potash ore zones occur in the McNutt potash zone
of the Salado Formation that overlies the three candi-
date salt horizons which are at depths of 1900, 2100,
and ~ 2700 ft. A single-unit seismograph operating at
the site since January 1, 1974, sensed one significant
seismic event which is being studied to determine
whether it might have been a small earthquake or a rock
fall in a nearby potash mine. Based on geclogic and
engineering studies, it was concluded that no econoini-
cally significant oil and gas fields are likely to be
discovered in or around the site. Several studies are
under way to determine tectonic stability, hydrologic
stability, and location of salt domes suitable for waste
storage facilities. Preliminary analysis of the data
indicates that several domes appear to be suitable. A
preliminary geologic investigation of the salt anticlines
in Paradox Valley, Utah, indicated that the deposits at



the northernmost portion of the Salt Valley anticline
have the greatest potential for a waste repository site.

Argillaceous rock. A survey siudy was completed
which explains and illustrates the critical geologic and
hydrologic characteristics of several rock types, such as
shale and mudstones, which would be instrumental in
their containment of radioactive wastes. Since the most
affirmative evidence of hydrologic tightness and me-
chanical stability of rock exists in subsutface excava-
tion, a survey was conducted of the more than 80
caverns that have been constructed for storage of liquid
petroleum gas. Those regions of the United States that
appeared most favorable for a wasie storage cavern were
delincated. Studies were ipitiated to evaluate the
suitability of the Pierre shale formation and the Green
River oil shale formations as waste repositories.

Carbonate rock. Siudies are in progress to evaluate
the suitability of the essentially dry limestone tforma-
tions near Barberion, Ohio, and Kansas City, Kansas, as
waste repositories.

Volcanic rock. Studies are under way to provide
information about the geologic and hydrologic faclors
affecting the utility of basaltic rocks and tuff for waste
disposal. Specifically, information about the rock
underlying the Hanford Plant Site and Nevada Test Site
is being evaluated.

Crystalline rock. A study was initiated fo evaluate the
information available from geologic studies at the
Savannah River Reservation and to extrapolate it to
other areas in the eastern coastal plains with the same
type of rocks. A similar study was initiated of the rock
in the Minnesota, Michigan, Wisconsin, and neighboring
Canadian areas o establish the geologic and hydrologic
conditions that cause mines in this area to be dry or
wet.

Arenaceous rock. Studies are under way to evaluate
small and “enclosed” basins containing rock formations
of adequate porosity and permedbility to receive liquid
waste.

Developmental Studies

Various studies are in progress to provide the experi-
mental and developmental information necessary to
support both the geologic and hydrologic studies and
the engineering assessment studies, in particular, and to
evaluate the impact of the waste disposal operations per
se and other works of man on the long-term contain-
ment provided by any geologic formation. These studies
include the development of borehole plugging iech-
niques, mine stability and rock mechanics analysis, rock
property measurements, and rock-waste interactions.

Rock property measurements. The coefficient of
thermal expansion (CTE) tor pure NaCl crystals and
natural rock salt from the Lyons mine has been
measured. The CTE of the pure crystal agreed well with
the reported literature values and fits the expression

CTE=aX 1078 °C™1 =41.03 —2.984 X 103/¢?
+ 1015 X 1072 +3352 K 107542,

Natural rock salt CTE measurements differed greatly in
that the sample expanded rapidly and irreversibly on
first heating to 140°C; this was probably due to the
expansion of the brine inclusions exceeding the plastic
limit of the salt lattice, theveby causing plastic strain or
deformation. Thus, the resulls obtained on healing the
sample are only valid for this particular time-tempera-
ture history. The results obtained on cooling, however,
show that the true CTE of natural rock salt is
essentially that of pure NaCl after the induced stress is
relieved.

A device, the “plane probe,” for rapidly measuring
the thermal conductivity and thermal diffusivity of
rock samples has been developed and tested and is now
operational. The results will be used in thermal analyses
studied to determine the effect that heat released from
radioactive waste will have on various waste disposal
systems of interest to the GDE Program.

Rock mechanics. The rock mechanics analysis effort
is divided into two parts: a finite-element analysis
technique using both thermoelastic-plastic and thermo-
viscoelastic laws to model the stability of mine excava-
tions, and a complementary semiempirical model to
simulate a fullsized repository. Both models are being
validated using appropriate actual mine stability data.

Stored-energy studies. The stored-energy studies on
salt and solidified wastes were essentially completed. [t
was concluded that the storage of radiation energy in
salt will not present any barrer to the safe operation of
a salt mine repository. Data obtained with solidified
wasies in a cooperative program with Pacitic Northwest
Laboratory are still being analyzed. A review of the
general aspects of radiation damage and energy storage
in solids, and of pertinent physical and chemical
properties of rocks (in particular, silicate minerals and
limestone), does not indicate any significant amounts of
stored energy or any significant radiation-induced
chemical effects at the gamma dose and the fast-
neutron fluences (<107, > 3.4 keV) that will prevail
in the rock immediately adjacent to buried waste. This
program is being redirected into a broad study of
rock-waste interactions to obtain information, such ag
the migration of radionuclides from waste through the



geologic formation; the effects of radiation on physical
and chemical properties of rock; chemical interactions
between waste and cock: the effects of high tempera-
tures, including melting (on both waste and rock); and
methods for effectively isolating waste puackages from
the rock und the circulating groundwater.

Borchole plugging — salt dissc!
boreholes that have been or will be drilled at all
prospective waste repository sites must be plugged, it is
necessary, particularly for a salt mine repository, not
only to study the dissolution of soluble vock histori-
cally and theoretically but also to develop materials

tion siudies, Becuuse

and techniques for emplacing and testing the borehole
plugs. Studies are under way (1) to determine the
history ot salt dissolution around borcholes in the
Hutchinson salt formation in Kansas; (2) to develop and
validate a mathematical model of salt dissolution
around a borchole in a salt bed which would predict the
size and shape of the cavity thut would develop if tresh
water enters the top of the formation with brine
reirioval at the bottom; and (3) to develop and validate
a mathematical model of convective-diftusive flow in a
static-water column in an open borehole.

In addition, several ongoing programs are in progress:
(1) to develop methods for mechanically forming a
borehole plug with natural materials. such as shales. (2)
to chemically eriplace 2 horehole plug by hydrothermal
transport (usually by aqueous solutions at temperaiuie
and pressures different from the ambient), and (3) for
rock salt, to grow @ moltensalt plug in situ. Civi
engineering grouting techniques and commercial vore-
hole plugging programs were also reviewed and a survey
of the literature pertaining to naturally occuriing
borehole plugs was carried vut.

Most of these studies will be completed ecarly in
tY-1976. The information obtained will be evaluated
and used in developing a program to field-test promising
materials and emplacement techniques i situ.

Engineerinig Assessment Studies

Engineering studies and analyses are needed to assess
the rechnological feasibility of the many potential
waste disposal systems so that promising concepts can
be identified and developed into viable waste disposal
systems.  These studies are
carried oui under five broadly defined programs: (1)
analyses of technigues for emplacing gascous, liquid, or
solid wastes in a geologic formation; (2) waste charac-

cngineering  assessment

terization; (3) waste disposal system evaluation: (4)
developmient of promising waste disposal systems; and
(S) repository design. Emplicement technigues being
analyred include the rock-melt capsule concept. the

deep rock disposal concept for high-level wasie, and a
generalized study of the emplacement of heat-generat-
ing encapsulated wasie in a mined cavity.

Studics of the Bedded-Sait Pilot Fiant. To document
the Bedded-Salt Pilot Plant (BSPP) design effort, a
Concepiual Facility Design Description report was
assembled and given limited distribution in May 1974.
This report is a file compilation of the work domne by
Kaiser Engineers, Inc.. under the technical supervision
of ORNL; the work was tevininated in November 1972,
Some updated infonmation and design alternatives were
added.

The BSPP in situ experimental program was termi-
nated in August 1973. A report documenting the
planned experiments, the preliminary equipmeni
design, the mine layouts. and the initial contacts with
potash mine operators in the southeastern New Mexico
poiash field was placed in ORNL Central Files.

Aloha repesitory stoedies. In July 1974 the GIE
Program was directed to develop “‘in-house” concepts
and mine arrangements for the disposal of alpha waste
and spent-fuel hulls in a suitable geologic formaiion.
Further guidance in August 1974 specified that the
conceptual designs developed for the Lyons. Kansas,
repository and the BSPP should be reviewed, evaluated,
and. based on current alpha repository design criteria,
used 1o deveiop a concept for the surface facilities by
“titting” them to the New Mexico site. This study was
completed , and 15 drawings showing the location of the
facilitics on the site, as wel! as their conceptuar design
{eatures. were prepared.

Stratigraphic data tor the New Mexico site indicate
that potential salt horizons exist at 1900. 2100, and
~ 2700 It below the surface. Eingineering studies are in
progress analyses of: (1) the
stability of a mine lavout in each of the three horizons;

for the prefiminary
() the imethods and equipment required for drilling
spent-fuel il canister emplacenient holes: and (3) the
various methods for excuvating storage roors, ete., and
for transporting excavated salt to the howsting facility.
i'he studies will be completed by the end of FY-1975.
Eady in February 1975, Sandia Laboraiones was
given the overall direction for the desigin, construction.
and operation of the alpha repository, and ORNL was
direcied to provide Sandia with all pertinent inforima-
tion. Any further alpha
ORNL will be at the request of Sandia Luboratories.

repository design effort at
4.2 PROCESSING MODIFICATIONS FOR
IMPROVED WASTE MANAGEMENT

This program for the improvement of waste maiage-
ment by additional removal of actinides. using modified



reprocessing methods, replaces the Waste Fractionation
Program, for which we repocted activities and progress
last year. In the latter program, only the fractionation
{or partitioning) of actinides from the high-devel waste
stream feom a conventional Purex plant was cousidered.
However, the investigation quickly revealed that the
programn needed to be expanded in scopet? (n
addifioﬂ to the development of processes to partition

w high-level waste, it was concluded that significant
(Lm“m;‘gcf, could be attained by improvements and
modifications of present-day reprocessing methods.

The objective of this program is to determine the

technical feasibility of removing actinides from all the
radioactive wastes gencrated during the commercial
reprocessing of nuclear seactor fuels. During this report
period we investigated the possibility of recovering
uranium, plutonium, neptunivm, americium, and
curtum frorm spent fuels to such a degree that the
calcujated radiological toxicity of wastes after abowt
100G years of storage would be comparable to the
toxticities of natorally occurring uranium minerals. The
recovered actinides would receive special treatment for
iisposal, and might be recycled to power reactors where
they would be burmed to form fission products. The
study was limited to the development of methods for
reraoving actinides from Hght-water reactor (LWR)
fusls. Removal of 99 .99% of the plutonium, 95% of the
nepiunium, and 99 9% of the uranium, americiurn, and

cutdurn from LWR fuel (with wlufonium recycle) would

reduce the potential hazard of highdevel waste at 1000
yeurs 16 about 5% of that for p!muﬂ;wie {assuming
that 99.9% of the 271 is alto removed during repro-
cessing and is managed as 2 separate waste}® Al these
levels of actinide and "?%1 removal, the actinide
contributinon to the long-termn hazard potential would
be comparable to that from the longdived fission
products.

The concept of actinide removel is based on a
combination of modified Pucex processing and second-
ary proceszing of the highlevel waste According to this
concept, the necessary removal of uranium and ne
minium and most of the plutonivm is accomuohished by
gxtra extraction stages n the Purex process and by

,F\

LW, D, Bond and R.¥E. Leuze, Feasibilicy Studies of the
Farvitioniug of Commercial High-Level Wastes Generated in Spent
Nuclegr  Fuel Reprocessing:  Annual Progress  Beport  for
FY-I1974, ORNL-5012 (Janvary 1175).

2. W. D. Bond, H. C. Claiborne, and R. E. Leuze, “Methods
for Removal of Actinides from High-Level Wustes,” Aucl
Technol 24, 36270 (December 1974).

3. H.C Clabame, Effect of Actinide Removal on the
Long-Term  Hazard of High-Level Waste, OQRML-TMA4724
{(January 19753.

from the actinide
the high-

recycle of the aque wastes
Se

purification cycles. umd ary processing of
level waste is used 10 remove amesicium, curinm, and
any residual fnsoluble residues from fuel
dissolution or solids generated in processing would be
separated in feed clarification steps and treated, where
necessary, to reclaim the actinide values. An important
requirement is the capability for removing the actinides
without significantly increasing the volumes of high-
low-, and intermediate-devel wastes.
prohibits the use of procevses that discharge large
quantifics of chemical reagents in the wastes. [
processes that depend on large ¢ ]uamities of rﬂ:a;gmns are
to be used - and they are probably n sary for the
removal of americivm and curum -~ reagents that can
be recycled ox converted to acceptable nonradioactive
chemical wastes must be chosen.

The studies comprising this program have ol yet
progressed fo the point where the feasibility {or
infeasibility) of chermical Qowsheets for the satisfactory

plutoniurm,

2

This requirement

removal of actinides from reprocessing wastes can be
detervtined. On the basis of tracerdevel stodies with
synthetic wastes and conceplual material-balance flow-

sheet studies, the chemistry reguired for the actinide
separations {with the possible exception of plutoninm)

appeats to be I’h*omimily possible. However, a vast
amount of work remaing to be dune n order to select
the best combination uf cheioical st aned to prove
that the desired chernistry can be carried ouf in
workable, integrated processes noder conditions nvelv-

: hig‘h levels of radiation. Our work slrongly
recycle motheds might be developed for Purex
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large-area sites for disposal or s
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chemical reagents are used for treailng
pJJ adjusting the neptunium and plot
he Purex separations.
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problems encoun-

tered in actinide temoval are associated with plutonium
md americium-coriom. The chief difficulty with plu-
tonium lies in the need to maintain it in an extractable
form at a very low concentration. Scouting experiments
showed that about 0.01% of the plutonium was
inexiractable when a solution of Pu(lV) in nitrc acid
was repeatedly  extracted with tubuotyl phosphate
{TBP). Intectferences from fission products in the waste

The most troublesorae chemical

may iacrease the [fraction of inextractable pluionium
{see Sect. 84). The major difficulty in amesicium-
curiun: processing is in offecting the removal of these

elements without generating radicactive

wastes thai




contain large quantities of chemical reagents. In addi-
tion to the problem of the inextractability of pluton-
ium from waste solutions, sufficient information has
not been obtained relative to the plutonium content
and nature of the solids generated in the processing of
spent fuels. A considerable amount of work is still
required to define the scope of the solids problemn and
to develop methods for preventing plutonium losses to
these solids.

Material-balance flowsheet studies show that actinide
removal according to our concept -~ or any concept -
will require extensive recycle. Demonstrating that this
recycle can be accomplished is a major undertaking. For
example, conclusive proof will be required that none of
the steps involved will lead to a buildup of impurities
which could cause process failure. Unfortunately, no
previous experience is available concerning the opera-
tion of a large-scale radiochemical plant which utilizes
extensive recycle of the waste streams.

Activities carried out this year included: (1) iabora-
tory and bench-scale experiments with tracer-level
activity in synthetic waste solutions to determine the
chemical feasibility of selected process methods, (2)
investigation of solids formation in waste solutions, (3)
conceptual flowsheet studies of alternative separations
processes, and (4) scoping studies relative to recycle
and transmutation of the actinides.

Reprocessing Modifications

We prepared a conceptual material-balance flowsheet
for a modified Purex process that includes the recycle
of nitric acid as well as the aqueous, actinide-bearing
waste streams generated in the partitioning and purifica-
tion cycles for uranium, neptunium, and plutonium.’
In addition, we carried out some experimental studies
on the extractability of neptunium from synthetic
wastes and its subsequent partitioning. Studies of
plutonium extractability are reported in Sect. 8.4.

In our conceptual flowsheet, the uranium, neptun-
ium, and plutonium are recovered in a primary Purex
plant in which the uranium and neptunium concentra-
tions are reduced to the required levels by additional
stages of Purex extraction. The Purex process has the
capability for accomplishing the required uranium and
neptunium recovery and for removing perhaps as much
as 99.8% of the plutonium. Our conceptual flowsheet
includes the recycle of the nitric acid and actinide
vaiues from all of the intermediate- and low-level
aqueous waste streams, except those wastes from
solvent purification and off-gas treatment. Recycle of
the aqueous waste streams is based on the use of a

partitioning reductant other than ferrous sulfamate,
which would add sulfate to the high-level waste. The
sulfate also interferes with recycle of the actinide values
from the partitioning and purification cycle wastes. A
considerable amount of experimental work remains to
be done on the recycle steps of the flowsheet to
determine whether they will lead to an accumulation of
impurities that could inhibit recovery of actinides. Also,
experimental work needs to be done preparatory to
developing a conceptual flowsheet for recycling
actinides from the solvent purification wastes.

Laboratory batch extraction tests showed that greater
than 98% of the neptunium was removed by two stages
of TBP extraction when tracerlevel neptunium was
maintained as Np(VI). Qualitative rate mesurements
showed that ferrous nitrate reduces Np(VI) to Np(IV)
at a satisfactory rate for partitioning plutonium from
neptunium and uranium. The required reduction times,
10 to 20 min, appear to be compatible with the holdup
time of production-size solvent extraction columns. The
variables affecting the reduction rate of Np(VI) were
determined in a fundamental investigation (see Sect.
84).

Recovery of Americium and Curium

Several processes for the recovery of americium,
curium, and transcurium elements from high-level waste
are being evaluated in the Laboratory, using tracer-level
activity in synthetic wastes. All of the processes involve
isolating the chemically similar trivalent lanthanide
fission products and trivalent actinides (americium,
curium, and transcurium elements) from the other
waste elements and then separating the trivalent
actinides from the lanthanides by cation exchange
chromatography or by the Talspeak solvent extraction
process. Experimental studies on the Talspeak process
are being carried out under the Separations Chemistry
Prograin (see Sect. 8.3). The processes being studied for
the separation of the trivalent actinides and lanthanides
(trivalent elements) include: (1) cation exchange, (2)
oxalate precipitation coupled with cation exchange, and
(3) TBP extraction from solutions heavily salted with
aluminum or lithium nitrates. Fach of these processes
has certain advantages and disadvantages. Additional
experimental studies are needed to permit selection of
the optimum overall process for removing americium
and curium from high-level radioactive waste. Involved
in this selection is the preparation of detailed flow-
sheets with recycle or satisfactory handling of every
waste stream, including waste solvents and spent resins.

Cation exchange, the method we studied most exten-
sively for removing the trivalent elements, appears



promising. In this process the trivalent clements and
certain of the fission products (primarily zirconium and
some palladium) are loaded on cation resin from 1 M
HNOQ; solutions of waste, and the trivalent elements are
then eluted selectively with 3.5 M HNO;. We have
demonstrated greater than 99.9% recovery using ameri-
cium, europium, cerium, and erbium tracers in syn-
thetic waste. Aside from ion exchange resin, nitric acid
is the only chemical reagent added in the processing.

Coupling oxalate precipitation with ion exchange may
be an atfractive alternative to an alldon-exchange
process for removing the trivalent elements. This
process has been demonstrated in the laboratory, using
synthetic wastes. A single oxalate precipitation was
used in a first step to remove about 95% of the trivalent
elements and also to complex the zirconium; then a
cation exchange column was used as a final “polishing”
step to remove the residual trivalent elements and any
solids or colloidal material remaining after the precipita-
tion step. Considerably less ion exchange capacity is
required in these operations than in the all-ion-exchange
process. Measurements with radiotracers showed greater
than 99.9% recovery of the trivalent elements. The
separation of oxalate precipitate need not be accom-
plished in the first step to be quantitative, since any
residual precipitate will be retained by the ion exchange
column and will be dissolved when the trivalent
elements are eluted from the resin column with 3.5 M
HNQO;. A question yet to be resolved with regard to the
oxalate precipitation step is whether the precipitation
and solids removal step is feasible in remote operations.

Tributyl phosphate extraction from heavily salted
solutions may be a viable method for the recovery of
the tcivalent elements.? If satisfactory methods can be
developed for recycling the salting agents, Purex-type
technology might be extended to remove americium-
curium and transcurium elements along with the heavy
lanthanides at the time of fuel reprocessing. In nitrate-
salted systems, the light lanthanides (about 80 mole %
of the lanthanide fission products) can be partitioned
from the trivalent actinides and heavy lanthanides.
Laboratory studies with synthetic wastes have shown
that about 95% of the salting agent, AI(NQO3 )3, can be
recovered for recycle by precipitating it from 15 M
HNOj; solution. The extra acid required to precipitate
the salting agent could then be recovered by distillation
and reused.

4. Y. M. McKibben et al., Parritioning of Light Lanthanides
from Actinides by Solvent Extraction with TBP, DP-1361
(August 1974).

Ion exchange chromatography appears attractive as a
method for separating the trivalent actinides from the
lanthanides in both conceptual flowsheet and labora-
tory studies. Emphasis of the laboratory work hasbeen
directed to the use of a hydrogen ion barrier for elution
rather than a metallic ion barrier such as zinc, because
this would diminish the addition of nonvolatile solids to
the waste strearns. Laboratory studies show that a
barrier-ion composition of 80% H*-20% Zn** yields
good separations. This composition considerably re-
duces the quantity of zinc required and simplifies the
treatment of waste streams from the separations
process.

We have completed conceptual material-balance flow-
sheets for the recovery of americium-curium by an
allion-exchange process and for recovery of the tri-
valent elements by oxalate precipitation coupled with
ion exchange. We view these flowsheets as tentative and
preliminary, since many of the process steps require
experimental verification at full activity level and in
regard to performance of recycle concepts and minor
fission product behavior. A great deal of work remains
to be done to confirm the overall flowsheets. The
conceptual flowsheets for the all-ion-exchange process
are shown in Figs. 4.1 and 4.2. Material balances are
based on the highlevel waste from reprocessing |
metric ton of LWR fuel irradiated to a burnup of
33,000 MWd/metric ton.

Formation of Solids in Waste Solutions

Studies are being carried out to identify the solids
present in waste solutions and, ultimately, to determine
their actinide content. In most of our work, we used
synthetic waste solutions; however, we recently ob-
tained solid residues from the dissolution of irradiated
LWR fuel (burnup, 33,000 MWd/metric ton). Synthetic
waste solutions contain a small amount of solids when
they are prepared. These solids consist primarily of
zirconium, tin, silver, halides, and some seleninm. On
aging the waste solutions, small amounts of solids
containing predominantly zirconivm and molybdenum
continue to precipitate. Small quantities of colloidal
material are also formed during the aging and can be
detected by a Tyndall beam. Although analyses of the
residues from fuel dissolution are incomplete, qualita-
tive spectrographic analysis indicates that such residues
consist mainly of technetium, ruthenium, palladium,
siticon, and rhodivm, plus small amounts of zirconium,
molybdenum, nickel, and iron. The retention of pluto-
nium by synthetic waste solids is discussed in Sect. 8.4.
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Conceptual Scoping Studies of Actinide
Transmutation and Recycle

Transmutation in commercial power reactors is one of
the potential waste munagement alternatives for reduc-
ing the long-term hazard of the actinides removed from
fuel reprocessing wastes. During the past year, scoping
studies have been performed to determine some of the
potential impacts on the commercial fuel cycle industry
that might result from the transmutation of these waste
actinjdes, and to establish ihe trends in transmutation
rates that result from variations of both the type of
reactor producing the waste actinides and the type of
reactor fransmuting the waste actinides. All of the
compatisons in our studies are made at conditions
approximating steady-state recycle of the waste
actinides. The amounts of the various actinides, on a
spent-fuel basis, that were recycled for transmutation
were as follows:

U-Pu fuel: 0.4% U; 0.49% Pu; 95% Np; and 99.9% Am,
Cm, Bk, Cf, and Es.

U-Th fuel: 0.49% U; 04% Th; 0.49% Pu; 95% Np and
Pa;and 99.9% Am, Cm, Bk, Cf, and Es.

Some of the most important results obtained from
these studies are as follows:

1. The average anoual transmutation rates of the waste
actinides in the four types of transmutation reactors
are: PWR-Pu, 3.2%; LMFBR, 4.3%; PWR-U, 4 9%;
HTGR, 7 .8%.

. The recycled waste actinides being transmuted
occupy, on the average, approximately 0.7% of a
PWR-U or PWR-Pu core, 1.4% of an LMFBR core,
and 2.6% of an HTGR core.

3. The infinite neutron multiplication factor (k) of
the waste actinides ranges from 0.7 to 09 for
thermal transmutation reactors and from 0.9 to 1.4
for an LMFBR transmutation reactor. Since the
recycle waste actinides represent only a small frac-
tion of the reactor core, the overall reactivity of any
of the reactor types is changed only slightly.

. The neutron activity of fresh thermal transmutation
reactor fuel, containing actinides to be transmuted,
is very high due to the presence of **2Cf; typical
values range from 10" to 10'3 neutrons sec™
(metric ton) ™. The neutron activity of fresh
LMFBR transmutation reactor fuel is much lower,
about 10% 1o 10° neutrons sec ™ (metric ton) ™

Results of the initial studies indicate that one of the
most potentially serious impacts on the commercial fuel
cycle is the additional shielding required for fabrication
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and shipment of the highly neutron-active transmuta-
tion reactor fuels. Qur results show that remote
fabrication of the fuel would be required.

4.3 LEACHING OF RADIONUCLIDES
FROM WASTE SOLIDS

Grouts similar to those used in the Hydrofracture
Facility at ORNL were made by blending simulated
intermediatedevel waste solution containing ¥°Sr,
137¢s, 23%Pu, or 2*%Cm with a diy mixture of
cementitious pnaterials and selected clays, and the
products were tested for retention of these isotopes in
the International Atomic Energy Agency (IAEA) type
of leach tests.>*® The “fraction of isotope leached”
varied with the square joot of time if leachant
replacement was more frequent than once per day, but
was inhibited, or depressed, if changed less often.
Curing a grout specimen up to 28 days in humid air
betore leaching decreased the amount leached from the
specimen. When Grundite clay (for cesium retention)
was present, the isotope leach rates followed the order:
Cs > 8y > Cm 2> Pu, with overall results indicating that
grouts can give leach rates comparable to those ob-
tained for wastes incorporated into borosilicate glasses
(Figs. 4.3 and 4.4).

To obtain data more rapidly, the proposed TAEA
leach test was successfully maodified by using specimens
with a smaller volume, a much larger surface-to-volume
ratio, and a larger volume of leach water per volume of
specimen, and by replacing leach water more fre-
quently, The leach rate for cesium was decreased by the
addition of Grundite, pottery clay, or Conasauga shale.
These additives, as listed, are in the order of increasing
effectiveness with respect to cesium retention. The
leach cates of cesium from grouts made with pottery
clay and containing one, two, and four times the
uormal weight percent waste salts (6 wt %) showed that
these higher salt concentrations had no significant
effect on the leach rate of cesium.

Theoretical relationships that consider diffusion and
instantaneous - reaction  (an  equilibrium  or  time-
independent relationship between mobile and immobile
forms of a species) gave good agreement with the data

5. 5. 0. Moore, H. W. Godbee, A. H. Kibbey, and D. S. Joy,
Development of Cementitious Grouts for the Incorporation of
Radiocuctive Wastes. Part 1: Leach Studies, ORNL-4962 (Aprtil
1975).

6. International Atemic Energy Agency, “PLeach Testing of
Immobilized Radivactive Waste Solids, a Proposal for a Stand-
ard Method,” ed. by ¥E. D. Hespe, Ar. Eneryy Rev. 9(1),
195--207 (1971).
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for the 28-day-cured grouts when the leachant was
initially replaced twice per day (Fig. 4.5). In contrast,
the amounts leached from many borosilicate glasses
appear to be explained by diffusion and time-dependent
dissolution processes. The predicted amounts of cesium
leached from a grout containing Conasauga shale are
compared with those for a borosilicate glass in Fig. 4.6.
The theoretical relationships used in these calculations
are given in ref. 7. The comparison of fractions leached
(Fig. 4.6) shows that, during short time periods, a
slightly smaller fraction of cesium is leached from the

7. H. W. CGodbee, J. G. Moore, A. H. Kibbey, and D. S. Joy,
“Leach Behavior of Cementitious Grouts Incorporating Radio-
active Wastes,” presented at the 77th Aonuval Meeting of the
American Ceramic Society, Washington, D.C., May 3-8, 1975.
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glass product than from the grout; however, during
longer time periods, a smaller fraction of cesium is
leached from the grout product than from the glass.
Using the modified effective diffusivities (D) derived
from the data, comparisons were made of the amounts
leached from a 55-gal drum of grout, assuming two
different forms for the drum - a semi-infinite medium
and a finite cylinder. These calculations show that the
drum approximates a semi-infinite medium for a few
years if the D, is approximately [ X 10 cm?/sec and
for more than 3000 years if the D, is approximately 6
X 10718 cm?/sec. They also show that the projected
amounts leached from a waste product that is assumed
to approximate a semi-infinite medium are conservative
(on the side of safety), since they are equal to or grealer
than the amounts predicted by a mathematical solution
based on the actual geometry of the finite product.

ORNL DWG 75-494|
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Fig. 4.5. Comparison of the cumulative fraction of cesium leached to that predicted by diffusion equation for 28-day-cured

grout specimen 93C.
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4.4 METHODS FOR MANAGEMENT OF
ORNL LIQUID WASTES

The shale fracturing process is a proven, economical
method for the permanent disposal of intermediate-
level waste (ILW) solution at ORNL; over the past eight
years, about 1,000,000 gal of waste solution containing
500,000 Ci of radionuclides has been mixed with
cement and injected into the impermeable shale beds
that underlie the ORNL area. Recent national emphasis
in waste disposal technology, however, has been to
store wastes in retrievable forms, thereby maintaining
the maximum flexibility in the choice of future disposal
options. The waste disposed of by the shale fracturing
process is essentially nonretrievable as a matter of
deliberate choice; for this rcason, this process is in
conflict with the current philosophy and, despite its

obvious advantages, may be discontinued in the future.
Should this occur, an alternative method for handling
the waste solution generated at ORNL will be required
- a method that can utilize largely existing technology
to convert the waste solution into a solid, noncombusti-
ble material with low leachability, suitably packaged for
storage until some method of disposal is selecied.

A study is being made to determine the most
promising process{es) for the conversion of various
ORNL waste streams to suitable forms for temporary
on-site storage and for ultimate shipment off-site for
disposal by whatever means is chosen. The desirable
characteristics of the waste forms include low leachabil-
ity, structural strength, minimum volume, and noncom-
bustibility. Since these wastes have low heat generation
rates, heat dissipation is not a problem and good
thermal conductivity is not required. The desirable
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characteristics of the process include operational sim-
plicity, compatibility with alkaline nitrate solutions,
low operating cost, and a minimum of required develop-
ment. A qualitative estimate of the “fit” of selected
processes and product waste forms with the desired
characteristics is given in Table 4.1. None of the known
wasie forms or processes meets all criteria; therefore,
some desirable characteristics must be sacrificed ort
compromised so that other, more desirable characteris-
tics can be achieved.

W

SHALE CEMENT

The most promising of these methods are summarized
for reference in the flow diagrams in Fig. 4.7. Processes
for the treatment of ILW, ILW sludge, and effluents
from the Process Waste Treatment (PWT) facility are
included. All. processes are based on the same weekly
load (100% load factor), and all storage volumes are
given in terms of 55-gal drums so that comparison of
different processes will be simplified.

An average composition and annual volume have been
assumed for each of the several waste streams of
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Tabl= 4,1, Qualitative evaluation of various waste processes

Waste form characteristics

Process characteristics

Process
Leach rate Structural strength Volume TFlammability Radiation Opcratmml Required (,0mpaflblllfy .W”h
damage complexity development nitrate alkaline
wastes

Shaie ccment Very low Low to moderate High Norne Very low Low Low Yes

Glass Very low Modcrate Moderate None Veiy low Very high Very high Yes
Aqueous silicate Moderate Low to moderate High None Very low Moderate Moderate Yes

Cesium stripping a a Low? a a High High Yes
Scavenging a a Low? a a High High Yes
Caicining High None Moderate None Very low Low Low No

Asphait Low Moderate Moderate Yes Appreciable Low Low Doubtful
Polyethylene Low Moderate Moderate Yes Very low Low Moderats Yes
Titanate c c c c ¢ ¢ ¢ ¢
Urea-formaldehyde Tligh Low Moderate c IS Low Moderate No

VR-20¢ c c Moderate 4 I Low Moderate Doubtful

2Not applicable.

byot including separated nitrate waste.

“Unknown; insuificient information.

dCommezciaily availabie process from the Aerojet Energy Conversion Company.
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concern to this study - the [LW, the PWT waste, the
currently generated ILW sludge, and the ILW sludge in
inventory. These values are listed in Table 4.2. The
sludges will have to be diluted by a factor of 4 or 5
before they can be resuspended and transported
through the waste handling system; however, the
volumes of sludges given in Table 4.2 are for undiluted
material. A ten-year processing period is assumed for
the 400,000 gal of sludge presently in inventory.

Of the 11 processes given in Table 4.1 for LW
fixation, only four — shale cement fixation, glass
formation, aqueous silicate (cancrinite), and cesium
stripping — have suitable final waste forms and have
been studied in sufficient detail for most of the
significant process parameters to be known. The calcin-
ing, asphalt, and polyethylene fixation processes
produce inferior waste forms. The urea-formaldehyde
and the VR-20 processes yield waste forms that have
not yet been sufficiently evaluated; in addition, the
compatibility of these processes with nitrate waste
solutions has not been demonstrated. The scavenging
and titanate fixation processes need further develop-
ment work before serious study is attempted.

A brief investigation was made of the suitability of
the four processes for handling ORNL waste solution
and sludge. Several tentative conclusions were reached:

1. The fixation of ORNL waste in shale cement grout is
probably the best of the alternatives to the shale
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fracturing process. The cement fixation process is a
simple low-temperature operation that produces a
waste form of high durability and excellent leach
resistance. It is probably also the least expensive of
the alternatives considered.

2. The glass formation process is complex and involves
the use of high temperatures; therefore, its suitabil-
ity could be established only by carrying out a major
development program. The off-gas problems and
disposal of by-product waste streamns would require
particular attention.

3. The cesium strip process
that offers the possible
reduction in waste volume.

is a complicated process
advantage of a major

4. The aqueous silicate process provides no obvious
advantage over cement {ixation and results in a
product that is apparently much more leachable.

5. The cement fixation process appears to be cleatly
superior for the processing of sludges. The volume of
waste that would be produced is somewhat smaller
than that required for glass formation; in addition,
the complexities inherent in high-temperature opera-
tion are avoided.

An engineering study of cement fixation, glass forma-
tion, and cesium stripping processes has been started.
The results of this study will be used to prepare
comparative cost estimates that will be used in the
sefection of one process for more-detailed future
consideration.

Table 4.2. Composition and volume of significant waste streams

Waste stream

concentrate PWT e s
Yolume, gal/year 80,000 16,000 10,000 40,000
Salt concentration, M 1.2 3.5
Suspended solids,
wt % 0.5 40 50
Radionuclide content,
Cifgal
205; 6.1 6x 1073 1.6 2.0
1376 1.0 1% 107 0.16 0.2
2440 1x 1073 None 24 %1072 3% 1072
690 2% 107 8§x107° 0.08 0.1
239py 2x107% None 64 x 107 8x 107
106Ry 0.035 1.5x107° 0.04 0.05
233y 2x 107"




Table 4.3. Fuel cycle wastes projected for the year 2630

Annuai generation

Accumuiated inventory in ithe United States

Category Volume Activity Anral Voiume Activity Thermal Metric tons Toxicity (m3 at RCGH
(10° 1% (MC) shipments (10% 1% (M) power (kW) of aclinides : ,
Air Yater
Higirlevel waste, solicified 36 43 900 2200 109 14,000 63,000 330 24 % 10°! 83 x 19"
Transuranivm wasies
Clacding hulls 39 130 3806 ¢ 370 560 $.000 77 t8x 10" 3ix b3
Miscellarcous a, £, v solids 230 55 2,8004.¢ 2400 22 84 0.5 35%x10'% s38x10'2
Alphe solids 810 22 6400 ¢ 6,600 121 160 14 9.6 % 10'° 1.6 x 1012
Beta-gamma wastes
Moble gases 1 190 17044 tof 1,200 2.000 0 40% 10'°
todine 0.06 0.0007 3¢ 0.6 0.606 ~0 0 3.0x 1079 Lox 1ot
LWR tritinm 1,900 0.26 3.4004.¢ 21,000 1.5 0.07 9 9.7 % 1gt? 5.5 % 108
Iission produact tritium 75 13 1pde 70 75 2.6 G 37x 16'4 25 x 1040
Miscellancous g, v sotids 2,600 3 49,0004¢ 2400 15 180 ~0 3.8 % 1010 4.7 % 101!
Ore lailings 1,200,000 0.4 1.7 x 107 5.4 120 77,000 7.6 x W 23% 5t

“Cubic meters of air or water required for ditution to Radiation Concentration Guides (RCL) values (A

PSolidified immediately and shipped ten years after generation.

“Rait shipments are assumed.

Jevn s . .
“Shipped one yaar after gencration.

¢

‘ivuck shipments are assumed.

TNumber of cylinders pressurized at 2200 psi.

ppendix B, Table i3, o7 10 CFR 20).

8T



4.5 PROJECTIONS OF RADICACTIVE WASTES
FROM THE NUCLEAR FUEL CYCLE

In ocder to obtain waste management data that are
more realistic in light of current knowledge, new
projections were made of the volumes and nuclear
characteristics of wastes to be shipped and stored
through the year 2000, The new projections were based
on a recent projeciion of nuslear power growth in the
United States® The conservative estimate (case A) was
rodified to delay commercial LMFBRs until 1993, The
resulting contribution of each reactor type to total
installed nuclear electric capacity is shown in Fig. 4.8.

To estimate the future magnitude of waste manage-
ment  operations, calculations were made  using
ORIGEN?® subroutines for the ten types of wastes
described previously.'® However, the assumptions were
modified to allow compaction for beta-gamma solid
wastes to parallel the compaction of alpha solid wastes.
A summary of these projections for the year 2000 is
given in Table 4 3. A comparison of Table 4.3 with the
previous projections shows a general decline of pro-
jected waste volumes. However, the delay of breeders

8. Nuclear Power Growth 1974-2000, WASH-1139(74)
(February 1974).

9. M.). Bell, ORIGEN - The ORNL Isotope Generation and
Depletion Code, QORNL-4628 (May 1973).

10. Chem. Technol Div. Annu. Progr. Rep. Mar. 31, 1974,

ORNL4966, pp. 11, 12.
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cansed an increase in the
tailings in the year 2000,

projected volume of ore
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5. Transuranium-Element Processing

The Transuranium Processing Plant (TRU) and the
High Flux [sotope Reactor (HFIR) were built at ORNL
to provide quantities of the transuranium elements for
research. At TRU, target rods irradiated in the HFIR
are processed for the separation, recovery, and puri-
fication of the heavy actinide elements, which, in turn,
are distributed to laboratories throughout the country
for research work with these elements. TRU is the
production, storage, and distribution center for the
heavy-element research program in the United States. It
functions integrally with the researchers and not merely
as a supplier. Products are usually highly purified prior
to shipment and are frequently provided in special
chemical forms and/or in special devices required by the
experimenter. In addition to the normal production
functions, various programs are pursued in cooperative
ventures with other research laboratories to assist them
in their work. Special isotopes are provided upon
request, and hot-cell space is made available for certain
experimental programs with large quantities of material
when such an approach is feasible. All target materials
to be irradiated in the HFIR are prepared in TRU. Such
materials include recycled americium and curium in
HFIR targets, and heavy isotopes in many special
forms, including “rabbits” for short-termn irradiation.

The phases of the program under the direction of the
Chemical Technology Division, including the operation
of TRU, isolation and purification of products, and
development of chemical processes, are reported here.
Target fabrication work directed by the Metals and
Ceramics Division is described in detail in reports issued
by that division.

5.1 TRU CPERATIONS

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.
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The purposes of this section are to report the
production 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.'*?

Status and Progress

During the first four years that TRU was in operation,
processed materials were obtained from irradiations
made for the TRU program at the Savannah River Plant
(SRP) and at the HFIR, and all recovered transuranium
elements (plutonium thiough fermiwm) were dis-
tributed to researchers. During the next three years,
operations at TRU were expanded to include the
processing of materijals irradiated at SRP as part of the
Californium-I (Cf-1) campaign. This was an irradiation
and processing campaign designed to obtain 2°2Cf for
use in a market evaluation program sponsored by the
AEC Division of Production and Materials Management.
There has been no fuither request to process Cf-1
materials during the past two years. Operations have
been at about one-half of TRU’s capacity for fabricat-
ing and processing HFIR targets. However, the amounts
of transuranium elements produced in HFIR targets
have been maintained at meaningful levels by irradiating
isotopically heavier curium, most of which had been
recovered from the Cf-I campaigns at TRU.

The primary role of TRU as supplier of research
materials has continued; about 60 shipments were made
this year to researchers throughout the country.

1. L. 1. King, 1. E, Bigelow, and E. D, Collins, Transuranium
Processing Plant Semiannual Report of Production, Status, and
Plans for Period Ending June 30, 1974, ORNL-4991 (February
1975).

2. L. J. King, J. E, Bigelow, and £. D. Collins, Transuranium
Processing Plant Semiannual Report of Production, Status, and
Plans for Period Ending December 31, 1974, ORNL-5034 (in
press).
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Production and Processing

During this report period, two target processing
campaigns were conducted, and a total of 23 HFIR
targets were processed. Twelve of these targets had been
prepared from Cf-1 curium. Key isotopes in the cam-
paign products are listed in Table 5.1.

Product finishing operations include (1) final purifica-
tion and packaging of the transcurium elements; (2)
separation, purification, and packaging of daughter
products (**3Cm, 24°Ct, and ?°’Es); and (3) final
purification of the americium-curium product followed
by conversion of the actinide elements to the oxide
form for use in HFIR targets. This year we puritied
some of the products from target campaigns 47 and 48,
from previous campaigns, and from various rework
materials. The amounts of materials undergoing product
finishing operations included 2 g of ***Am, 82 g of
curium, 24 mg of **°Bk, 408 mg of ?32Cf, 1250 pg of
253 Bs (mixed isotopes), 1.3 ug of ***Es, and about 0.5
pg of 237 Fm. Daughter products recovered and purified
included 139 ug of isotopically pure 7 Es and 90 mg
of 243Cm (34 mg contained 0.0007% ***Cm, and 56
mg was a lower quality material containing 4% ***Cm).

Fabrication of Targets

Twenty-six targets were fabricated in order to recycle
curium to the HFIR. Of these targets, 15 contained
curium from regular TRU stock, 5 contained Cf-{
curium, and 6 contained curinm recovered from previ-
ous irradiation of Cf-I curium in the HFIR.

Processes and Equipment

Flowsheets used at TRU remain unchanged. However,
we have continued to incorporate new techniques to
minimize the processing time and to maximize product
yields.

The condition of plant equipruent at TRU is generally
good and is continually maintained. When replacements
are necessary, modifications are usually included to
provide improved capability and performance. This year
we replaced: two tubing bundles that connect processing
equipment in cubicle 4 to tanks in the cell pits. Also,
five of the cubicle equipment racks were replaced. Two
more racks have been built and are being lested;
another is being designed.

5.2 SPECIAL PROJECTS

The facilities available at TRU are used for a variety
of purposes in addition to those associated with the
main-line production and distribution of transuranium
elements. Special projects include norroutine produc-
tions, special preparations, special irradiations in the
HFIR, and fabrication of neutron sources from 23 *Cf.

Fabrication of Neutron Sources from 2% 2 Cf

Some of the californium recovered at TRU is incor-
porated into neutron sources, which are subsequently
loaned to researchers. Five sources containing from 0.9
g to 13 mg of 252 Ct were fabricated this vear; three of
these were doubly encapsulated in type 304L stainless

Table 5.1. Amounts of materials recovered in major campaigns
in the Transuranium Processing Plant during
the period April 1,.1974, through March 31, 1975

Campaign

Campaign

47 48 Total
Completion date 10/74 3/75
Material processed 11 TRU Cm- 12 Cf-I Cin-
HTFIR targets HFIR targets
plus rework plus rework
Amount recovered
243 Am, ¢ 1.5 0.7 2.2
Total Cm, g? 87 71 158
244 0m, o 45 32 77
2949p1 mg 24 26 50
E520f g 252 225 477
25353, mg 1.25 1.2 2.45
257Fm, pg 0.5 0.5 1.0

@ Americium and curium are not usually separuted from each other.



steel in a standard configuration (NSD).> Two sources
other than NSD’s werc prepared. One of these was
another of the special sources prepared for the National
Bureau of Standards.* The californium content of this
source was 1.65 mg of 23 #Cf.

The other special source was a neutron source
prepared for Acrojet Nuclear Company in the standard
NZS configuration (i.e., a singly encapsulated Zircaloy-
2 source capsule). The experimenter needed a configu-
ration in which a low-neutron cross section was an
important consideration. An interesting feature of this
source (NZS-Y0) is the novel method of loading the
*52Cf. Instead of using ion exchange resin, the pellet
liner was loaded with a layer of loose aluminum powder
to provide a large surface area. A small volume (100 ul)
of the californium solution was pipetted directly into
the pellet liner, where it sorbed on the aluminumn
powder. The powder was dried under a heat lamp, and
the liner was then filled with fresh aluminum powder.
The pellet pressing and fabrication proceeded in the
usual manner.

Sources Returned

An increasing number of neutron sources arc being
returned as the projects for which they were requested
are completed or as replacement sources are ordered to
make up for decay of the 2°2Cf. The returned sources
are available for reassignment until the appropriate time
for reprocessing to recover the 2% Cm daughter. Eleven

3. W. D. Burch, I. E. Bigelow, and L. J. King, fraensuranium
Processing Plant Semionnual Report of Production, Status, ind
Plans for Period Fnding June 30, 1971, ORNL-4718 (January
1972), p. 13.

4. Chem. Technol. Div. Annu. Progr. Rep. Mar. 31, 1972,
ORNL-4794, p. 38.
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sources that contain from 48 to 1548 ug of 2*2Cf are
now in this category. During the report period, two
sources were returned and four were reassigned.

Special Rabbit Irradiations

Production of *°°Cf by irradiation of **? Bk in the
HFIR hydraulic rabbit has become a standard proce-
dure. During the reporting period, seven rabbits, each
containing 1.2 to 1.5 mg of **? Bk in three pellets, were
fabricated, irradiated, and processed using the magne-
sium diluent technique.® This technique facilitates the
piysical handling of milligram quantities of material,
producing good yields of **°Bk0, in 2 form that can
be readily fabricated into rabbit capsules and which
later can be readily dissolved and processed. A speedy
schedule is necessary to minimize the contamination of
the 2*°Cf product with 2*°Cf, which is continually
growing into the 2%°Bk regardless of whether the
sample is in the reactor or not.

Six of the seven rabbits were irradiated for 16 hr at a
thermal flux of 3 X 10'® neutrons cm™ 2 sec™'.
Separation of 2°°Cf from 2%°Bk was made in a
high-pressure ion exchange run within 30 hr after
reactor discharge. These are the conditions that maxi-
mize the concentration of mass 250 in the product.
Approximately 1.2 mg of 2*°Bk and 220 ug of 2°°Cf
were recovered from each rabbit and purified. Yields
and compositions of the material recovered from the six
rabbits are shown under sample A (one rabbit) and
sample C (five rabbits) in Table 5.2.

5. L. J. King, J. E. Bigclow, and E. D. Collins, Transuranium
Processing Plant Semiannual Report of Production, Status, and
Plans for Period Ending December 31, 1973, ORNL-4965
(November 1974}, p. 14,

Table 5.2. Yields and properties of 250t samples

Sample A

Sample B Sample C

Date of analysis

[sotopic analysis Atom %
e 4.22
250¢f 88.86
2oy 6.22
232¢p 0.689
53¢y <0.003
34cr <0.003

Total 25%Cr 204 ug

Percent of spontancous 59.8%

fission activity due to
2520

May 10, 1974

May 15, 1974

March 26, 1975

Atom % Atom %
17.24 3.62
81.85 89.22
0.850 6.48
0.059 0.678
<0.005 <0.002
<0.005 <0.002
79 pg L.14 g
12.1% 59.3%




The other rabbit (sample B) was irradiated at the
same neutron flux but for only 4.5 hr. This irradiated
target was processed by the same technique. Approxi-
mately 1.0 mg of 2*°Bk and 80 ug of *°°Cf were
recovered and purified. The isotopic composition of
this californium is also shown in Table 5.2. The shorter
irradiation time resulted in a significant reduction in the
contribution to the spontanecus fission activity from
the heavier californinm isotope, 3 *Cf.

Special HFIR Targets

A series of calculations has been made for the purpose
of determining the optimum procedure for irradiating
232Cf to produce *® 3 Fs. The calculations showed that
the best yield of **3Es would be obtained from the
central portion of a californium-dcaded target that is
given two cycles of irradiation in the Control-Rod
Access Plug Facility in the HFIR. The calculated yields
of ?°%Es were confirmed by the irradiation and
processing of a special target, ST-9 (129), which was
fabricated with three pellets, each containing about 2
ug of 222CH,

The next step in the evaluation involves a scale-up to
the order of 1 mg of 252C[. At this level, we need to
develop and demonstrate the technology of fabricating
mixed ?°*Cf-Al pellets, and also to check the irradia-
tion to determine the possible effects of resonance
self-shielding at higher nuclide concentrations. The
ultimate objective would be to load as much as 20 mg
of 232Cf per pellet (the approximate limit for heat
removal) and irradiate tea pellets at a time near the
reactor midplane; this could produce over 1 mg of
23375 per target rod.

In an earlier set of experiments, two Phoenix capsules
had been irradiated in three different target rods (ST-4,
-5, and -6) over a total irradiation period of about one
year with the objective of producing **°Cm. The
capsules were small Zircaloy-2 cans, 0.25 in. in diameter
by 1 in. long with threaded end plugs, containing quartz
arnpuls loaded with a total of 150 ug of ***Cm. During
this report period, the capsules were processed for
recovery of the actinide elements. A californium prod-
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uct containing 0.4 ug of 23?Cf, and a curium product
containing 2.6 pg of 2**Cm, 6.7 g of **®Cm, and 125
pg of 2*2Cm were obtained.

A series of computer calculations was made, using the
exact irradiation history of the capsules and the
measured product composition, to determine the best
value for the **”Cm capture cross section. Most of the
249Cm decays to 2*°Bk with a 64-min half-life. Only a
small fraction (about 5X 107°) captures a neutron and
becomes long-lived #°°Cm.

The destruction of the **°Cm by absorption of a
neutron was accounted for by assuming values of o, for
259Cm varying from 2 to 200 b. The corresponding
values for 0,.(**°Cm) required to conform to the
results of the experiment were calculated to range from
1.25 to 24 b. These are remarkably low values by
comparison with the next lighter odd isotope of
curium. For example, if ¢,.(**°Cm) is assumed to be 8
b [comparable to 0,(***Cm)], then the computed
value for 6,(**°Cm) is 1.6 b, which is only 2% of the
capture cross section of ?*7Cm. Additional irradiations
(of varying length) will be required to determine the
cross sections of 242 Cm and 2°9Cm.

Recovery of '2%8n

Several years ago, a researcher requested that we
investigate the possibility of recovering some of the
fission product isotope '#88n for use in accelerator
experiments. As time permits, we are developing a
recovery and purification procedure. Aualytical meas-
urements made at TRU indicated that much of the
fission product tin from HFIR targets was dissolved in
the aluminum dejacket solution (3 M NaOH, 1.5 M
NaNQ; ). During this report period, we processed some
of the dejacket solution by means of a procedure which
included acidification followed by extraction of the tin
with di{2-ethylhexyljphosphoric acid. The product
analyses indicated that we might expect a yield of 100
to 200 mg of tin, containing about 5% '*®Sn, from a
typical HFIR target campaign (10 to 12 targets).
Additional amounts may be obtainable from other
process solutions.



6. HTGR Technology and Safety Programs

The work relative to HTGR technology and safety investigations have been reported in monthly GCR

studies is not reported here this year, in compliance documents and will be summarized in the Gas-Cooled
with regulations which stipulate that such information Reactor Programs Progress Report for the Period

must be distributed solely under the category UC-77 —  January 1974—June 1975 (to be published).
Gas-Cooled Reactor Technology. The results of our
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7. Preparation of U0,

The ORNL contract with Bettis Atomic Power
Laboratory (BAPL) to prepare 222UQ, involves (1)
purifying several hundred kilograms of **>U (currently
stored in the facility) at the rate of approximately 20
kg of 23U per week, (2) converting the purified uranyl
nitrate to ceramic-grade UO, powder at the rate of
about 20 kg of 233U per week, (3) packaging and
shipping the UQ, to BAPL for blending with thoria and
pressing into pellets, and (4) recovering *** U from the
23370, scrap generated at ORNL and the 232 UQ,-
ThO, scrap generated at BAPL. The routine production
of UO, powder at a plant capacity of 100% was
continued throughout the year.

7.1 RECOVERY OF 232U FROM WASTE
U0, AND SCRAP UO,-ThO, PELLETS

During this report period, the oxide dissolver was
operated to recover 78.1 kg of 223U from recycle UO,
and ammonium divranate in 24 dissolutions. This
recycle material consisted of: (1) material rejected
because of overheating in the microwave oven (ie.,
ammonium diuranate) and incomplete reduction in the
calcining furnace (i.e., U0Q,); (2) recycle UO, accumu-
lated from cleanup of the glove boxes after each week’s
operation; and (3) one entire lot of product powder
that BAPL could not receive because of problems in
their facility. In addition, some unused ***U0, (5.2
kg) returned by BAPL and small accumulations of
analytical samples at ORNL were dissolved.

All of the pure UO, was dissolved in slightly more
than the stoichiometric amount of HNQ; at 80°C so
that the nitrate solution, after being analyzed for
impurities, could be sent directly to storage or proc-
essed through the ion exchange system for purification.
The product from the dissolution of ammonium diura-
nate and UQ, that had been spilled or used in analytical
tests was purified in the solvent extraction system
before being returned to storage. Four of the dissolu-
tions were essentially “cleanout” operations made in an
etfort to account for all uranium charged previously.
Eight dissolutions of Savannah River oxide (39.1 kg of
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U) were made to produce feed for conversion to
low-phosphorous-content UQ, .

We received 34 shipments (10.1 metrc tons) of
binary (UQ,-ThO,) scrap generated at BAPL. This
scrap, which contained 233 kg of uranium and 8.7
metric tons of thorium, included 30 kg of baked grinder
sludge. One hundred nincty-seven dissolutions were
made in the scrap dissolver to recover 229 kg of 222U
and 8.4 metric tons of thorium from this material. The
amount of scrap charged to the dissolver in each case
varied from 50 to 250 kg of mixed oxide, and a
dissolvent of the composition 12 M HNO,--0.04 M
F™-0.1 M Al(NOs): was used. The dissolvent was held
at 105°C until the thorium concentration reached 1.0
to 1.2 M. The resulting solutions were accumulated for
use as feed to the solvent extraction systern. About 14
kg of baked grinder sludge was also dissolved along with
normal scrap to determine dissolution rates. A mo-
torized self-cleaning filter in the dissolver drain line
proved to be effective for removing insolubles (pri-
marily Al,O3) from the solution.

7.2 233U PURIFICATION SYSTEMS

Twenty runs were conducled in the solvent extraction
system to recover and to purify 336 kg of uranium
present in various types of scrap, recycle material from
the ion exchange systemn, and recycle material from
previous solvent extraction runs. Uranium losses to the
raffinate ranged from 0.3 to 1%, averaging 0.66%. The
thodum content of the uranium product ranged from
500 to 5000 ppm.

Approximately 706 kg of uranium was purified in 31
runs made in the ion exchange equipment. Nonrecover-
able losses totaled 0.02%. The effectiveness of the resin
(200- to 400-mesh AG-50W-X12) column was observed
to decrease markedly after a total throughput of 370 kg
of uranium, which corresponded to approximately 20
loadings and 20 elutions. This loss in effectiveness was
attributed to the 22*Ra, a thorium decay product, that
had “grown into” the uranium solution during the five
years it had aged in the storage tanks. We then diluted



the remaining 233U (120 kg) with water to a concentra-
tion of 150 gfliter and pumped the resulting solution
through the ion exchange system in a single run. The
resin sorbed mnearly all the 22¥Th but little of the
2249 Ra. However, rapid decay of the 224 Ra will yield a
solution exhibiting the radioactive emission spectrum of
recently purified 233 U.

7.3 CONVERSION OF **3U
FROM NITRATE SOLUTION TO
CERAMIC-GRADE DIOXIDE PGWDER

During the year, a total of 627 kg of UO, (31 lots)
was prepared and 556 kg (30 lots) was transferred to
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BAPL in 27 shipments; nonrecoverable losses totaled
0.16%. One lot (20.8 kg of UO,) was recycled, at
BAPL’s request, after storage for an extended period.
Except for one lot in which we exceeded the alowable
level for aluminum, all the material met specifications.
The material is processed through the conversion
system in 1.0- to 1.1-kg (uranium) batches. We rejected
three batches due to an accidental loss of hydrogen to
the furnace and two batches due to ignition in the
microwave oven. The latter was attributed to failure of
the rotating mechanism for the Teflon liner.

We have met every production commitment requested
by BAPL.



8. Separations Chemistry Research and Development

While the development of new separations methods
continues to be oriented largely toward the needs of
nuclear power, increasing attention has been given to
separations problems in other energy fields. The activi-
ties reported here, however, are chiefly concerned with
radiochemical processing because of the preliminary
nature of the nonnuclear investigations. Fewer funda-
mental studies of separations systems were conducted,
since increased emphasis was placed on the descriptive
chemistry of separations systems and process develop-
ment. Descriptive chemistry includes studies of the
reactions of substances to be separated and of separa-
tions agents, sufficient to establish the controlling
variables in related separations processes, and investiga-
tion of the chemistry of potential new separations
agents and methods, sufiicient to evaluate their useful-
ness. In process development, a selected method is
developed into a complete process and tested at the
scale needed to evaluate its performance and/or eco-
nomics and to predict its large-scale petformance.
Although there is considerable interdependence and
overlap between descriptive chemistry and process
development, Sects. 8.1, 8.2, and 8.5 represent pri-
marily the former, while Sects. 8.3 and 84 represent
primarily the latter.

8.1 NEW SEPARATIONS AGENTS

A number of reagents have been examined in our
search for selective extractants for plutonium and the
teansplatonium actinides from acidic reprocessing waste
solutions. One class of compounds, the acylated
pyrazolones in mixture with dopor additives such as
tri-n-octylphosphine  oxide (TOPO) or  tributyl
phosphate  (T8F), has been wused in analytical
applications.” A representative compound used in our
studies, 1-phenyl-3-methyl4-benzoyl-2-pyrazolin-5-one
(PMBP) [Fig. 8.1{(z)] was found to have excellent

i. B. F. Myasoedov, N. E. Kochetkova, and M. K. Chmutova,
Zh. Analit. Khim. 28,1723 (1973).
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Fig. 8.1. Acylated pyvazolones (enol form).

extraction characteristics for americium and other
trivalent actinides from dilute acids; unfortunately,
however, it has limited solubility (<0.05 M) in aliphatic
diluents such as n-dodecane and undesirably high
agueous solubility. We have synthesized two new
acylated pyrazolones with more favorable solubility
properties:  I-phenyl-3-methyl-4-p-tert-butylbenzoyl-2-
pyrazolin-5-one {PMBBP) [Fig. 8.1(#)] and 1-phenyl-
3-methyl-4-decanoyl-2-pyrazolin-S-one (dPMDP) [Fig.
8.1(c)]. When used in synergistic combination with
TOPO at the optimum ratio of one mole of acylated
pyrazolone to two moles of TOPQ, the two new
compounds show much higher solubility in #-dodecane;
$PMDP is the more soluble, 0.2 M. Neither compound
shows any measurable distobution to agueous phases.
All of these compounds, MBP, DMBRBP, and PMDP,
have higher solubilities in aromatic diluents such as
diethylbenzene than io w-dodecane, bui give lower
americium distribution (extraction) coefficieats. Even
in diethylbenzene, however, the americium coefficient
with ®MBBP may be high encugh to be useful. Table
8.1 contains data on the extraction of americium by
GMDP-TOPO  and $MBBP-TOPO  mixtures from
Talspeak-process effluent (Sect. 8.3) adjusted to pH
1.5. The americium distribution coefficients are rmuch
lower than the maximum values that could be obtained
with higher TOPO concentrations,



Table 8.1. Synergistic extraction of americium
from Talspeak solution by ®MDP-TOPO
and ®PMBPP-TOPO mixtures

(Composition of Talspeak solution: 1 M glycolic acid,
0.05 M NagDTPA, adjusted to pH 1.5)

TOPO  ®MDP? oOMBBP?  Am distribution coefficient,
@n @0 a1 D2

0.1 0.2 1020

0.05 0.1 160

0.025 0.05 16

0.01 0.02 0.62

0.1 0.2 830

0.05 0.1 19

0.025 0.05 0.41

0.01 0.02 0.0037

“Diluent: n-dodecane.
bDiluent: diethylbenzene.

Bifunctional phosphonates, first investigated by
Siddall,>™ extract americium, curium, and rare earths
fairly strongly from highly acid solutions (4 to 6 M
HNO,) and, when pure, are easily stripped by dilute
acids (<1 N). These compounds have potential applica-
bility to separating americium, curium, and rare earths
from all of the other fission products in fuel reprocess-
ing wastes without prior destruction of the HNO;
(Sect. 8.3). In two commercially prepared compounds,
dibutyl-N,N-diethylcarbamylmethylenephosphonate
(DBDECMP), [Fig. 82(a)], and dihexyl-N,N-diethyl-
carbamylmethylenephosphonate  (DHDECMP), [Fig.
8.2(b)], impurities prevented stripping of americium in
the desired way. These impurities may be strongly ex-
tracting ncutral compounds. Our present efforts relative
to these compounds are directed toward developing
methods of purification.

Cyclic “crown™ ecthers are reported to complex many
metal ions, especially alkali metals and alkaline earths,
presumably with the metal ion within the ether ring.
It has been suggestcd that the size of the “host” ring
affects the specificity as a function of the size of the
metal ion. If so, one would hope to be able to
synthesize compounds that are highly selective for a
specific ion or group of ions — an exciting prospect. An
arrangement has been made with D. J. Cram of UCI.A®
to supply certain of these compounds to us for testing.
We are currently investigating several compounds sup-

T. H. Siddall 1L, J. fnorg. Nucl. Chem. 25,883 (1963).
T. H. Siddall U1, J. Inoig. Nucl. Chein. 26, 1991 (1964).
T. H. Siddall 111, U.S. Patent 3,253,259 (1964).

AEC Contract AT(04-3)34,P.A. 218.
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plied by Dr. Cram and also some commercially available
ones for possible applications as extractants.

8.2 SEPARATION OF RADIUM
FROM URANIUM ORE TAILINGS

The objectives of this project to investigate the
leaching characteristics of radium from uranium ores
and sulfate-leached ore tailings are: (1) to determine if
there is an economically practicable method for remov-
ing the radium (and other radionuclides), and {2) to
find a means by which the leachability of the radium
due to weathering can be significantly reduced. Pre-
viously reported tests 7 which were directed toward
the determination of the leaching characteristics of the
“slimes solids” fraction of the sulfate-leached tailings,
indicated that effective removal of radium was probably
not practical, since it required the use of fairly
concentrated HNO; or HCI solutions (3 M), or exces-
sively large volumes of selected salt solutions.

In more recently reported data,® pertinent to possible
reduction of radium leaching due to weathering, leach-
ing tests were made on sea sand that had been ground
to - 325 mesh, washed successively with 0.1 M HCl
solution and water to prevent adsorption of radium on
the freshly exposed surfaces, and then coated with
either RaSQO, alone or RaSQ, in combination with
CaSO,4 and/or BaSQ,4. In an attempt to further eluci-

6. Chem. Technol. Div. Anwnu. Progr. Rep. Mar. 31, 1973,
ORNIL.4883, pp. 57 -58.

7. S. D. Shearer, “The Leachability of Radium-226 from
Uranium Mill Solids and River Sediment,” Ph.D. thesis, Univer-
sity of Wisconsin, Madison, 1962.

8. Chem. Technol. Div. Annu. Progr. Rep. Mar. 31, 1974,
ORNL-4966, pp. 25-26.




29

date the leaching mechanism, recent tests have been
directed toward a study of the interrelation of the
effective solubilities (S) of calcium, strontium, barium,
and radium sulfates. Mixtures of these alkaline-earth
sulfates were precipitated on the surface of sand
prepared as above and then leached with 1 M NaCl-0.1
M HCI solutions. Results of leaching tests made in this
fashion (Fig. 8.3) suggest the following tentative gener-
alization for the minor component effective solubility
(S;nin) in such mixtures: When the inherent solubility,
Siin> of the minor component is greater than that of
the major component, Sy, , ;. then

" {min }

min © P min Ed_ﬂ.:

(1)

where {min}/ {maj} denotes the mole ratio of minor to
major component in the solid phase. When S ,;,, is less
thanbmuj, then

5 {min}

min maj {maj} >

with S}, always S in- Eguation (2) is consistent
with the solubilities of barium and radium as a function
of the barium/radium ratio reported by Lind.”

9. 8. C. Lind, J. E. Underwood, and C. ¥, Whittemore, “Fhe
Solubility of Pure Radium Sulfate,” J. Amer. Chem. Soc. 40,
465--72 (1913).
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These data suggest the possibility of reducing the
leaching of radium from ore tailings by the addition of
BaSO,; however, such a procedure would probably
require impracticably large quantities of BaSO,.

8.3 SEPARATION OF ALPHA EMITTERS
FROM FUEL REPROCESSING WASTES

In support of the program on Process Modifications
for Improved Waste Management (Sect. 4.2). we devised
an improved process flowsheet for removal of ameri-
cium and curium from reprocessing wastes. The new
version (Fig. 8.4) eliminates most of the difficulties
encountered with a previously published flowsheet that
was based chiefly on solvent extraction.'® Several
extraction steps are excluded by using conventional
oxalate precipitation followed by scavenging of residual
amounts of americium and curivin with small amounts
of rare earths. These operations are applicable both to

the original waste solution containing the americium,
curium, and fission product rare earths and to the
americium-curium-bearing effluent from the Talspeak
process. In the current version of the Talspeak process,
the rare earths are separated from the trivalent actinides
by preferential extraction with di(2-cthylhexyl)phos-
phoric acid (HDEHP) in diethylbenzene from an aque-
ous solution containing glycolic acid and sodium
diethylenetriaminepentaacetate.

The composition of the feed solution is based on
standard values assigned to typical LWR fuel reprocess-
ing wastes from 1 metric ton of uranium fuel as
modified by the present concept of processing to
remove uranium, neptunium, and plutonium to accept-
able levels (Sect. 4.2). The values for distributions of
americium and curium in the various processing steps
are based on results obtained in tracer-level laboratory
experiments with simulated fuel-reprocessing solutions
under a set of conditions which are not necessarily
optimum. For exarmaple, removing more HNO3; would

make possible a decrease in volume, with a consequent

10. Chem. Technol. Div. Annu. Progr. Rep. Mar. 31, 1974,
decrease in cost and improved performance; however,

ORNL-4966, pp. 26 27.
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the specific conditions in temms of results expected have
not been determined yet. The terms “HNO; removal,”
“solid-liquid separations,” and “‘oxalate decomposi-
tion™ designate operations for which various alternative,
feasible methods exist.

8.4 WASTE STREAM PROCESSING STUDIES

The purpose of this program is to provide certain
fundamental information required for the safisfactory
treatment of waste strearmns in nuclear fuel reprocessing
plants. A number of problems have already become
apparent in studies' ! of processes for removing long-
lived actinides {rom wasies, and certain basic informa-
tion is required o solve these problems. Additional
problems will likely become apparent as process devel-
opment studies continue.

{nitially, the program involves only studies related to
removal of actiuides from the high-evel waste stream
from fuel reprocessing plants. These studies include:

1. an investigation of the nature of the plutonium in
high-level waste stremms that is inextractable by
TBP, its mechanism of {ormation, and methaods for
its removal;

. control of neptunium valence by the use of reagents
that are more amenable for recycle of waste streams
from the separations process;

. application of fused-salt processing methods for
treatment of insoluble residues in the wastes.

Last year the principal emphasis was on studies of
inextractable plutonium in high-level waste. In addition,
an investigation of the kinetics of the reduction of
Np(VD) to Np(IV) by ferrous nitrate was carried out.
Studies on fused-salt methods for dissolution of solid
cesidues were initiated late in the year.

Plutonium Behavior in Synthetic Wastes

Difficulties in achieving high plutonium recoveries
(99.99%) during reactor fuel reprocessing arve antici-
pated due to the formation of inextractable plutonium
species. Therefare, studies were jnitiated to investigate
reactions that can result in plutonium losses and to
determine the basic mechanism involved.

Since plutonium will be recovered from spent reactor
fuels by the Purex process, in which Pu(1V) is extracted

11. W. D. Bond and R. E. Leuze, Feasibility Studies of the
Partitioning of Commercial High-Level Wastes Generated in
Spent Nuclear Fuel Reprocessing: Annual Progress Report for
FY-1974, ORNL-5012 (January 1975).
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into TBP trom HNO; feed solution, experiments were
designed to determine the stability of Pu(IV) in HNO;
and in synthetic fission product solutions at various
temperatures and acidities of interest. Some of these
conditions are conducive to hydrolysis and precipita-
tion of several of the fission products, and efforts were
made to delermine the effects of this behavior on
plutonium extractability.

To date, we have identified three principal problem
areas that can result in plutonium losses pror to or
during Purex processing. These include: (1) a decrease
in the plutonium distribution coefficients with succes-
sive TBP extraction stages, (2) the Pu(lV) interaction
with the ruthenium-rhodium-palladium components of
synthetic feed, and (3) plutonium losses associated with
precipitates of zirconium and zirconium-molybdenum.
The basic mechanisms involved in these reactions have
not, as yet, been determined.

A small but significant amount of plutonium dons not
extract into 30% TBP--dodecane from a 3 M HNO;
feed solution. This effect involved about 0.01% of the
present plutonium feed concentration and resulted in a
decrease in plutonium distribution coetficients from
17.0 to 0.2 in seven consecutive extraction stages. The
initial plutonium was highly purified, and spectrophoto-
metric analysis indicated that it was composed entirely
of ionic Pu(lV); however, the limits of detection for
other species are well above 0.01%. The nature of this
inextractable plutonium has not yet been identitied;
identification will be difficult because of the very low
concentration.

A second type of reaction observed involves Pu{1V)
instability when synthetic feed solutions are aged or
heated. This instability was found to be due primarily
to interaction with the ruthenium component, although
similar effects were observed (o a smaller degree with
rhodium and palladium. At room temperature, Pu(1V)
is not stable in the presence of ruthenium, thodium,
and palladium at acid concentrations of 2 M or less. As
much as 50% of the Pu(IV) can convert to other species
in about ten days. A significant feature of  this
interaction is that the affected plutonium is slowly lost
from solution, although visible precipitaies are not
generally involved. When such solutions are heated, the
change occurs very rapidly, and greater than 90% of the
Pu(IV) can be converted at 80°C even in fairly
concentrated acid solution (3 to 7 M). In preliminary
efforts to identify the species to which the Pu(IV) is
converted, it was determined spectrophotometrically
that the Pu(IV) was oxidized to Pu(VI); HDEHP: and
TBP extraction behavior also indicated that the species
was Pu(VI). The principal effect of the ruthenium-plu-



tonium interaction on plutonium extraction behavior in
the TBP-HNO; system was the reduction of distribu-
tion coefficients by a factor of 2 to 3, although in some
experiments small third-phase losses occurred due to
solids formation.

Since plutonium losses can result from the formation
of solids in feed or waste solutions, the hydrolytic and
precipitation behavior of zirconyl nitrate is being
studied at various conditions of aging and heating. At
60 to 80°C, a consistent trend exists in the dependence
of zirconium hydrolytic behavior on HNO; concentra-
tion, and this trend was not altered by the presence of
Pu(NO3)4. At low acid concentrations (1 M or less),
colloidal solutions of very small zirconia particles (20 to
40 A) are formed. These colloidal solutions are very
stable, and formation appears to be irreversible in that
the particles do not readily dissolve even in concen-
trated acid solutions. Hydrolysis of ZrO(NOs), in
more-concentrated acid media (22 M) results in the
formation of zirconia precipitates instead of colloidal
solutions. Maximum precipitation occurs at 2 M HNO;,
and the amount of precipitate that forms decreases with
increasing acid concentration. A small amount of
precipitate is formed even in 6 M HNO;. Although the
nature of such precipitates has not been fully resolved,
electron micrographs show that they contain distinctive
rodlike structures that are typically about 1000 A wide
and many thousands of angstroms long.

The effect of zirconium hydrolysis on plutonium-TBP
extraction behavior was evaluated in two experiments.
In the first, Pu(NO3); was heated at 80°C with
ZrO(NO3 ), in 3 M HNQj until precipitation occurred.
Some plutonium is undoubtedly associated with the
zirconia precipitate, but the amount is too small to be
detected by gross alpha analysis of the feed solution.
The effect on plutonium extraction behavior is also
quite small, although plutonium losses are a factor of 3
greater than for solutions of Pu(IV) alone after five
extraction stages.

In the second experiment, 1 M HNO; containing both
Pu(NO3)s and ZrO(NQOj), was heated at 80°C. This
gave rise to a major plutonium loss mechanism in which
2% of the plutonium became completely inextractable
in TBP from 3 M HNO,.

Reduction Kinetics of Np{VI)

A study of the kinetics of the reduction of Np(VI) tc
Np(IV) in nitric acid solution by ferrous nitrate was
made using spectrophotometric methods.'? The rate-

12. Work performed in collaboration with J. R. Peterson and
Y. Jao of the University of Tennessee, Knoxville.
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determining step was found to be the reduction of the
intermediate species, Np(V). The reduction reaction
was first order with respect to Np(V) and Fe(ll)
concentrations and about % order with respect to
hydrogen ion concentration. The complexing of Np(I1V)
with nitrate ion appears to explain the modest increase
in rate observed with nitrate ion concentration. The
energy of activation was measured to be 9.8 kcal. We
also studied the kinetics of the back reaction of the
reduction [i.e., oxidation of Np(1V) to Np(V) by ferric
ion]. The reaction rate appears to explain the moderate
slowing of the reduction rate after about 75% of the
reduction has been completed. The oxidation reaction,
which is first order with respect to Np(IV) and Fe(lII)
concentrations and negative third order with respect to
hydrogen ion concentration, has an activation energy of
35 kcal. The relative effect of temperature on reaction
rate constants is shown in Fig. 8.5. Based on the results
of this study of chemical kinetics, a 10- to 20-min
holdup time would be required to reduce Np(VI) to
Np(IV) in a partitioning column.
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Molten-Salt Processes

A review of the literature was made to determine the
feasibility of a molten-salt extraction process for
removing actinides from the solid residues that result
from the aqueous dissolution of spent fuels. These
residues consist primarily of plutonium oxides and
noble-metal fission products but may contain trace
quantities of other actinides. In principle, the recovery
of the actinides should be possible by dissolving the
residues in molten salts and then extracting the acti-
nides into a liquid-metal phase. Studies were initiated
regarding the chemical reactions required for dissolu-
tion of the residues in molten salts and the chemistry of
the molten-salt—liquid-metal transfer process.

8.5 DISTRIBUTION EQUILIBRIA, KINETICS,
AND MECHANISMS

“Single-Atom” Chemistry

The adaptation of separations chemistry techniques
to rapid handling and to small volumes has allowed
successful completion, in cooperation with members of
the Chemistry Division, of three separate studies of the
chemistry of nobelium, element 102, using the cyclo-
tron-produced isotope **5No (¢,,, = 223 sec). The
first paper, “Comparative Solution Chemistry, lonic
Radius, and Single-lon Hydration Energy of Nobel-
jum,” has been published;'® the other two are in
preparation. The abstract of the second paper follows:

“Nobelium Chemistry: Aqueous Complexing with Carboxalate
lons,” by W. J. McDowell, O. L. Keller, P. . Dittner, and J. R.
Tarrant. Abstract: The tendency of divalent nobelium to form
complexes with citrate, oxalate, and acetate ions in an aqueous
medium of 0.5 M NHgNO; has been examined by solvent
extraction techniques and compared with the complex-forming
ability of calcium and strontium under the same conditions. In
general, for each anion, the complexing tendency of nobelium is
between that of calcium and strontium, being more nearly like
that of strontium. The data allow the estimation of a
concentration quotient for the formation of NoHCit and NoOx.
There is some suggestion of a difference in nobelium chemistry
from that of calcium and strontium.

The paper describing the third study will be entitled
“Determination of Half-Wave Amalgamation Potential
of Nobelium.” In this work, nobelium was placed in a
small electrolysis cell and electrolyzed into a mercury
cathode. By analysis of the nobelium solution before
and after electrolysis at each of several selected poten-
tials and by repeating the experiment a number of times

13, R. J. Silva, W. §. McDowell, O. L. Keller, Jr., and J. R.
Tarrant, Inorg. Chem. 13,2233-37 (1974).

at each potential, a fraction-reduced-vs-potential curve
was obtained. From this curve, the haif-wave amalgama-
tion potential from 0.1 M NH,Cl was determined to be
—~1.60 + 0.05 V relative to the standard hydrogen
electrode potential. This is similar to the values for
caleium (£, = 1.97 V) and strontium (£, =~1.86
V), again demonstrating the similarity noted above.

Liquid Scintillation Alpha Spectrometry

Quiside interest in liquid scintillation alpha spectrom-
etry increased greatly during the past year. This intecest
and our own use of this alpha counting method resulted
in investigations leading to significant improvements in
it and in the related separations methods for alpha-emit-
ting nuclides.

fn cooperation with the Schoal of Engineering of
Arizona State Uuniversity, Tempe, a short study of
reflector and electronics configurations was made and
reported. The abstract follows:

“Some Studies of Reflector Construction and Electronics
Configurations for Optimizing Pulse-Height and Pulse-Shape
Resolution in Alpha Liquid Scintillation Spectrometry,” by
John W. McKlveen, School of Engineering, Arizona State
University, Tempe, Arizona, and W. J. McDowell, Chemical
Technology Division, Qak Ridge National Laboratory,: Qak
Ridge, Tenn, Abstract: Various sample sizes, reflector sizes and
shapes, and reflector materials were examined to determine
their effect on pulse-height and pulse-shape resofution in alpha
liquid scintillation spectrometry. A section of metal sphere
coated with a diffuse-white retlective material was found to
have the best characteristics for both pulse-height and pulse-
shape resolution. Although sample volumes as large as 10 ml
could be tolerated when used with reflectors to accommodate
them, the best results were obtained with 1-ml samples and
smaller reflectors. Comparison of ‘two types of pulse-shape
discrimination circuitry for separating alpha and beta-gamma
pulses indicated that a zero-crossover method was superior to a
constant-fraction-timing method. The combination of these
improved detectors with solvent extraction methods of incorpo-
rating the sample in the scintillator and pulse-shape discrimina-
tion allows alpha spectrometry with a background as low as
0.01 count/min and an energy resolution as good as 5.5%.

Other work was directed toward adapting liquid
scintillation alpha spectromeiry to a wider range of
applications. A program being carried out in coopera-
tion with the Health Physics Division has the objective
of improving both the instrumentation and the chemi-
cal separations aspects of the system. Efforts in
instrumentation development are aimed at improving
alpha-energy resolution and pulse-shape resolution, that
is, the capability for electronically separating alpha-pro-
duced pulses from beta-gamma-produced pulses. Chemi-
cal systems improvements have included increased light
output and stability of the scintillator solution as well



as more effective and more dependable methods of
extracting the alpha-emitting nuclide into the scintil-
lator. Progress was made in the development of a
procedure for stripping the alpha-emitting nuclide from
the extractive scintillator used in a comumercial beta
liquid scintillation counter and reextracting it into the
high-resolution scintillator. This procedure could be
used to scan a large number of samples, selecting only
those requiring the better energy resolution or the
lower background of the high-resolution detector for
further treatment.

lodiize Chemisiiy

In the lodox process, concentrated nitric acid is used
to scrub or remove volatile iodine from air streams
encountered in various parts of a nuclear fuel reprocess-
ing facility. The nitric acid serves as an oxidizing agent
to convert the iodine to the nonvolatile pentavalent
form (i.e.. to a form of ivdic acid). The iodic acid or its
equivalent form of 1,05 or Hiz;Og is then stored or
disposed of as radioactive waste (' 21, '2°1). Oxidation
of iodine leads to the production of reduced nitrogen in
the HNO;. In oxidizing iodine to the pentavalent state,
the use of HNQj in the 16 to 20 M range is most
important, since at these concentrations the reaction
rates are wmuch faster and the chemical equilibrium
favors formation of pentavalent iodine.

Previously. we reported studies of the chemical
equilibria made by spectrophotochemical methods in
the HNO; concentration range of 14 to 18 M.'* This
report summarizes tracer studies of the lodox equilibria
in 17 to 20 M HNOj;. In order to approach the
operating conditions to be used in the actual gas
scrubbing process, experiments were designed to meas-
ure the liquid-gas partition of iodine between 17. 18,19
and 20 M HNO; solutions and air.

Some understanding of the partition behavior of
iodine can be obtained if we assuine that we are dealing
primarily with a two-species equilibrium {(namely, 1,
and HIO3). Studies made on the HNO3-NO,-NO
system indicate that the NO, /NO ratio becomes large,
at least 100, for HNO; concentrations above 17
M 5777 Thus it appears that the reduced species will be
either NO, or its dimer, N, Q4. Further, on the basis of
other work on the NO,-N,0, equilibrium, the pre-
dominant species at high equivalent nitrite concen-
trations will probably be N, O4.'®2' The correspond-
ing redox reaction is

[, + 10HNO; % 2HIO; + 5N, 04 + 4H,0 |
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and, with [H,0] and [HNO; ] approximately constant,
the equilibrium quotient expressed in liquid-phase
concentrations is

_[HIO;)? [N,0,1°

¢ ]

(D)

We define the distribution coefficient /{ as the ratio of
tracer jodine count rate in the liquid to that in the gas,
C;/Ce . Since HIO; exists only in the liquid state and
599 .9% of the iodine is in the form HIO, in these tests,
C; = |HIOs}. The only species in the gas is I, so that
assuming 1, distribution to follow Henry’s law with
proportionality constant k gives C ~ 2k[l,]. Equa-
tion (1) then becomes

_

c
=2k L mo,| [N,O41°5 (2)
Cq
C ,
log =L + log |HI05 ] = -5 log [N,0,] + &,
Cq
= 5log |[HNO; g 4 (3)

where k; = log [Q/2k]. since the conceniration of the
actual predominant reduced nitrogen species, [N;Oa],
is equal to the equivalent stoichiometric concentration
of nitrous acid, [HNO, |,,. Further, [HIO3 ]| was held
approximately constant in these tests (H varied only
when Cg; varied), so that Eq. (3) reduces to

C
log H = iog—(% ~--5log [HNO, ], + k2 (4)

I

where k, = A&, log [HIO;]. A plot of log H vs log
[HNO; | i; would thus be expected to show a slope of
-5,

14. Chem. Technol Div. Annu. Progr. Rep. Mar. 31, 1974,
ORNL-4966, pp. 29--31.

15. L. Ya. Tereshchenko et al., Zh. Prikl. Khim. 41,487-.92
(1968).

16. M. E. Pozinet al.. Zh. Prikl. Khim. 36,16 -24 (1963).

17. L. Ya. Tereshchenko et al., Zh. Prikl. Khim. 41,7029
(1968).

18. V. 1. Atroshchenko et al., Kors Tekhnologhii Sviazon-
novo Azota, Izd. Khimia, Moscow (1968).

19. L. H. Mishina et al., Vestn. Akad. Belarusk. 5.S.R., Ser.
Fiz. Tekn. Navuk, 4,23 (1967).

20. R.F.T.Wayland, J. Piivs. Chem. 72,1626 (1968).

21. C. Matasa and E. Tonca, Basic Nitrogen Compounds, 3d
cd., Chem. Publishing Co., Inc.. New York, 1973.



If the predominant reduced nitrogen species were
NO, instead of N;Q4, the comesponding relation
would be

C
log M =log L =~ —101og [NO,] + k3 ,
: .

~ -10lng [HNO’&]st + ks

Figure 8.6 shows the equilibrium jodine distributions
obtained at the four nitric acid concentrations as a
function of the stoichiometdc nitrite concentration in
the system (added nitrite plus nitrite-eguivalent pro-
duced by oxidation of iodine). The resulis are similar to
those from the spectrophoiometric work '* in that the
slopes vary between —2.5 and 5. As noted previously,
slope values of 2.5 could suggest reduction to NO.and

N, Q. However, such a reduction would be counter to
the evidence cited above; 5™ 7 hence it is more likely
to reflect, for example, changing activity coetlicients.
While the slopes per se thuy cannot yet be interpreted
with confidence, the close agreement of these tracer
distribution measurements with the spectrophotometric
meastirements gives confidence in the validity of both.
Consequently, the results allow calculation of the
partition coefficients required for practical application
of the {odox process to be made in both high and low
nitrite concentration regions by use of the appropriate
apparent concentration dependences. Note from Hq. (2)
that the distribution coefficient, #, is inversely propor-
tional to the total iodine concentration, =[HIO,; 1. At
lower HIQ, concentrations than used in these tesis (2 X
107 M), the distribution coefficient would be corre-
spondingly higher.
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9. Biomedical Technology

9.1 ADVANCED ANALYTICAL TECHNIQUES

Various discase states may give carly warning of their
onset or their continuing presence by subtle changes in
excretion levels of molecular constituents in physiologic
body fluids. Prompt medical treatment based on these
early symptoms may prevent the discase from develop-
ing; retard the progress of the disease; or, at the very
least, minimize its debilitating effects. Detection and
monitoring of these carly symptoms will require that
rescarch and clinical laboratories be equipped with

automated high-resolution analytical systems that can
identify and quantitate many molecular constituents.
New analytical concepts are being developed by the
Biomedical Technology Group; some of these will lead
to the fabrication of prototype analytical systems for
use in clinical and biomedical research laboratories.

Engineering Development

Three major analytical concepts are uadergoing de-
velopment and may be categorized as: high-resolution
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liquid chromatography, centrifugal elution chrome-
tography, and elution electrophoresis.

High-resolution liquid chromatographic systems. The
high-resolution liquid chromatographic system receiving
the most developmental attention in the past year was
the glycoprotein carbohydrate analyzer. The applica-
tion of the cerate oxidimetric detector systern to
carbohydrate analysis was discussed previously.! This
detector system has been improved and coupled with a
liquid chromatographic system® for the analysis of
peutral carbohydrates in serum glycoproteins. The
sensitivity of the cerate oxidimetric system for
carbohydrates was increased, and the analysis time for
protein-bound carbohydrates in serum was reduced.
Figure 9.1 illustrates the separation of 13 carbohydrates
in 6 hr, using the improved glycoprotein carbohydrate
analyzer.

Centrifugal efution chromatographic system. A proto-
type centrifugal system was developed to permit photo-
metric monitoring of eluate streams from multiple
chromatographic columns.> The major components,
shown in Fig. 9.2, include: a means for sample and
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CHROMATOGRAPHIC
COLUMN
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STATIONARY
ELUATE
COLLECTION
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eluent introduction, a rotor with up to eight chro-
matographic columns terminating in flow cuvets, a
stationary light source and photodetector, and a digital-
logic circuit which synchronizes the cuvet signal with
the appropriate recorder trace.

In operation, the sorption medium is loaded into the
columns dynamically in the form of a slurry. A steady
eluent flow rate is established, and the sample is
injected into the eluent stream. The eluate monitoring
system is operated throughout the run, and a multi-
channel strip-chart recorder is used for data display.

1. C. D. Scott et al., Experimental Enginecring Sect. Seri-
annu. Progr, Rep. Sept. 1, 1973, to Feb. 28, 1974, ORNL-
TM-4602 (December 1974).

2. S. Katz'and W. W, Pitt, J1., “A New Versatile and Sensitive
Monitoring System tor Liquid Chromatography: Cerate Oxida-
tion and Fluorescence Measurement,” Anal. Lett. 5, 177
(1972).

3. C. D. Scott, W. W. Pitt, and W. F, Johnson, “Centrifugal
Flution Chromatography with  Eluate Monitoring,” /.
Chromuatog. 99, 35 (1974).
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Experiments with simple gel filtration separations
have shown that the apparent efficiency of the entire
system can be represented by about 30 theoretical
plates. The comparable chromatographic peaks from
each channel had very close elution times, indicating
that the cluent flow rates for the various channels were
quite similar.

Eluticn electrophoresis system. The usual high-
resolution clectrophoresis for biological macromole-
cules requires a series of manual manipulations to
achieve best results. Consequently, the entire operation
can require a relatively long time (hours), and the many
manual steps result in poor quantitation that can be
very operator dependent. A new concept for electro-
phoresis is under development that, hopefully, will
result in a highly automated analytical system which
will be accurate, reproducible, and require a short
analytical time. This concept is that of elution clectro-
phoresis in which the eluate stream is continuously
monitored by a flow photometer or colorimeter.

The clution electrophoresis system utilizes a hori-
zontal glass column (typically 3 mm in diameter by 40
cm long) loaded with a packed bed of particulates and
jucketed for forced-liquid cooling (Fig. 9.3). Samples
are introduced at the midpoint through a septum, and
columin entry points are arianged to allow a continuous
flow of cluent sweeping past cach electrode chamber
into the column or column exit. Eluent can be
introduced directly into the system at either electrode
side during or subsequent to the clectrophoresis scpara-
tion, and the cluate stream progresses through a
continuous-tlow uv photometer or colorimeter. A rea-

| BUFFER
SOLUTION

gent development system can also be used wherein onc
or more reagent streams are continuously mixed with
the eluate stream and the resulting reaction preducts
are continuously monitored photometrically.

The entire system, excluding the 5-kV power supply,
is enclosed in an acrylic plastic housing. Double-
interlocking safety switches are installed at each point
of entry to the column area. As a result, electrical
current can be applied only if and when all switches are
closed.

Analytical Apgplications

Analytical separations studies on human physiologic
fluids continue to demonstrate useful applications of
high-resolution liquid chromatographic systems and
detectors developed by the Biomedical Technology
Group. Emphasis is continuing on the separation and
analysis of protein-bound carbohydrates in serumi.
Feasibility separations of human serum immuno-
globulins, using the centrifugal elution chromatograph,
have shown a potential for the developiment of a
prototype clinical analyzer. Preliminary results obtained
with the elution clectrophoresis system indicate that
clinical utility includes the separation of serum proteins
with detection by uv photometry, the separation of
various hemoglobins in the hemolysate (rom red blood
cells (RBC) with colorimetric detection, and the separa-
tion of serum isccnzymes of lactic dehydrogenase
(LDH) with reagent development followed by colori-
mectric detection,

Analysis of neufral carbobydrates in serum glyco-
proteins. A sensitive and reproducible chromatographic
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procedure was developed for the analysis. of ueutral
carbohydrates in glycoproteins. Separation is effected
by elution of a high-resolution anion exchange column
with a pH 7 conceniration gradient of boric acid (0.067
to 0.672 M); high-sensitivity detection is provided by a
cerate oxidimetric system? which monitors the fluores-
cence of Ce® produced by the oxidation of eluted
constituents  with Ce*. Sensitivity to nanomole
amounts of the carbohydrates galactose, fucose, and
mannose was demonstrated. The separation of a refer-
ence standard containing 16 neutral carbohydrates is
shown in Fig. 9.4 and is illustrative of the separations
that can be achieved with this system.

Levels of glycoproteing in human serum were esti-
mated by using hydrolysis and analysis of the protein-
bound carbohydrates. Elevated levels of serum glyco-
proteins were observed in buman subjects with malig-
nant diseases and i laboratory animals with induced
tumors.’® An elevation of serum protein-bound fucose
was reported for patients with malignant breast
masses.® In general, nonspecific colorimetric procedures
were used fo analyze neutral carbohydrates in serum
glycoproteins even though the methods were shown fto
be subject to interference.” ™' ? Chromatographic sepa-
ration enables a specific analysis of each of the three
neutral carbohydrates (mannose, fucose, and galactose)
that are bound to serum glycoproteins.

Protein-bound mannose, tucose, and paluctose were
measured in 12 normal female subjects. Our average
fucose analysis (Table 9.1) was substantially lower than
the values determined by means of the nonspecific
colorimetric procedure and reported in the [literature.
The latter generally ranged between 8.2 and 9.5 rog/ 100
ml! 42 However, Sobocinski et al.,* analyzing the
sarne pooled normal serum by raneans of the nonspecific
colorimelric method and a specific enzymatic pro-
cedure, found that results by the nonspecific method
were 44% higher than those obtained by the enzymatic
method (9.5 mg/100 ml vs 6.6 mg/100 ml). Qur results
would tend to verify the failure of the colorimetric
method to measure accurately true fucose levels.

The three protein-bound neutral carbohydrates were
measured in sera from 29 patients with metastatic
breast cancer. Twenty-three of these patients had
fucose values above the range of values found for the
normal female subjects. Levels of the three carbo-
hydrates were all within normal ranges for the six
patients haviog normal fucose levels. In general, eleva-
tion in fucose was accompanied by elevation in the two
hexoses; however, a proportionately larger increase was
apparent in the levels of tucose (Table 9.1}

The results showing that 79% of the patients have
elevated fucose are interesting, but the high percentage
of these patients displaying pormal values is somewhat
disappointing. Additional studies are needed for pa-

4. R, A. L. Macbeth and J. G. Bekesi, *Plasma Glycoproteins
in Malignant Disease,” Arch. Surg. 88, 633 (1964).

5. 8. Hurshman and G. Bryant, “Serum Mucoid Levels in Rats
Bearing Walker Carcinoma 256 and the Effect of Surgical
Extirpation of the Malignance,” Cancer Res. 24, 1625 (1964).

6. F. E. Rosato, M. Seltzer, §, Muller, and E. F. Rosato,
“Serum Fucose in the Diagnosis of Breast Cancer,” Cuncer 28,
1575 (1971).

7. A. 8. Evans, M, F. Dolan, P, Z. Sobocinski, and F. A,
Quinn, “Utility of Serum Protein-Bound Neuiral Hexoses and
L-Fucose for Estimation of Malignant Tumor Extension and
fivaluation of Efficacy of Therapy,” Cancer Res, 34, 538
(1974).

8. P, Z. Sobocinski, W. ), Canterbwy, ard K. M. Hartley,
Determination of L-Fucose in Glycoproteins, 1. Effect of
Nonfucose Moicties of Serum Glycoproteins, SR 72-6, Armed
Forces Radiobiology Research [nstitute Scientific Report,
Bethesda, Maryland (1972).

9, . Gyorky and J. C. Houck, “The Determination of
Terminal Protein-Bound Yucose,” Cun. J. Bicchem. 43, 1807
(1965).

10. R. J. Winzler, “Determination of Semm Glycoproteins,”
Methods Biochem. Anal, 2, 279 (1955).

11. 1. . Barlow and P. H. Dillard, “*Secum Protein-Bound
Fucose in Patients with Gynecologic Cancers,” Obster, Gyvaecol,
39, 727 (1972).

12. A. Saifer and S. K. Weintraub, “Scrum Frotein-Bound
Fucose Levels in Cerfain Chronic Diseases: A Clinical-Statistical
Study,” Clin. Chim, Acta 6, 174 (196 1).

Table 9.1. Chromatographic analysis of protein-bound carbohydrates in sera from normal females
and those with metastatic breast cancer

Type of Average analysis (mg/100 ml) Range {mg/100 ml)

subject Mannose CVA  Fucose CV.2  Galactose cve Mannose Fucose Galactose
Mormal 12 44.4 17.6 4.8 25.7 43.6 19.5 34.5--62.6 2.8-7.6 30,2--57.5
Breast cancer 29b 69.0 26.8 10.0 39.2 73.5 30.9 45.6-107.3 3.9-21.1 39.1--125.1

2Coetficient of variation in %,
bSix paticnts had all analyses within the range of normal values,



FLUORESCENCE RESPONSE

(arbitrary units)

ORNL-DWG 74-11720R1

100 T 1 T g T T T T ; T T T T 7 T
SUCROSE | |RAFFINOSE
L 3.7 gl (20.2 pug} _d
RIBOSE
; LACTOSE (60 pg)
80 |- {137 ua) -
" SORBOSE ]
N FRUCTOSE 7.2 pg
60 H 17.2 ug) f\ i
ARQEINOSE A" “eaLacTosE
(60 pug) (7.2 ug) ”
- : MANNOSE FUCOSE f\
o RHAMNOSE P ®6 pg) ! XYLOSE ‘
DEOXYRIBOSE (86 ugl (6.0 g !t sLucose
L 154 pg) MALTOSE i | } I (72 pa)
; H i \ceLiosiosE {37 pg) :\ Y ] i !
i (13.7 pg) ! ]
° { ! / : 1“ | ) \ oV \J \,\_/\_/\/ B
H ! H
C I U L e g
.~ \\J \JJ U
o 1 1 L : ; : ] ! L ; ! | ! !
0 | 2 3 4 5 5 7 8 9 19 i 12 i3 4 i5 6 17 i8
TIME (hr)

Fig. 9.4. Anion exchange separation {150 X 0.22 cm column) of 16 carbohydrates, using a pH 7 concentration gradient of boric acid generated with a

nine-chamber gradient box.

=

oF



tients in the latter category to determine if the normal
levels are maintained.

Centrifugal elution chromatography of serum im-
manoglobulins. A separation of the protein IgG from
normal human serum is representative of the alfinity
chromatography experiments using the centrifugal elu-
tion chromatograph. The eight-place, fixed-column
rotor previously described was used for this investi-
gation. The columns are dynamically loaded with a
slurry of Sephadex G-25, 100- to 300-u size range, onto
which anti(human)-{gG had been immobilized. When a
steady-state flow rate of eluent was established, the
samople volume of 25 pl of human serum per column (a
total of 200 ul for eight columns) was dynamically
introduced into the eluent annuius. The resulting
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chromatogram is shown in Fig. 9.5. As expected, the
chromatographic pattern had a large peak for all of the
nonsorbed species, followed (after changing the eluent
to 3 M NaSCN) by a much smaller peak for the specific
protein, IgG. The rotor speed was 400 rpm; monitoring
was done at a wavelength of 280 nmn.

The results of these preliminary experiments led us to
believe that the sysiem is capable of performing
determinations of several different serum proteins
simultaneously from a single samiple in less than 10 min.
Proteins of specific interest include the human imnmuno-
globulins.

Elution electrophoresis of serum proteins, hemo-
globins, and serum iscenzymes of LDH. As many as
12 electrophoretic peaks, detected by a flow uv
photometer operating at 280 nm, were separated from
10 d or less of human serum. A iypical electro-
phoretogram of human serum shows a separation in
which the normal serum protein pattern (ie., the
paitern usually observed by cellulose acetate electro-
phoresis) is observed but with an indication of addi-
tional resolution. The peaks were tentatively identified
by clution position and by reelecirophoresis on an
analytical gel electrophoresis system.

Operation. of the same system with a {low colorimeter
monitoring at 410 mmn but with other operating
conditions similar to those used with the serum
separation gives an indication of seven hemoglobin
peaks from 1 ul of a 4:1 (distilled water:packed RBC)
RBC hemolysate. This compares with the usual four to
five bands that are more completely isolated with a
cellulose acetate separation.

Separation of serum LDH isoenzymes was achieved
using the same operating conditions as those above;
however, a reagent developrent systemn was used to
detect the separated enzymes. A colorimeltric deter-
mination of iscenzyme activity was made continuously
by monitoring the lactate-to-pyruvate conversion with a
flow colorimeter measuring absorbance at 510 nm.

Five major electrophoretic peaks and several smaller
peaks were cvident in the resulting LDH separation
(Fig. 9.6). This pattern was in good agreement with the
typical sepatation of the five cormmon LDH isoenzymes
on cellulose acetate. The separated enzymes were
tentatively identified by elution position and cochro-
matography of two of the isoenzy mes.

An elution clectrophoresis that can be applied to
routine clinical analyses has not yet been developed,
but the operating concept for such a system has been
demonstrated by a first prototype system.
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9.2 CENTRIFUGAL FAST ANALYZER
DEVELOPMENT

The basic objective of this effort is the development
of fast analytical systems for clinical, small animal,
genetic monitoring, environmental, and other related
uses. The first system developed under this program was
the GeMSAEC Centrifugal Fast Analyzer (CFA), which
features the use of a centrifugal field to simultaneously
initiate and transfer several parallel reactions into their
respective cuvets, where they are rapidly and sequen-
tially monitored by a stationary photometer or fluo-
rometer and an on-line digital data system.’® ~1® These
analyzers have been commercially developed, and ap-
proximately 400 to 500 of them arc now operating in
clinical laboratories located around the world. In
general, their acceptance has been good, and although
the technology is ncw, a sizable source of reference

literature is now available with over 85 articles or
chapters published on the subject.

Engineering Development

During the past year, primary efforts included the
continued development of an analytical system based
around a miniaturized prototype of a CFA. A system
comprised of an automated sample-reagent loader, an
analyzer, a computerized data system, a rotor cleaning
station, and several rotors has been evaluated and
routinely operated for the past two years in the clinical
laboratory of the Health Division. To obtain another
independent evaluation, two additional systems were
fabricated and are being assessed in the clinical labora-
tories of the NASA Johnson Space Center, Houston,
Texas, and the National Institutes of Health (NIH),
Bethesda, Maryland. Three additional systems are being
fabricated for future evaluation in several diverse
laboratories such as a blood bank laboratory, a small-
animal laboratory (National Center for Toxicological
Research, Jefferson, Arkansas), and a genetic screening
laboratory (University of Michigan, Ann Arbor}.

To broaden the application of CFAs, a multipurpose
optical system has been developed (sce Fig. 9.7). The
same basic system can be used to obtain either

13. N. G. Anderson and C. A. Burtis, “GeMSAEC Fast
Clinical Analyzers,” p. 521 in Clinical Biochemistry — Principles
and Methods, Walter de Gruyter, Berlin, West Germany, 1974,

i4. N. G. Anderson, C. A. Burtis, and 7T.O. Tiffany,
“Enzymology, Clinicai Chemistry, and the Development of Fast
Analyzers,” p. 155 in Enzymology in Medicine, ed. by P,
Blume, Academic Press, New York, 1974.

15. T. O. Tiffany, C. A. Burtis, and N. G. Anderson, “Fast
Analyzers for Biochemical Analysis,” in Methods in Enzymol-
ogy, vol. 31, Academic Press, New York, 1974,

16. T. O. Tiftuny, “Centrifugal Fast Analyzers in Clinical
Laboratory Analysis,” p. 129 in CRC Critical Reviews in
Clinical Laboratory Sciences, The Chemical Rubber Company,
Clevelund, Ohio, 1974.
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transeission, fluorescence, chemiluminescence, or light-
scattering measurements. This is achieved by combining
different light sources, fiber optics (Fig. 9.8), and rotors
of various designs constructed from appropriate win-
dow materials (Fig. 9.9), and by using a relative
geometrical location to a photomultiplier tube.!” !

In addition to the miniature analyzer, a portable
version is under development.®® It is anticipated that
the portable CFA will ultimately be a small unit that
will contain both the analyzer and data system in a
single cabinet. The evaluation of the second prototype
of portable CFA was completed during the past year.
Based on this evaluation, a third: prototype was de-
signed and is being fabricated. The new prototype (Fig.
9.10) features an improved mechanical drive and
braking system to facilitate the efficiency of transfer
and mixing, and a new temperature control system that
utilizes a thermoelecteic heat pump. The analytical
module along with a microprocessor data system wijl be
incorporated into a single cabinet.

A dedicated microprocessor data system was designed
and fabricated (Fig. 9.11). The heart of the system is an
Intel-8080 microprocessor chip. This chip, with about
30 additional integrated circuit chips, will make up the
microcomputer that can control the analyzer unit and
the data acquisition and manipulation, and can print
the data and identifying information on an alpha-
numeric printer.

Rotors of various designs were fabricated and
tested®+22 in a continuing effort to develop one that

contains preloaded reagents and is capable of accepiing,
processing, and analyzing 2 whole-blood sample. In
regard to the prepackaging of reagents, siudies are

17, T. O. Tiffany, J. M. Parella, W. F. Johnson, and . A.
Burtis, “‘Specific Protein Analysis by Light Scatter Measurement
with a Miniature Centrifugal Fast Analyzev,” Clin. Chem. 20,
1055 (1974).

18, T. Q. Tiffany, §. M. Pareila, C. A, Burtis, W, F. Johnson,
and C. D. Scoit, “Blood Grouping with a Miniature Centrifugal
Yast Analyzer,” Clin, Chem. 20, 1043 (1974).

19. C. A. Burtis, W. D. Bostick, and W. ¥, Johuason, “{e-
velopment of a Multipurpose Optical System for Use with a
Centrifugal Fast Analyzer,” Clin. Chem. 21 (in press).

20. C. D, Scott, W, F. Johnson, L. H, Thacker, and C. A.
Burtis, “A Small Battery Operated Cenfrifugal Fast Analyzer,”
Clin, Chem, 20, 10073 (1974),

21, C. A, Burtis, W. T. Johnson, and J. B. Overton,
“Automated Loading of Discrete, Microliter Volumes of Lig-
uids into a Miniature Tast Analyzer,” Anal Chemn. 46, 786
(1974).

22. C. A. Burtis, W. F. Johnson, and T. G, Titfany, “The
Development of Rotors Having Separate Sample and Reagent
Transfer Channels for Use with Centritugal Fast Analyzers,”
Anal. Lett. 7,591 (1974).
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continuing in which reagents are lyophilized within the
cuvets of the rotor, followed by dynamic reconstitution
at the time of analysis.?? Stability studies indicate that
same reagentsare lost during the lyophilization process,
after which the remaining reagents are stable for at least
ten weeks. A collaborative prograra with one or more of
the commercial reagent manufacturers was initiated in
order to couple the inhouse reagent teclinology of
commercial firms with the ORNIL Fast Analyzer tech-
nology.

Analytical Applications

Work continued on autornating the various techniques
utilized in blood banking. To date, this includes blood
grouping analysis and the measurement of prothrombin
times. {n addition fo the hematology applications, an
effort was initiated to develop analytical procedures in
the general area of environmental water analysis. Work
also continued on the use of CFAs for genatic monitor-
ing.

Blood grouping analysis. In the initial feasibility
siudies,*® the technique of blood grouping analysis
using a CFA was demonstrated on an early prototype
coupled to the old GeMSAEC computer systemn. The
loading of aliquots of blood samples and antisera was
performed manually. This technique has now been
adapted for use with the minicture analytical system
routinely operated in the clinical laboratory of the
Health Division.

The use of an automated loading systemn® ! to put the
aliquots of whole-blood samples and antisera into their
respective chambers in the rotor was a major improve-
ment in the blood grouping procedure. Since the
automatic pipeties in the loading system are used
primarily to measure and dispense liquids, their use
with aliquets of whole blood was a concern. Studies
indicated, however, that aliguots of whole-blood sam-
ples could be measured and digpensed without en-
countering plugging or carry-over problems. Saline was
used as the diluent instead of distilled water, which is
normally used in the routine operation of the loader.
No problems: were encountered in the loading of the
aliquots of antisera. In addition, improvements and
refinements wers made of the basic technique to
provide better discrimination between the antigenic
reactions of the weaker hemagplutinating antibodies
such as anti-C(rh'), anti-D (Rip), and anti-B (h"). A

23. C. A, Burtis, W. I, Johnson, I. B, Overton, T. O. Tiffany,
and L. . Mailen, “Optimization and Analytical Applications of
the Technigue of Dynamic Introduction of Liquids into Cen-
tyitugal Analyzers,” Clin, Ches. 20, 932 (1974).
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Fig. 9.8. Modification of the optical head of the Centrifugal Fast Analyzer which allows for either of two fiber optic
configurations. (4) 180° orientation; (B) 90° orientation.
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PHOTO 0776-75

Fig. 9.9. Family of rotors designed and fabricated for use with the miniature Centrifugal Fast Analyzer. (4) General-purpose
transmission rotor, body fabricated of 0.5-cm black acrylic plastic (chambers in serial arrray), windows fabricated of
ultraviolet-transmitting (UVT) acrylic plastic; (B) general transmission rotor having quartz windows; (C) clear-body rotor, body
fabricated from 0.5-cm UVT acrylic plastic, chambers in serial array, UVT windows; (D) clear-body rotor, chambers in parallel array,
UVT windows; (F) clear-body rotor, black acrylic top window, UVT bottom window; (F) black-body rotor with quartz cylinders
sealed into the peripheral wall of each cuvet, UVT windows.
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study was made in which the modified procedure was
compared with the manual protocols used by the
medical technologists of the ORNL clinical laboratory.
Equivalent results were obtained for all but three of the
more than 100 samples analyzed in the study. Two of
the discrepancies were due to transcription errors, while
the third was a sample problem.

Protocol development. After the improved blood
grouping procedure was adapted for use with the
miniature analytical system, a protocol and instruction
manual was written, The manual describes (1) reagent
(antibodies) requirements, (2) antibody titering, (3)
setup procedure, (4) operating procedure, and (5)
computer programs. A copy of the manual was supplied
to NIH and will accompany the analytical system that
will be evaluated by an external laboratory.

Prothrombin time determination. The principle of
the CFA was applied to the field of coagulation
testing.2* The multisample parallel-monitoring capabili-
ties of the analyzer give it several distinct advantages
over instrumentation conventionally used for clot de-
tection. An on-board normal control plasma can be
monitored simultaneously with up to 16 test plasmas.
Thus the control and all test samples can be treated
identically with respect to temperature, agitation, sur-
face activation, and reagents by minimizing many of the
extraneous factors that have plagued the proper control
of coagulation testing. Another highly significant ad-
vantage is the small volume requirements of the
analyzer; for example, less than 50 ul of plasma and
100 pl of reagent are required for the prothrombin time
(PT) test.

We are evaluating the performance of the miniature
CFA, the available data acquisition system, and current
computer program revisions for the determination of
the PT test end point. The coagulation process may be
monitored either nephelometrically or turbidimetrically
(Fig. 9.12) as the fibrin polymer clot forms. The
modest centrifugal field generated in the small rotor
(<16 X g) appears to have no deleterious effect on clot
formation. The precision of locating the end point is
better than +5%, even for samples with prolonged
clotting times (>60 sec). For a limited number of
therapeutic samples, preliminary correlations vs a fibrin
switch instrument have been satisfactory (r >0.9),
although CFA times are consistently longer than those

24. W. D, Bostick, M. L. Bauer, J. M. Morton, and C. A.
Burtis, ‘“Coagulation Time Determination with Automatic
Multiparametric Analysis Using a Miniature Centrifugal Fast
Analyzer,” Clin, Chem. 21 (in press).
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of the reference technique due to the lower operating
temperature (30 vs 37°C) currently employed.

Environmental analysis. Specific environmental analy-
ses must be adapted or developed to utilize the portable
CFA. Consequently, a program was initiated to adapt
or develop chemical reagents and specific methods
for water analysis using the CFA. These developments
include: (1) analytical procedures for phosphate, zinc,
iodine, lead, and sulfate; (2) methods for other water
analyses, especially for nitrite and potassium; (3) deter-
mination of arsenate in solution; and (4) determination
of the catalytic effect of Tween 80 on complex forma-
tion.

Genetic monitoring. In a program funded by ERDA
and conducted in collaboration with the Department of
Human Genetics of the University of Michigan, Ann
Arbor, we investigated kinetic spectrophotometric pro-
cedures that can be adapted to a miniature CFA for
genetic monitoring of enzymes. To demonstrate the
feasibility of this approach, we studied the kinetics of
several glucose-6-phosphate dehydrogenase (G-6-PD)
variants.

The results of the initial feasibility studies demon-
strated that the A and B variants of G-6-PD can be
differentiated kinetically by thermal and chemical
perturbation. From such information, a simple pro-
cedure can be set up for assaying the enzymes at 40 to
45°C under two or three different reaction conditions,
In this manner, changes in enzyme structure due to
amino acid substitution as reflected by activity changes
and aggregation could be used in a multiparameter
approach to determine enzyme variants,

Transfer of Technology

One of the basic objectives of a national laboratory is
to transfer developed technology into industrial, gov-
ernmental, and academic sectors. Consequently, we
made a concerted effort to provide the technology
developed in the CFA program to interested parties, In
the past year, representatives from at least 13 industrial
firms, 6 governmental agencies, and 4 universities
visited ORNL to discuss various aspects of our program.
In addition, members of our staff presented papers at
several national meetings, gave seminars at several
institutions and companies, participated in workshops
such as the American Society for Clinical Pathologists
(ASCP), and published results in the open literature for
the purpose of transferring technology. Consequently,
the miniature analyzer is now under commercial de-
velopment, and indications are that a prototype will be
shown at the International Symposium on Clinical
Chemistry to be held this summer in Toronto, Canada.
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10. Environmental Studies

10.1 AUTOMATED ANALYSIS OF POLLUTANTS

Surface waters are becoming increasingly important in
this nation as the source of water for potable and
industrial water systems. Characterization of the or-
ganic constituents in surface waters assiumes importance
in direct proportion to the use of these waters for
human consuraption. Relatively little is known about
the health significance of the very low concentrations
(ppb) of stable organic and chloro-organic compounds
found in water, although some chlorine-containing
constituents have been found to be carcinogenic,
mutagenic, or teratogenic.'”> Regardless of the source,
whether domestic, industrial, or agricultural effluents,
atmospheric washout, runoff, or by-products of natural
biogeochemical systems, it is imperative that identities,
quantities, and toxicological effects of the individual
organic constituents and pollutants be established. Quan-
titative information concerning these trace compounds
and the effects of treatment processes such as chlorina-
tion is essential for assessment of aquatic ecosystem
effects and the ultimate effect on mankind.

High-resolution anion exchange chromatography is
used as the basic separations method for analysis of
trace organics in various polluted waters because of its
sensitivity and capability for analyzing many low-
molecular-weight refractory organics in aqueous sam-
ples.*3 A routine multicomponent analytical scheme
utilizing additional ion exchange chromatography, uv
spectrometry, gas chromatography, and mass spectrom-
etry is used for determination of the chemical structure
of the separated unknown organic constituents.’

Effluents from Sewage Treatment Plants

A 98-page final report® was prepared for and pub-
lished by the Office of Research and Development, U.S.
Environmental Protection Agency, in August 1974. As
a result of this study, the following conclusions were
made:
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2. High-resolution

1. Over 100 refractory-organic compounds can be
present in effluents from municipal sewage treat-
ment plants at ppb levels; some of these refractory
compounds arc chlorinated under conditions that
exist when effluents from sewage treatment plants
are chlorinated.

anion cxchange chromatography
provides a reliable and useful tool for determining

1. T. F. X. Collins and C. H. Williams, ‘““l'eratogenic Studies
with 2,4,5-T and 2,4-D in the Hamster,” Bull. Environ, Contain.
Toxicol, 6,559 (1971).

2. C. L. Litterst and E. P. Lichtenstein, “Effects and
Interactions of Environmental Chemicals on Human Cells in
Tissue Culture,” Arch. Environ, Health 22,454 (1971).

3. R. S. Paidini, “Polychlorinated Biphenyls (PCB): Effect on
Mitochondrial Enzyme Systems,” Bull. Environ. Contam. Toxi-
col. 6,539 (1971).

4. S. Katz, W. W. Pitt, Jr., C. D. Scott, and A. A. Rosen, “The
Determination of Stable Organic Compounds in Waste Eftluents
at Microgram per Liter Levels by Automatic High-Resolution
[on Exchange Chromatography,” Water Res. 6, 1029 (1972).

5. R, L. Jolley, W. W. Pitt, Ir., and C, D. Scott, “High-Resolu-
tion Analyses of Refractory Organic Constituents in Aqueous
Waste Effluents,” pp. 247—-52 in Realism in Environmental
Testing and Control (Proceedings of the 19th Annual Technical
Meeting, Institute of Environmental Sciences, Anaheim, Califor-
nia, April 2—-5, 1975).

6. R. L. Jolley, Chlorination Effects on Organic Consiituerits
in Effluents from Domestic Sunitary Sewage Treatment Plants,
ORNL-TM-4290 (October 1973).

7. R. L. Jolley, W, W. Pitt, Jr,, C. D. Scott, and M. D.
McBride, “Determination of Trace Organic Contaminants in
Natural Waters by High-Resolution Liquid Chromatography,”
pp- 397—412 in Froceedings of the First Annual NSF Trace
Contaminants Conference, Oak Ridge National Laboratory, Oak
Ridge, August 8—10, 1973.

8. W. W, Pitt, R. L. Jolley, and S. Katz, Automated Analysis
of Individual Refractory Organics in Polluted Water, EPA
660/2-74-076, Office of Rescarch and Development, U.S.
Environmental Protection Agency (August 1974).

9. R. L. Jolley, S. Katz, J. E. Mrochek, W. W. Pitt, and W. T.
Rainey, “A Multicomponent Analytical Procedure for Organics
in Complex, Dilute Aqueous Solutions,” Chem. Technol,, p.
312 (May 1975).



refractory organic compounds present at low levels
in sewage effluents and other polluted waters.

. In addition to uv-absorbing compounds, numerous
othier compounds can be detected by sulfatoceric
acid oxidimetry.

The detection of sources of pollution, the testing of
the effectivencss of sewage treatment steps including
possible tertiary steps, and the determination of the
ultimate disposition of pollutants are obvious end
uses of the high-resolution anion exchange chro-
nmatographic systems.

This rescarch program was limited to the adaptation
of existing analytical systeins for use in the deterinina-
tion of refractory-organic compounds in polluted
waters with a minimum of instrumental development.
The scope of the program did not include exploiting the
capabilitics of the analyzers for detecting sources of
poliution, testing the effectivencss of sewage treatment
plants, determining the ultimate fate of pollutants, or
identifying positively all of the separated organic
constituents.

Significant expansion is recomnmended of the use of
high-resolution liquid chromatographs with uv photom-
cters and cerate-oxidative monitors for determining
refractory-organic compounds in industrial and other
polluted waters. This can be accomplished either by
fabricating additional UV-Analyzers developed at
ORNL or by modifying commercially available high-
pressure chromatographs. A vigorous effort should be
continued to determine the identities of the residual,
stable organic compounds being discharged into surface
waters. Also, potential hazards of these compounds,
particularly those that are chlorinated, should be
evaluated. High-resolution analyzers have been devel-
oped to the point where they could be used by
appropriate agencies to determine the sources of pollu-
tion, the effectiveness of sewage treatments, and the
fate of organic pollutants — all on a molecular level.
This effort should be closely coordinated with the
analytical development program to take advantage of
improvements as they are made and of “feedback”
information relating to problem areas that would lead
to necessary modifications of the instruments.

A total of 56 organic compounds were identified in
primary sewage treatment plant effluents (Table 10.1),
and 13 organic compounds were identified in secondary
effluents (Table 10.2). Forty-six of the constituents
identified in primary effluents and five in secondary
effluents were quantified based on a flame ionization
detector (FID) response. Many of the constituents do
not absorb uv light, which was the previous mode of
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quantitation. In addition to the identified compounds,
more than 100 mass spectra and gas chromotography
retention values were obtained of unknown compounds
found in chromatographic fractions of both primary
and secondary sewage treatment plant effluents.

Natural Waters

The identification and quantitation of trace organics
in various natural waters are being studied by using
high-resolution anion c¢xchange chromatography. Water
samples from five of the six sites chosen for this
study!® were examined. The concentrations of the
identified constituents in the original water samples
have been estimated and are given in Table 10.3.
Nineteen additional unknowns were characterized with
respect to gas chromatographic and mass spectral
properties,

Efiluents from Coal-Processing Plants

Because of the high probability of coal becoming the
major energy source in the near future and the
consequent uiilization of coal for production of gaseous
and liquid fuels, two coalliquefaction plant etfluents of
possible environmental concern were examined. These
aqueous samples were from: (1) the product separator,
sample 12131 [dissolved organic carbon (DOC), av
10,500 pg/mi; pH, 9.0]; (2) the dryer-stage first off-gas
scrubber, sample 12132 (DOC, av 140 pg/ml; pli, 2.8).
Both samples were extracted with methylene chloride,
and the extracts were examined by gas chromatog-
raphy--mass spectrometry. The extract of the product-
separator sample contained a complex mixture of a
large number of compounds. Mass spectra were ob-
tained for 15 constituents, of which phenol, three
cresols, three dimethylphenols, and xylene were identi-
fied. In the less complex extract of the off-gas scrubber
sample, two major and several minor constituents were
detected by gas chromatography; one was identified as
dioctyl phthalate by mass spectrometry.

Analytical-scale high-resolution chromatography of
both samples revealed numerous uv-absorbing constitu-
ents and cerate oxidizable compounds. Over 80 uv-
absorbing constituents were separated from the product
separator sample in a preparative-scale chromatographic
run (Fig. 10.1). Six of the separated compounds have
been identified by gas chromatographic and mass
spectral properties of the trimethylsilyl derivatives of
the compounds and were quantified based on FID
response {Table 10.4). Several unknown constituents

10. Chein. Technol. Div. Annu. Progr. Rep. Mar. 31, 1974,
ORNL-4966.



Table 10.1. Soluble organic constituenis in primary domestic sewage
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Constituent? Identification methodb

Carbohydrates

Galactose AC, GC

Glucose® AC, GC

Maitose AC, GC
Poiyols

Erythritol AC, GC, MS

Ethylene glvcol AC, GC, MS

Galacitol AC, GC, MS

Glycerinee AC, GC, MS
Aliphatic organic acids

3-Deoxyarabinchexonic acid MS

3-Deoxyery thiropentonic acid MS

2-Deoxyglycexic acid MS

2,5-Dideoxypentonic acidf MS

3,4-Dideoxypentonic acid MS

2-Deoxytetronic acid MS

4-Deoxytetronic acid MS

Glyceric acid MS

4-Hydroxybutyric acid GC, MS

2-Hydroxyisobutyric acid GC, MS

Oxalic acid AC, GC, MS

Quinic acid MS

Ribonic acid MS

Succinic acid AC, GC,MS
Aromatic organic acids

Benzoic acid® AC, GC, MS

2-Hydroxybenzoic acid® AC, GC, MS

3-Hydroxybenzoic acia? AC, GC, MS

4-Hydroxybenzoic acidd AC, GC

4-Hydroxyphenylacetic acid®
3-Hydroxyphenylhydracrylic acid
3-Hydroxyphenylpropionic acid
Phenylacetic acid

o-Phthatic acid®

Fatty acids
Palmitic acid

Arino acids
Phenylalanine
Tyrosine

Amides
Urea

Phenolic compounds
p-Cresol
Phenol

Indoles
3-Hydroxyindole
Indican

Pyridine dexivatives

N -Methyl-2-pyridone-5carboxamide®
Nt —Methyl-4~pyridone~3-carboxamided

Purine derivatives
Adenosine
Caffeine®
1 ,7-Dimethylxanﬂ1ined

AC, UV, GC, MS
AC, UV, GC, MS
AC, GC, MS
AC,GC

AC, UV, MS

GC, MS

AC, GC, MS
AC, GC, MS

AC, GC, MS

AC, GC, MS
AC, GC, MS

MS
AC,GC,F

AC,CC, UV, GC
AC,UV,GC

AC, CC, UV, GC, MS
AC, CC, GC, MS
AC,CC

Concentration®
(ppb)

0.5

= W h

5-19

NA U DAV =N D
<

-

3
2,7

7,40

1
16-52,190
10--22
6,20

10

200

6,12

50,90
34

16--34

20,29
6,12

20,25
10,14

13
10, 29-46
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Table 10.1. (continued)

. c
Constituent? Identification methodb Concentration
(rpb)
Guanosine® AC, CC, UV, GC, MS 4--28,50
Hypoxanthine® AC, GC, MS 12-42,25
Inosine® AC, CC, UV, GC, MS 11-23,50
1-Methylxanthine? AC, CC, UV 70
3-Methylxanthine® AC, CC
7-Methylxanthine® AC, CC, GC 2,90
Theobromine? AC, CC
Uric acid” AC, GC, MS 20
Xanthine® AC, CC, UV, GC, MS 2-7,70
Pyrimidine derivatives

5-Acetylamino-6-amino-

3 methyluracil® AC, CC, UV, GC 140
Orotic acid® AC, UV, GC, MS 2,5
Thymine® AC, CC, GC, MS 7,9--28

Uracil® AC, CC, UV, GC, MS 16--58, 40

2All constituents were identified in chlorinated effluents except those designated otherwise.

BAC — anion exchange chromatography; CC — cation exchange chromategraphy; UV — ultraviolet
spectrascopy; GC -- gas chromatography on two columns; MS — muass spectrometry; F — fluorometry.

€Based on ultraviolet absorbance during AC (i.e., values in italics), or on flame ionization detector
response during GC.

“dentified in unchlorinated effluent.

€Identified in both unchlorinated and chiorinated effluents.

INo reference spectra available. Structure deduced from mass spectra analysis.

Zfdentified in Mill Creek Sewage Plant effluent.

Tabie 10.2. Selable organic constituents in secondary domestic sewage

i R R b Concentration®
Constituent” Identification method
onstitu a (opb)

Polyols

Glycerine AC,GC, UV 4
Aliphatic organic acids

Succinic acid AC, MS 4
Phenolic compounds

Catechol MS 1

p-Cresol AC, GC, MS 20, 90
Indols

3-Hydroxyindole MS 2

Indole-3-acetic acid MS 13
Purine derivatives

1,7-Dimethylxanthine AC,CC, UV 6

Inosine AC,CC, UV 20

1-Methylinosine AC, CC, UV 80

1-Methylxanthine AC, GC 6

7-Methylxanthine AC,CC, UV S5
Pyrimidine derivatives

5-Acetylamino-6-amino-3-methyluracil AC,CC, UV 30

Uracil AC, CC, UV, MS 16, 30

2All constituents were identified in unchlorinated effluent.

BAC - anion exchange chromatography; CC — cation exchange chromatogiaphy;
GC — gas chromatography; UV — ultraviolet spectroscopy; MS - mass spectrometry.

€Based on ultraviolet absorbance during AC (i.e., values in italics), or on flame
ionization detector response during GC.
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Table 10.3. Soluble organic constituents in natural waters

Constituent? Identification methodb Concentration
(ppb)
Polyol derivatives
Diethylene glycol (1) AC, MS 1
Ethylene glycol (1) AC, MS 20
Glycerine (1, 2, 3,4, 5) AC, GC, MS 1-20
Inositol (1, 2, 3,4, 5) GC, MS 04-1.5
Mannitol (5) AC, GC, MS 2
Methyl-a-D-glucopyranoside (4) AC, GC, MS 30
Methyl-g-D-glucopyranoside (4) AC, GC, MS 3
0O-Methylinositol (1, 2, 3,4, 5) GC,MS 0.3-10
Xylitol (5) AC, GC, MS 1
Carbohydrates
Sucrose (1, 5) AC, GC, MS 2
Fatty acids
Linoleic acid (1, 5) GC, MS 0.7-1.2
Oleic acid (1, 5) GC, MS 0.7-1.6
Palmitic acid (1, §) GC, MS 0.3-0.4
Stearic acid (1) GC, MS 0.5
Amino acids
Glycine (1) AC, G, MS 2
Phenolic compounds
p-Cresol (3) AC, GC, MS 7
itrogenous compounds
a,a’-Dipyridyl (4) MS 4
Urea (1, 2) AC, GC, MS >4

AConstituents were identified in samples taken from sites designated by the
numbers in parentheses: (1) Lake Marion, (2) Fort Loudoun Lake, (3) Holston
River, (4) Mississippi River, (5) Watts Bar Lake.

PAC - anion exchange chromatography; CC — cation exchange chromatog-
raphy; UV — ultraviolet spectroscopy; GC - gas chromatography ; MS - mass
spectrometry.

Table 10.4. Soluble organic constituents in the aqueous produc{ separator
sample from a coal—char oil conversion plant

Concentration (mg/liter)

Constituent N b Preparative Analytical

FID Enzyme ACE ACd

Catechol 660 560 3600 2000

3-Methylcatechol 170

4-Methylcatechol 110

Oricinol 120 380 500

Resorcinol 220 790 1000

2-Methylresorcinol 14 100 10--15

2Rased on flame ionization detector response during gas chromatography.
bAnalyzed by B. Z. Fgan using a catechol specific enzyme technique.
€Based on the uv absorbance of the preparative-scale chromatographic peak.
9Based on the uv absorbance of the analy tical-scale chromatographic peak.
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Fig. 10.1. Chromatogram of uv-absorbing comstituents in the product separator sample (sample 12131) of a coal-char oil

processing plant.

were also characterized with respect to molecular
weight, mass spectra, and gas and liquid chromatog-
raphic elution characteristics.

10.2 ENVIRONMENTAL EFFECTS
OF ANTIFOULANTS

In contemporary technology, chlorine is the principal
biocide for removal of biological surface films in the
cooling systems of electrical power-producing plants.' !
Removal of films is required to maintain a high
production efficiency. Chlorination of waters contain-
ing low concentrations of organics with ppm chlorine
concentrations may result in the formation of chlorine-
containing organic compounds.®>!'? Consequently, the
practice of chlorinating cooling waters is being evalu-
ated with respect to the possible formation of chlori-
nated organics. The methodology developed with proc-

ess effluents for identification of chlorinated organic
compounds and for determination of biotoxicity is
being applied in this investigation.' *~'?

L1, J. . Draley, The Treatmens of Cooling Waters with
Chlorine, ANL/ES-12 (February 1972).

12. R. L. Jolley, “Chlorinc-Containing Organic Constituents
in Sewage ELftfluents,” J. Water Poliut. Control Fed. 47, 601
(1975).

13. C. D. Scott et al., Experimental Engineering Sect.
Semiannu, Progr. Rep. Mar. 1 to Aug. 31, 1974, ORNL-TM-
4777 (July 1975).

14. C. W. Gehrs, L. D. Eyman, R. L, Jolley, and J. F,
Thompson, “Etfects of Stable Chlorine-Containing Organics on
Aquatic Environments,” Nature 249, 675 (1974).

15. C. W. Gehrs and R. L. Jolley, “Chlorine Containing
Stable Organics: New Compounds of Environmental Concern,”
Proceedings of the 19th Congress of the International Associa-
tion of Limnology, Winnipeg, Manitoba, August 22—29, 1974
(in press).
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Over 50 chlorine-containing organic constituents were
scparated from a sample of Watts Bar Lake water that
had been chlorinated to a 0.5-ppm chlorine residual.
The constituents were separated and detected using the
coupled *€Cl tracer—high-resolution chromatographic
procedure.®+1% The radioactivity chromatogram was
quite similar to that obtained for effluents from a

16. R. L. Jolley, ‘“‘Determination of Chlorine-Containing
Organics in Chlorinated Sewage Effluents by Coupled 3°Cl
Trace--High-Resolution Chromatography,” Environ. Lett. 7,
321 (1974).
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secondary sewage treatment plant which had been
chlorinated in a like manner (Fig. 10.2).

After a detailed examination of the experimental
results, the major conclusion was that the yield of
chlorination associated with chloro-organics is about
0.5% of the chlorine dosage for reaction conditions
similar to those at the Kingston Steam Plant. With an
estimated 50,000 to 100,000 tons of chlorine being
used annually in cooling waters, several hundred tons of
chlorinated organics are produced annually by chlorina-
tion antifoulant treatment of cooling systems, even at
the low-reaction yield determined in this study. As the
national production of electric power increases, this
quantity can be expected to increase proportionately,



11. Biochemical Engineering

11.1 ENZYME-CATALYZED PRODUCTION
OF HYDROGEN

A previous report' discussed a cyclic process for
producing hydrogen (and oxygen) from water, using
sodium dithionite as a reducing agent and ferredoxin
and hydrogenase as catalysts. This process involves two
reactions:

Na;S, 0, + H, 0 —oredoxin 5

H; + Na; S, 0y ,
hydrogenase

NS, 0, 222> 0, + N4, S, 0

However, a problem has been encountered in the
thermal regenecration of the dithionite, namely, that
heating the higher oxides, such as Na,;S5,05 and
Na; S, Qg4 , produces SO, . Of several possible alternative
reductants tried, sodium pyruvate appeared to be the
most promising. Therefore, the rate of hydrogen pro-
duction was measured as a function of pyruvate
concentration, solution pH, and temperature, and the
results were compared with those obtained with sodium
dithionite substrate.

As with sodium dithionite substrate, hydrogen pro-
duction is inhibited at higher pyruvate concentrations.?
The optiraum pH for hydrogen production rate is 6.5 to
6.7, which is similar to that observed with sodium
dithionite substrate (Fig. 11.1).

The initial hydrogen production rate increased with
increasing temperature over the range 25 to 50°C;
however, after about 1 hr at 50°C, the rate decreased
considerably. Similar behavior was observed for dithio-
nite, indicating possible enzyme degradation at 50°C.
However, the data obtained from initial rates can be

1. Chem. Technol., Div. Annu. Progr. Rep. Mar. 31, 1974,
ORNIL4966, pp. 47-48.

2. C. D. Seott et al., Experimental Enginecring Sect. Semi-
anau. Progr. Rep. Mar. 1, 1974, to Aug. 31, 1974, ORNL-
TM-4777 (July 1975).
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correlated in a plot of hydrogen production rate vs 1/T
(Fig. 11.2). The apparent activation energy (11.5 to
12.5 kcal/mole) obtained from such a plot is similar for
both dithionite and pyruvate substrates.

Under optimum conditions with a fixed amount of
enzyme, the initial rate of hydrogen production with
dithionite was greater than that with pyruvate. How-
ever, the maximum amount of hydrogen obtainable
from dithionite was reached after about 2 hr; the yield
was 0.21 mole of H, per mole of dithionite. The
pyruvate, on the other hand, continued to produce

ORNL DWG 74- 8003RI
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Fig. 11.1. Optimum pH for hydrogen production compared
for sodium dithionite and sodium pyruvate,
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hydrogen even after 5 hr, reaching a final yield near ORNL DWG 74-80C 4RI
0.91 mole of H, per mole of pyruvate (Fig. 11.3). In S I N AR A S A B EN SR S SR B B
either case, the initial rate of hydrogen production can
be increased considerably by increasing the enzyme
. 704 -
concentration.
During this report period we investigated the possi-
bility of #mmobilizing the ferredoxin-hydrogenase cob

enzyme system,® using a cell extract containing both
ferredoxin and hydrogenase without further separation
or purification. In various experiments we succeeded in
trapping the enzymes in polyacrylamide gels by in-
ducing polymerization of the monomer in the presence
of the enzyme extract. Quantitative comparison of the
activity of the gel-entrapped enzymes with that of the
free enzymes is complicated by the difficulty of
measuring the enzyme concentration in the gel. Never-
theless, none of the gels we prepared appeared to give
more than 1% of the hydrogen production rate ob-
served for the free enzyme. However. the immobilized
enzymes remained active for several days; the hydrogen
production rates obtained by addition of fresh dithi-
onite after several days compared favorably with those
obtained initially with the freshly prepared gels.

3. C. D. Scoit et al., Experimenial Engineering Sect. Semi-
annu. Progr. Rep. Sept. 1, 1974, to Mar. 31. 1975, ORNL-
TM-4961 (in press).
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Fig. 11.3. Comparison of hydrogen production by sodium
dithionite and sodium pyruvate. Solution, 0.05 M phosphate;
pH, 6.6; temperature, 40°C.



11.2 BIOREACTOR DEVELOPMENT

Three types of reactors are being studied as potential
bioreactors: (1) continuous stirred-tank reactor
(CSTR), (2) packed-bed reactor (FBR), and (3) tapered
fluidized-bed reactor (TFBR).

Continuous Stirred-Tank Reactor

Since an activated sludge unit, a CSTR, is the system
most commonly used today to process polluted waters,
it was chosen as our baseline processing scheme for the
investigation of phenol removal from waste streams. A
small, activated sludge unit with a capacity of approxi-
mately 3 liters was assembled with a Lucite reactor and
a standard Imhoff cone as the settling tank (1-liter
volume). In this system, an air lift recycles settled
sludge from the bottom of the setiling cone to the
reactor, and excess sludge is removed manually. The air
diffuser is a stainless steel pipe, with several small holes
in line longitudinally, which is inserted through the wall
of the reactor so that it extends across the entire width
of the reactor. The air bubbling from this pipe aerates
and mixes the fluid io the reactor.

A typical growth and pH-vs-time curve for Tricho-
sporon cutaneum is shown in Fig. 11.4. The pH was
recorded continuously and adjusted manually. Note
that the slope of the pH-vs-time curves increases as the
cell concentration increases. To date, the maximum
pheriol utilization has been 0.1 millimole of phenol per
liter of reactor volume per minute.

As indicated by the curves in Fig. 11.4, a significant
variation in pH occurs during active growth of the
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yeast, making pH control difficult. To alleviate this
situation, a pH controller was added to the activated
sludge unit. This unit worked satisfactorily, elirninating
the nced for manual pH adjnstment. Because the
mixture became acid during growth, ammonium hy-
droxide was used to adjust the pH via the controller.

The CSTR operates on a continuous feed basis. For
our preliminary work, growth medium (minus thia-
mine) plus phenol at a concentration of 0.05 M was
used as the feed solution. The volumetric flow rate of
the feed was adjusted so that the phenol concentration
in the reactor did not exceed 0.005 M. With a reactor
volume of 2.25 liters, we were able to maintain flow
rates of 75 ml/hr. Unfortunately, the yeast did not
form a good settleable sludge, and even with the settling
cone, much was lost in the effluent. With a flow rate of
50 mi/hr, all phenol was removed from the feed, and
the yeast growth was sufficiently rapid to maintain an
essentially constant biomass in the reactor.

Packed-Red Reactor Studies

As an adjunct to the CSTR studies, a PBR was set up
as a test reactor for phenol removal. The 1-in.-ID by
3-ft tubular reactor was packed with Y-in. Berl saddles
and seeded by filling it with a suspension of yeast in
nutrient solution. Air and feed solution containing 500
ppm of phenol passed upward through the column. The
feed pump was initially adjusted to deliver approxi-
mately 45 ml/hr, while the phenol concentration in the
effluennt was monitored intermittently to check for
phenol breakthrough. The feed rate was increased daily
until breakthiough occurred. As the biomass increased,
the maximum feed rate increased until, ultimately, a
feed rate of 240 ml/hr could be maintained without
breakthrough. The air flow rate was maintained at 440
ml/min.

Stari-up and routine operation of this reactor have
been trouble-free. Start-up proceeded smoothly, with
growth plus attachment exceeding washout. Thus, a
visitile, stable biomass quickly formed at the lower end
of the reactor and slowly increased in height until it
filled the reactor. Yet, significant occlusion of packing
voids or general biomass fouling did not occur. The
shear developed by the high flow rate of air through the
reactor should help to minimize the occlusion by
excessive biomass.

Air distribution throughout the reactor is fairly good.
A cylindrical glass frit is used to sparge air into the
bottom of the coluinn; however, the packing appears to
augment the rapid coslescence of the small bubbles.
The problenis involving air-liquid contact and dissolved-



oxygen availability obviously demand considerable
attention. An oxygen probe will be used to aid in this
investigation.

Tapered Fluidized-Bed Reactor

A TFBR is a special adaptation of fluidized-bed
technology which appears to be especially suited for
bioreactor operation. A TFBR can be used as a
bioreactor for viable bacteria or yeast systems where
the host is cither self-attached, chemically bonded, or
entrapped, and also for any type of immobilized
enzymatic system. The use of a TFBR as a bioreactor
for denitrification of nitrate in waste streams was
investigated. Using anthracite coal as the bed material,
we obtained a maximum removal rate of 5 moles of
NO;~ per hour per liter (volume as settled packing
volume), based on a feed strcam concentration of
approximately 9 moles of NO;  per hour and a
residence time of 1.2 hr.

The use of contained microorganisms for chemical
conversion of a feed stream to produce useful products
or to eliminate pollutants can be accomplished by the
use of a TFBR as a bioreactor. A TFBR has an included
angle of 1 to 4°; this degree of taper provides a
decreasing linear velocity with increasing column
height. Such an arrangement gives a stabilizing effect
because the top of the bed is more dense, thereby
eliminating any tendency for the bed to spout, even at
high flow rates, where the bed is very dilute (90% void
volume). Thus, the TFBR has desirable hydraulic
characteristics that allow it to operate over a wide range
of flow rates in a stable fluid-bed mode.

The TEFBR also has a number of attractive biological
characteristics. The micromovement of the stable fluid
will grind off layers of bound bacteria which, under
normal fixed-bed operation, would bridge from particle
to particle, thereby filling the void, decreasing the
available flow area (50 to 80% void volume at typical
fluidization flow rates), and restricting the availability
of all of the bound bacteria to the feed stream
chemicals. Many fluidizable materials can be found that
are compatible with microorganisms. Bacterial compati-
bility is linked to a number of physical and chemical
properties, such as size, porosity, surface texture,
chemical positioning, and solubility. The TFBR is a
completely closed system; thus, air can be easily
excluded for strictly anaerobic operation. Seeding the
bed with a bacterial suspension by recycle is easily
accomplished.

The TFBR equipment (Fig. 11.5) consists of (1) a
tapered glass column 42 in. long, 1 in. in diameter at
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the bottom end, and 3 in. in diameter at the top end;
(2) a feed tank and feed pump;and (3) a top gas-liquid
separator followed by a solidliquid separator. A
tapered fluidized-bed section was fabricated from a
3-in. section of glass pipe by forming on a tapered
carbon mandrel. The total length of the reactor is 42
in.; its capacity is 2349 ml. The angle of the taper is
0.68° from the pipe center (i.e., an included angle of
1.36%). The gas at the top of the fluid bed is water
sealed and is vented through a wet-test meter for
volumetric measurement. Solids that overflow from the
fluid bed are recovered in settling chambers which can
be drained when necessary.

Design Equations for Biological Reactions

For an ideal plug flow reactor, the design equation is

t=8o [ dxir, 1)

where X is the percent conversion, So is the substrate
concentration in the feed, and ¢ is the residence time.
For Michaelis-Menten (M-M) kinetics, the reaction rate
is

V., Se(1 —X)
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Fig. 11.5. Tapered fluidized-bed bioreactor.



Thus when M-M kinetics are applicable, the design
equation becomes

t S

Ky In(l
X v,

Vin

X)

v (3)

For a product-inhibited reaction, the rate equation is

VinSo(1 — X)
N R 7 Sa(l - X) T (KnfKSo X ®
n ‘0( X){ ( I’fl/ l) 0
and the design equation becomes
t S Km} K ' So]_l_r}_(l - X) )
X v, K; Vo | K; X '

In either case, plotting /X vs In (1 — X)/X should give a
straighit line.

For a substrate-inhibited reaction, the rate expression
is

- VinSo(l - X) ©
A= .
[So(1 — X) + Ky +So2(1 - X)'/K;]
and the design equation becornes
t _So Ky In(l-X), So* ‘
R L 2--X), 7

which is not very amenable to a linear analysis.
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11.3 BIOPROCESS DEVELOPMENT

Pheno! Removal

The CSTR was used to determine the maximum
conversion rate of phenol for a given feed concentration
and to investigate the stability of reactor operation at
maximum conversion. With the reagent concentrations
in use, the limit of detectability of the phenol assay is
about 10 ppm of phenol; thus the maximum rate of
removal is determined for a phenol concentration of
approximately 10 ppm in the reactor. Microbial concen-
tration and phenol removal rates from a feed stream
containing 2500 ppm of phenol are shown in Figs. 11.6
and 11.7. Significant drops in microbial concentration
at the middle and end of October 1974 were due to cell
washout resulting from excessively high flow rates. We
found that residence times of less than 20 hr would lead
to a net cell loss fromn the reactor; that is, cells were
being washed out of the reactor at a greater rate than
they were being generated. Since the biomass never
formed a good settleable sludge, sludge recycle was not
effective in maintaining a constant concentration of
biomass as the residence time decreased. Although some
biocmass recycle was effected via the clarifier, the
inicrobial concentration in the effluent from the clari-
fier rarely decreased to less than half that in the reactor.

When washout commenced, the pumping rate was
decreased until the microbial concentration stabilized,
then slowly increased until phenol was detected in the
reactor. Washout occurred twice during October 1974;
in each case, the residence time decreased below 20 hr.
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Fig. 11.7. Operating history for the packed-bed reactor relative to phenol removal rate.

The maximum flow rate the reactor could accommo-
date was 127 ml/hr.

Toward the end of November a malfunction occuried
that caused the reactor to be without feed for one to
two days. The performance of the reactor decreased
noticeably after this period. Microscopic examination
of the reactor biomass showed that the yeast popula-
tion diminished to undetectable levels within a week
after the malfunction. The bacterial population that
had established itself in the reactor continued to
degrade phenol; however, neither the biomass concen-
tration nor the rate of removal of phenol could be
increased to their former levels. Thus, during December,
the reactor was shut down, cleaned, and reseeded with
fresh Trichosporon cutaneum.

This work illustrates that, for biological oxidation of
phenolic wastes in a stirred-tank reactor, the reactor can
be operated quite well near the residence time at which
cell washout begins. Table 11.1 compares the perform-
ance of our reactor with that of Bethlehem Steel’s
pilot-plant system for phenolic waste treatment.

As described in the previous section, a packed-bed
reactor was investigated for use as a bioreactor for
removing phenol. Its performance with respect to
phenol removal for the first 1.5 months of operation is
shown in Fig. 11.8. At the end of this report period, the
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Fig. 11.8. Performance of the packed-bed reactor with

respect to phenol removal for the first 1.5 months of operation.

reactor was being operated with a residence time of
1.12 hr. Phenol was not detcctable in the effluent;
however, since phenol breakthrough had occurred a few
days previously at this same residence tirne, we assumed
that the maximum throughput of the reactor was being
approached.
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Table 11.1. Comparison of ORNL phenol degradation
studies with those made by Bethlehem Steel

Results of studies made by

Parameter

Bethlehem Steel

ORNL

Phenol concentration
Reactor volume

Flow rate of phenol solution
Flow rate of dilution water
Phenol removal rate
Residence time

3500 ppm

1062 gal

61.2 gal/hr

330 gal/hr

4.8 gliter ™ day”
Total flow = 2.7 hr;

2500 ppm

2.25 liters

118 ml/hr

0

4.2 gliter ! day

20 by

1 -1

phenol flow = 17 hr

Effluent concentration

0.4--0.7 mg/liter

~10 mg/fliter

Oxygen requirements for the biological oxidation of
phenolic wastes. In developing a fluidized-bed bio-
reactor for aerobic microorganisms, allowances must be
made for the oxygen requiremernts of the biological
reactions ocecurring in the reactor during routine opera-
tion. Complete biological oxidation of phenol to carbon
dioxide and water is chavacterized by the following
giuation:

CoHs O+ 70, - 6C0O; + 3H,C

Thus the theoretical oxygen requirement is 2.38 mg of
oxygen per oiliigram of pheaol. Fac s feed solution
containing 500 ppm of phenol, the oxygeu requirement
would be 1190 mg of oxygen per liter, which s
equivalent to 4.45 liters of air per liter of solution. In
practice, the actual delivery rate would be signiticantly
in excess of the stoichiometric requirements. This high
air-flow rate is expected to disrupt plug flow charac-
teristics in the reactor, contribuling to a significant loss
in stagewise efficiency. This loss will be studied
experimentally.

Denitrification Tests

Low-level aqueous nitrate waste streams (500 to 5000
ppm of NO;~ after acid recovery) that may contain
small concentrations of alpha emitiers are generated at
ERDA installations where large volumes of nitric acid
are used during the processing of uranium. Various
regulations prevent this waste from being discharged
directly into the environment because nitrate con-
tributes significantly to high rates of eutrophication,
and alpha emitters are undesirable contaminants. We are
interested in the removal of nitrate from such streams
via biological processes. Since there are microorganisims
that can remove nitrate under anaerobic conditions, we
are attempting to utilize controlled bacterial denitrifi-

cation in a bioreactor to eliminate nitrate from. test
solutions.

Two series of tests were performed in the TFBR
described, using about 530 mi (~400 g) of settled coal
per test. The size of the coal used in the first series was
—65 +80 mesh, while that used in the second series was
~200 +375 mesh. The surface areas of the two sizes of
coal are 3.2 m?/g and S$8.6 m?/g respectively. After
fines had been removed from the TFBR by flushing
with water at maximum anticipated operating flow
rates, the feed solution containing nitrate (Table 11.2})
and seed bacteria was introduced into the system.
Methanol was added to supply the necessary carbon for
bacterial growth; however, cheaper sources of carbon
could be substituted. Nitrate served as the terminal
electron acceptor for the bacteria in the anaerobic
reactor environment; its presence in the feed stream
resulted in the evolution of nitrogen gas and a very
small amount of CO, gas by the bacteria. The effluent
was recycled for two to four days, at which time the
bed started to discharge nitrogen gas.

The nitrate ion was assayed successfully with the use
of a nitrate ion specific electrode. One variable not
measured was the amount of bacteria attached to the
coal (reactor biomass); no satisfactory method has been

Table 11.2. Composition of feed solution for the
denitrification bioreactor

Component Concentration Composition

NH4NO; 2.85 gfliter

KH, PO, 0.002 g/liter

MgS0,4*7H,0 0.01 gfliter

Methanol 0.65 ml/liter

Tron solution 0.65 mi/liter 6 g FeCls/liter

Molybdenum 0.001 mi/liter 1 g Nay Mo, *2H, O/liter
solution




found that will measure the total weight or volume of
biomass in the reactor. However, we expected that the
amount of biomass would remain fairly constant once
steady-state operation was achieved. If the layer of
microorganisms on the coal becomes too thick, the
abrasive action of the fluidized bed will remove it. The
loose biomass will wash out of the column under the
appropriate hydraulic conditions.

Test with 65-mesh coal. The fluidized-bed test with
65-mesh coal was operated continuously for 40 days.
The outlet flow rate to the drain was 12 to 90 ml/min
(90 ml/min = residence time of 24 min). An internal
(recycle) flow rate up to 180 ml/min was used to attain
fluidization velocity. The maximurn velocity at the 3-in.
section was 0.0022 fps.

During the test, a few particles that appeared to be
clumps of bacteria were flushed from the column. No
signs of bed material agglomeration were evident during
the testing period.

The nitrate input varied from 4 to 36 g-moles of NO3~
per hour. The nitrate removal varied from 1 to 4
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g-moles of NO3™ per hour; during the major portion of
the test, the removal rate was approximately 2 g-moles
of NO;~ per hour. The off-gas composition was found
to be greater than 99% N, by gas chromatography; the
remainder was probably CO,.

Test with 200-mesh coal. The fluidized-bed test with
200-mesh coal extended over a period of about 38 days.
The fluidization flow rate before bacteria were added to
the columnn was about 23 ml/min or 0.00028 fps; the
calculated fluidization velocity was 0.00034 fps. The
height of the fluidized bed decreased with time,
indicating that the bacteria caused the effective size of
particles to increase. The agglomeration of particles was
confirmed by microscopic examination.

The average use rate was about 3 g-moles of NO3™ per
hour (1 to 5 g-moles/hr). The volumetric gas rates,
when converted to moles of NO3~, agreed well with the
denitrification rates. On the basis of this run. we
conclude that small amounts of the bed should be
withdrawn and cleaned periodically to minirize par-
ticle agglomeration and maintain steady-state operation.



12. Coal Technology Program

12.1 HYDROCARBONIZATION RESEARCH

Hydrocarbonization is an important type of coal
liquefaction process that combines low-temperature,
high-pressure, and fluidized-bed operation using hydro-
gen-rich gas for fluidization. The hydrocarbonization
process can produce liquid fuels, desulfurized char, and
substitute natural gas. The relative yields of these
products can be controlled. The ‘char is suitable for use
without stack-gas treatment in fluidized-bed or travel-
ing-grate boilers. The liquid fuels include naphtha, light
gas oils, and heavy gas oils. Conditions for hydrocarbon-
ization include temperatures up to 1500°F and
pressures up to 150 atm, but optimum conditions may
be significantly milder.

A thorough review and evaluation of existing informa-
tion in the liferature on hydrocarbonization and
carbonization (low hydrogen pressure) processes have

1. L. M. Holmes, H. D. Cochran, Jr., M. S. Edwards, D. S.
Yoy, and P. M. Lantz, Hydrocarbonization Research Phase [
Report: Review and Evaluation of Hydrocarbonization Data,
ORNL-TM-43835 (August 1975).
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been completed, and a summary report’ has been
prepared and submitted for approval by ERDA — Fossil
Energy.

The experimental development effort progressed
significantly in two areas. Lucite raodels of a recirculat-
ing fluidized-bed corcept were tested over a range of
conditions. These results contibuted to the design of a
bench-scale  hydrocarbonization reactor. A high-
temperature experimental system was designed and
built, and operations were started. This system permits
relatively rapid and inexpensive testing of various
comnponents of the bench-scale hydrocarbonizer at
atmospheric pressure.

The bench-scale hydrocarbonizer is in the design
phase. The conceptual design includes the following
objectives: (1) coal feed rate of about 10 Ib/hr, (2)
pressure vessel design for 350 psig and 1250°F, and (3)
gas superticial velocities of up to 2 fps in the reactor.
The 4-in. nominal pipe size reactor shown in Fig. 12.1
was designed to permit demonstration of the recirculat-
ing fluidized-bed concept on the smallest practical
engineering scule,
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Fig. 12.1. Pressurized hydrocarbonizer flowsheet,
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12.2 SEPARATIONS TECHNOLCGY

Exarnination of the overall solids-liquid separation
probiem involves consideration of four basic steps:
pretreatment, solids concentrations, solids separation,
and posttreatmuent. The number of steps required for a
given separation depends on the characteristics of the
stream to be processed and the specifications for the
effluent from the separitions section. Large variations
exist. both in the coal liquefaction process strearus and
in the degree of separation required. Thus the solids-
liquid separation scheme must be tailored to specific
processes. However, a number of conditions are com-
mon to all conversion processes: high pressure. high
temperature, high viscosity, smal} (colloidal) particles,
and liquid phase as the more valuahle product. These
properties were used in choosing separation schemes for
more-detailed study from the many properties available
in the broad field of solids-liquid separations.

The initial experiments, which began Januacy 15,
1975, were limited to pretreatment techniques -
principally agglomeration and solvent extraction.
Studies of methods for concentration (hydroclories)
and solids separation (precoat filtration, centrifugation)
are planned for the coming year.

Solvent Extraction of COED
Unfiitered Raw il

The Char Qil Energy Development (COED) process
has been developed through the pilot-plant stage by the
FMC Corporation. There is a necd for an improved
solids-liquid separation scheme for the COED unfiltered
raw oil (UFQ). The relative abilities of several solvents
to extract solid material from COED UFO are presented
in Table 12.1. Results are listed in decreasing order of
ability to dissolve the oil phase and to reduce the solids
content.

The agglomnerating tendencies of the solids in the
presence of solvents were particularly noted. figure

Table 12.1. Solvent extraction of an unfiltered oil
from the COED process

Heavy phase/UFO

Solvent Rank (weight ratio X 100)
Quinoline 1 3
Tetrahydrofuran 2 4
Pyridine 3 6
Acetone 4 6
Toluene 5 14
Xylene 6 19
Benzenc 7 19
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122 shows solids from UFQ, and Fig. 12.3 shows the
laiter stages of an agglomeration produced by toluene.
Unlike the UFOQ, nearly all particles are associated, and
the area between agglomerates is relatively clear.dn the
initial stages of agglomeration, small “bridges” of
submicron particles covered with an oil solution are
lined up to facilitate the transfer of liquid and particles
from one agglomerate to anothes.

In the two-phase system of unfiltered raw oil-
tetrahydrofuran (UFQ-THF), three categories of parti-
cles tended to collect at the interfuce: those that
remained in the oil-rich phase, those that remained in
the TMF-rich phase, and those that collected at the
interfacc. During dissolution by quinoline, many small
particles tended to agglomerate and float to the top of
the film. The larger particles remained near the bottom
and were well dispersed. Both pyridine and mineral oil
produced less-pronounced agglomeration; however, it
was significant enough to warrant further studies at
other concentrations.

Further tests of the agglomerating tendencies of
solvents in well-mixed dispersions with UFQ showed no
flotation or interface effect. However, the agglomerat-
ing effect in the presence of toluene was still evident.
Benzene and xylene insolubles were agglomerated simi-
larly to the toluene insolubles. The large agglomerates
in the latter cases suggested that solvent extraction
followed by settling or centrifugation might be a viable
separation scheme. Initial settling rate measurements
were promising, buf the economics would depend on
the solvent recovery step and on the degree to which
the inorganic sulfur accumulated in the heavy phase.
Preliminary studies using the clectron microscope indi-
cated that most of the pyritic sulfur was in the heavy
phase.

Particle Size Distribution of
H-Coal Solids

Particle size distributions were determined on a
sample of filtered solids from the H-Coal process of
Hydrocaibon Research, Inc. Cne of the objectives in
the initial particle size determination was to evaluate
available techniques for sizing colloidal particles from
coal liquefaction streams. H-Coal streams have proved
to be among the most difficult to filter; thus they
provided a scvere test. The sizes of the particles, which
were too small to be measiired by either an optical
microscope or a Coulter counter, could be determined
only by using the electron microscope. One-half of the
total number of particles had sizes of less than 0.11 u,
while one-half of the total sample solids volume was
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Fig. 12.2. UFQ trom the COED process. Magnification, 1000X.

composed of particles smaller than 098 . Unfiltered
material from the COED process or from the Solvent
Refined Coal process, developed by Spencer Chemicals,
is not expected to contain as many small particles.
Optical microscope results show a much broader par-
ticle size distribution for the COED material; the sizes
of a significant portion of the particles are above 10 u.

Identification of Pyritic Sulfur in
COED Unfiltered Oil

The size range of particles containing sulfur is
important. Different methods of separation would be

indicated, depending on whether the sulfur was present
principally in the larger particles or in the smaller
particles. It is also important to determine whether the
mineral matter goes to the heavy phase of a solvent
fractionation. A qualitative evaluation using an optical
microscope with polarized light indicated that most of
the pyritic sulfur was associated with the smaller
particles.

Characterization of COED Process Materials

Chemical analyses were made of UFO and filtered oil
from the COED process. Significant observations were
as follows:



0.001
Fig. 12.3. UFO from the COD process with toluene added. Magnification, 1000X.

. The carbon/hydrogen ratio decreased slightly with
filtration, indicating that highly unsaturated hydro-
carbons were removed with the solids.

. Much of the ash (inorganics) was removed by
filtration.

. The amounts of the following elements were
significantly reduced by filtration: aluminum,
boron, calcium, chlorine, potassium, manganese,
sodium, and nickel.

. The amounts of the following elements were signifi-
cantly increased by filtration: iron, magnesium,
silicon, strontium, and vanadiurn.
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12.3 EXPERIMENTAL ENGINEERING SUPPORT
OF AN IN SITU GASIFICATION PROCESS

Experimental engineering support of the Lawrence
Livermore Laboratory (LLL) in-situ gasification project
was initiated by the USAEC Division of Applied
Technology (USAEC-DAT). Early efforts were directed
toward high-temperature  desulfurization of the
gasification  product stream  using molten-salt
techniques. Subsequent ineetings with LLL and
USAEC-DAT  representatives, however, revealed
significant information gaps associated with the
chemical reactions and fluid-flow patterns which will be



encountered underground. Therefore, the work, now
tunded by ERDA - Fossil Energy, has been redirected
to include more urgent studies of pyrolysis of large coal
blocks and pyrolysis in large-diarmeter beds.

The LLL in situ gasification concept requires that
deep, thick coal seams be fractured by using chemical
high explosives. After fracturing, oxygen and steam will
be piped to the top of the seam to feed a {lame front
that will move slowly down through the bed. Within a
narrow band, which includes the flame front, coal will
be combusted and gasified. Ahead of this reaction zone,
coal will be slowly pyrolyzed. Product gases will then
penetrate the fractured coal seam and be recovered
from the bottom.

Most pyrolysis studies have been confined to the
heating of small, finely ground samples of bituminous
coals. Explosive fracturing, however, is likely to pro-
duce large blocks of coal that will not necessarly
behave as powders during pyrolysis. A block pyrolyzer
was constructed for initial experiments that utilize 6-
by G-in. right circular cylinders machined from large
blocks of subbituminous coal and instrumented with
thermocouples. Figure 12.4 is a schematic representa-
tion of the block pyrolyzer.

One objective of early experiments on mstlumented
coal blocks was to determine bulk-heat transfer proper-
ties during pyrolysis. The effects of an adherent ash and
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of the nonisotropic nature of the material will be
examined in later tests.

Experiments in a deep-bed pyrolyzer with a moving
furnace will more closely simulate in situ pyrolysis. A
reactor 8 in. in diameter by 8 {t long will be half-filled
with coarsely ground coal; a porous, ceramic packing
material will be used to fill the remainder of the
reactor. As the furnace moves down the length of the
reactor, nitrogen will be used to sweep gaseous products
into the treatment and analysis unit built for the block
pyrolyzer. Both axial and radial temperature profiles
will be measured. Tars are produced, condensed down-
stream of the furnace, and revaporized; therefore, gas
yields may be higher as a result of tar cracking.
Construction of the reactor was completed in eardy
January 1975, but installation in the laboratory has
been delayed.

Health hazards posed by carcinogenic components of
coal-derived liquids were evalvated, and a formalized
description of both the underlying safety philosophy
and the operational procedures governing the conduct
of work in the Experimental Engineering Section was
prepared. This preliminary document was issued as an
internal memorandum, pending formulation of Labora-
tory-wide safety procedures. Comprehensive area and
personnel monitoring programs are being implemented
in cooperation with the Health Division.
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13. Actinide Oxides, Nitrides, and Carbides

13.1 ESTIMATION OF
THERMODYNAMIC DATA

A method was developed to estimate Gibbs free
energy functions (fef) from 289 to 2000°K for many
types of crystalline compounds. This miethod was
developed because molar heat capacities for many
actinide and lanthanide carbides and nitrides of interest
to nuclear technology have not been measured; thus it
is not possible to calculate the fef values from experi-
mental data. A paper describing the method was
prepared for submission to the Journal of the American
Ceramic Society. The abstract follows;

“fstimatian of Gibbs I'ree  Energy Functions,” by T. B.
Lindemer. Abstract: A computational method has been derived
for the estimation of the molar heat capacity contribution to
the Gibbs frec energy function (fef) from 298 to 2000°K. The
method is based on the obscrved temperaturc invariance of
certain ratios of the integrals of these inolar heat capacity
contiibutions. This method has been applied to the analysis of
fef data for metal carbides, nitrides. fluorides, borides. and
silicides in the crystalline siate. The cstimated fef for a given
compound is more accurate than that obtainable by other
known estimpation technigques and permits a more accurate
calculation of A(}OT than is possible from the commonly uscd
approximation AGS* AlS9s — T ASSos.

13.2 NITRIDE PHASE EQUILIBRIA

Compatibility studies of uranium nitride with chrom-
ium, iron, and nickel indicate that compounds of the
AB, type, such as UFe,, may form according to the
reaction

UNC(s) + 2Fc(s) = UFe, (s) + ¥, N, (g).

These AB, compounds adopt one of three closely
related crystal structures called Laves phases. In general,
Laves phases form the numerically largest group of
intennetallic compounds.

In our compatibility studies, we have been interested
in the possibility of forming Laves-phase compounds
with uranium (A component) and combinations of

chromium with iron or nickel (B component). Chrom-
ium alone does not form intermetallic compounds with
uraninm,! but chromium with iron or nickel could
combine with uranium to form Laves-phase com-
pounds.

We used Pauling’s valence bond theory of metals®*? as
a basis for calculating bond numbers in uranium—transi-
tion metal and transition metal--transition metal Laves-
phase compounds. Relationships given by Pauling
enabled us to determine the d orbital participation in
bond formation of the transition metals. We found that
the inability of chromium alone to form Laves-phase
compounds with uranium is due to the inability of the
chromium d orbitals to take part in bonding to the
extent necessary for compound formation. These calcu-
lations also indicated, however, that chromium would
combine with iron and, possibly, with nickei to form
Laves-phase compounds of the type UM,Cry_,)»,
where M = F¢ or Ni.

Based on these calculations, alloys of uranium, iron,
and chromium were prepared by arc-melting mixtures

1. G. B. Brook, G. [, Williams, and F. M. Smith, J. Inst.
Metals 83,271 (1954).

2. L. Pauling, p. 220 in Theory of Alloy Phases, American
Society for Metals, Cleveland, Ghio, 1956.

3. L. Pauling, The Naiure of the Chemical Bond, 3d ed.,
Cornell University Press, Ithaca, N.Y., 1960.

Table 13.1. Uranium-chromium-iron C15 cubic Laves phases

Alloy composition,
33.3 at. % U plus:

Lattice constant

at. % Cr at. % Tre (3
11.3 55.4 7.0905 £ 0.001
22.2 445 7.1098 + 0.001
33.3 33.3 7.1452 = 0.002
445 22.2 7.1660 = 0.0065
554 11.3 (7.1580 + 0.0091)°

9Cr and Fe lines also present.



of the respective elements and annealing in flowing
argon for 66 hr at 800°C. The compounds thus formed
were brittle in nature and were ground into powder for
examination by x-ray diffraction. The results of the
x-ray analysis are presented in Table 13.1. These results
confirm that compounds of the type U(Fe,Cry ), do
exist and that they have the C15 Laves-phase structure.
The lattice constant increased with additional chrom-
ium up to a value of 7.1660 = 00065 A, The alloy with
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the greatest chromium content (554 at. %) had
chromium or jron peaks present in the x-ray spectrum
in addition to peaks caused by the Laves-phase cora-
pound. The values of the lattice constants are consistent
with our analysis of Laves phases in terms of Pauling’s
metal bonding theory.

A report entitled Laves Phases of Uranium and
Transition Metals was prepared and is being published
as ORNL-TM4915.



14. Studies in Chemical Engineering Science

14.1 MASS TRANSFER RATES IN
OPEN BUBRBRLE COLUMNS

Measurements of imass transfer rates in 1.5- and
3-in.-diam open bubble columns were continued during
this report period.l”3 Results were extended to
include the effects of liquid viscosity as well as the
effects of liquid and gas flow rates on mass transfer
rates of CO, into aqueous solutions. These data, along
with selected previous data,*S were combined to
produce correlations for estimating the effects of gas
velocity, liquid viscosity, and column diameter on
liquid-filin mass transfer coefficients.

The overall volumetric mass transfer coefficient was
correlated with gas velocity and liquid viscosity over
both the “bubbly” and ‘“‘slugging” flow regimes® as
follows:

Kya=00049U0-843 1y, 0519 (1)

where

Kya = volumetric overall mass transfer coefficient,
corrected for axial dispersion and end effects,
-1

sec

Ug = superficial gas velocity, cinfsec,
¢y = liquid viscosity, cP.

1. A. Grauer et al., Axial Mixing in an Open Bubble Column,
Part VII: Mass Transfer Effects, ORNL-MIT-193 (1974).

2. S. G. Dawson et al.,, The Effects of Viscosity on Mass
Transfer in an Open Bubble Coluini, ORNL-MIT-199 (1974).

3. S. A. Reber et al., The Effects of Liquid Flow Rate and
Viscosity on Mass Transfer in Opeit Bubble Columns, ORNL-
MIT-201 (1974).

4. ]. J. Toman et al., Axial Mixing in an Open Bubble
Column, Part VI Mass Transfer Effects, ORNL-MIT-175
(1973).

5. A. 8. Y. Ho et al.,, Axial Mixing in an Open Bubble
Columu, Part VII: Mass Transfer Effects, ORNL-MIT-183
(1974).

6. Chem. Technol. Div. Annu. Progr. Rep. Mar. 31, 1974,
ORNL-4964, pp. 55-57.
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The mass transfer coefficient was also correlated using
dimensionless groups as follows:

Ngp =1.11X 1071 - NR-B49 - N3.80 . NG 15 (2)

where
Ngy, = modified Sherwood number = (K;a)D.2 /D, ,,
Nge = Reynolds number =D . Ugpr /ug
Ng. = Schmidt number = py /o7 Dy 2,
Ng, = Suratman number = D py, o7 /uz?,
D, = column diameter,
D, = diffusivity,
oy, = liquid density,
oy, =interfacial tension.

However, these groups include other properties, such
as liquid density and interfacial tension, that were not
significantly varied in this study. The dimensionless
correlation is recommended for estimating mass transfer
rates for liquid-film-conirolled systems other than the
carbon dioxide—aqueous glycerol system, but caution
should be wused when extrapolating to physical
properties widely different from those used in this
study.

14.2 PERMEATION-OXIDATION STUDIES

The escape of tritium from fusion power reactors by
permeation through external piping or heat exchange
surfaces can result in unacceptable tritium release rates
to the environment or severely affect process
requirements for tritium blanket recovery systems. A
secondary containment system will be more effective if
the trittum is oxidized to a nonpermeating and
recoverable form, T,0. Oxidation has also been
proposed as the principal process for recovering the
bulk of the tritium produced in a controlled
thermonuclear reactor blanket. Tritiurn would be
allowed to permeate from the blanket into a helium



ccolant and would then be continuously oxidized to
nonpemmeable T, 0 and recovered on molecular sieves.
Hence an efficient oxidation technique could be used
both for containment of tritium permeating external
piping and for recovery of tritium from a blanket
system. The - effectiveness of the oxidation step is
crucial to either application.

The phenomenon to be investigated in this study is
the oxidation of tritium as it permeates through the
frst containment or heat exchange surface. An
important consideration is the chemical form of the
tritium as it leaves the permeated surface. Low
concentrations of oxygen are likely to be present in
cither the helium coolant or  reactor containment
atmosphere (and higher concentrations of oxygen could
be added). Atomic tritium, permeating a metal bander,
should react rapidly with oxygen in the gas phase.
However, the effectiveness of certain metals (i.e., those
being considered for fusion reactor piping and heat
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exchangers) for catalyzing the oxidation reaction is
unknown.

A schematic equipment diagram of the apparatus used
to examine hydrogen isotope permeation-oxidation
phenomena is shown in Fig. 14.1. Basically, the system
consists of a type 304 stainless steel permeation tube
surrounded by a 1% -in.-diam tubular vacuum chamber
and fumace, a VacSorb roughing pump, a 20-iter/sec
Vaclon pump, and a variable leak valve. A UT] model
100 C Precision mass analyzer and two nude ion gages
{millitorr and ultrahigh vacuum) are attached to the
1%-in.-diam vacuum chamber. The Y -in.-diam
permeation tube has a 32-mil wall thickness and a
heated length of approximately 12 in. The tube can be
easily replaced to permit testing of other materials.
Prior to assembly, the surface of the permeation tube
was cleaned by electropolishing.

Six runs were made in the perraeation-oxidation
system; in each man, 99.75 vol % deuterium was fed to
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Fig, 14.1, Schematic equipment diagram for permeation-oxidation studies.



the inside of the stainless steel permeation tube at a
pressure of 2.0 psig. The temperature of the permeation
tube was maintained at 300, 350, or 400°C. Partial-
pressure data were measured for residual gases until the
system approached steady-state conditions (up to two
weeks for each system perturbation). The objectives of
the first four runs were to test the system for leaks and
to determine the concentration of residual gases in the
original vacuum chamber as a function of temperature
before oxygen was added to the system. In run 5, which
was made at 300°C, the variable leak valve was opened
two and one-half turns to permit the inleakage of 99.5
vol % oxygen. Within 24 hr the electron multiplier
current from the analyzer was fluctuating for all mass
numbers. Therefore, with oxygen partial pressure this
high (or higher), the existing tungsten filaments in the
analyzer probe must be replaced with thoriated-iridium
filaments. In run 6 the temperature was maintained at
300°C. and the variable leak valve was closed to shut
off the supply of oxygen. Within 24 hr the electron
multiplier current was restabilized. After oxygen had
been adwitted to the vacuum chamber. the partial
pressure of deuterium decreased by a factor of 30.
Apparently, the permeation rate through the tube was
reduced because of the oxide film produced on the type
304 stainless steel surface during run 5.

Deuterium permeation data will be obtained at
400°C. and possibly 500°C, using the existing oxidized
stainless steel surface with little or no further addition
of oxygen. Then an orifice will be installed between the
vacuum chamber and the ion pump—mass spectrometer
probe to permit a relatively high oxygen concentration
in the test chamber while still limiting the flow of
oxygen to the ion pump and mass spectrometer probe.
Oxygen partial pressures as high as 0.001 torr in the
volume surrounding the permeation tube are desired. In
the immediate future, permeation-oxidation studies will
be made with an existing palladium tube and perhaps
with nickel or a nickel alloy.

14.3 FLOODING STUDIES IN COLUMNS
FILLED WITH GOCDLOE PACKING

The Krypton Absorption in Liquid CO, (KALC)
development facility uses Goodloe packing”'® in a
3-in.-diam column, but ecarlier tests indicated that the
capacity (flooding rate) of this column was significantly
less than that predicted by the packing manufacturer.®
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Therefore, an experimental study was made of flooding
rates with Goodloe packing in an air-water system to
assist in evaluating this material for use in KALC or
other gas-liquid sorption processes.

Figure 14.2 presents flooding curves in the form
suggested by the manufacturer. The air flow at which
flooding occurs, Gy ay, is plotted against the ratio of
water flow rate to maximum air flow rate, L/G4,«.
The upper curve represents data collected for a similar
sysiem at the ORGDP.'® The three lower curves
represent experimental data obtained in our study. The
first results we obtained, which are shown on the
bottom curve, were considerably lower than those
predicted by the Goodloe correlation. This implied that
there was a constriction in the column; therefore, the
entire column was inverted 180° and retested. The
experimental data from the inverted column were
higher and, for L/Gp, ., ratios greater than 10, agreed
well with the correlation; however, at lower L/Gpay
ratios. the experimental curve dropped below the
correlation.

The column was then completely repacked with new
Goodloe packing. In replacing the column, extra care
was exercised to ensure that axial compression of the
packing was minimized, in accordance with the manu-
facturer’s instructions. The results from this new
packing were essentially the same as those obtained for
the inverted column.

These results indicate that the flooding behavior of
Goodlee packing can be difficult to predict, and that
considerable care should be taken in preparing the
column. In designing systems with this type of packing,
we recommend that the “new packing” flooding curve
of Fig. 14.2 be used. At low values of L{G 4, this
curve is lower and more conservative than the manufac-
turer’s curve. Since it is unlikely that exact packing
properties can be reproduced, a further allowance for
30% scatter from the most probable curve is rec-
ommended.

7. “Goodloe Column Packing,” Bulletin No. G-702, Packed
Column Co., Edison, N.J.

8. C. D. Scott et al., Experimental Engineering Semiannu.
Progr. Rep. Mar, 1, 1974, to Aug. 31, 1974, ORNL-TM-4777
(July 1975).

9. “Packed Column Information Bulletin,” Packed Column
Co., Edison, N.I.

10. M. J. Stephenson, ORGDP, personal communication,
1974.
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Fig. 14.2. Comparison of experimental data and manufacturer’s flooding correlation.

14.4 SALT-METAL CONTACTOR DEVELOPMENT:
EXPERIMENTS WITH A MECHANICALLY
AGITATED NONDISPERSING CONTACTOR
USING WATER AND MERCURY

Mass transfer rates between water and mercury were
measured in a mechanically agitated contactor using the
reaction

Pb* [H, 0] + Zn{He) - Zn*" [H, 0] + Ph[Hg],

whichwas assumed to be instantaneous, irreversible, and
occurring entirely at the water-mercury interface.

Data from a sedies of five experiments performed in
the water-mercury contactor were reanalyzed in an
attempt fo determine whether an apparent change in
mass transfer coefficient during the operation of a run
was due to a change in the controlling resistance tomass
transfer from one phase to the other. Several inconsist-
encies were found between the model and the experi-
mental data.

Iiuns were made in the water-mercury contactor at an
elevated temperature (~40°C) to test the validity of the

assumption that the interfacial reaction is instanta-
neous. Results from these tests were inconclusive.

An investigation was initiated to determine whether
polarography is a viable alternative method for measur-
ing mass transfer rates in a stirred-interface contactor
using mercury and an aqueous electrolyte solution.
Although several electrolyte solutions were investigated,
none was found to be entirely inert to mercury.
Information in the literature'! suggested that an
Fe?"-Fe redox couple (using iron complexed with
oxalate ions) may be suitable as an electrolyte for our
application. Further tests will be performed to de-
termine whether the iron oxalate electrolyte will
produce suitable polarograms.

14.5 PREPARATION OF
SMALL-PARTICLE SORBENTS

Numerous industrial processes involve interaction and
mass transfer between solid particles in fixed beds and

11. 1. M. Kolthoff and J. J. Lingane, Polarography, 1st ed.,
Interscience, New York, 1946.



gas or liquid streains. Generally, the limiting factor on
the efficiency or effectiveness of the process is the
resistance to mass transfer, both between the stationary
and mobile phases and within the stationary or solid
phases. These resistances can be reduced by decreasing
the size of the particles in the fixed beds. However,
smaller particles require a higher pressure to force the
fluid through the bed. The pressure losses for particles
of a given size can be minimized by using uniformly
sized spheres as the bed material.

Sol-gel processes for preparing uniformly sized metal
oxide spheres in the range of several hundred microns in
diameter have been developed and successfully demon-
strated at ORNL.12:13 The goal of this research is to
extend the capability of these processes to particle sizes
less than 10 .

Nozzle design. Although there is apparently no
inherent lower limit to the diameter of spheres that can
be formed by the sol-gel processes, several considera-
tions impose practical lower limits on such diameters.
The most constraining ones are: (1) nozzle fabrication,
(2) sphere production rate, and (3) nozzle plugging.
Discussions with both glasshlowers and metallurgists
indicated that the practical lower limit for the inside
diameter of the nozzle is approximately 10 to 15 pu.
Glass nozzles approximately 20 p in diameter and
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stainless steel nozzles about 25 u in diameter were
fabricated and tested. The results indicate that nozzles
of this size present insurmountable difficulties (i.e.,
plugging). The sphere-forming process that produces the
most uniformly sized drops involves the use of a
two-fluid nozzle with laminar flow and an imposed
vibration in the drive fluid."* For 10-u-diam drops, the
maximum production rate using this technique is about
5,000,000 drops per minute, or about 0.003 cm® /min.
Thus. for a satisfactory total production rate, some
multiple-nozzle arrangement is necessary. Two designs
were fabricated and tested, but equal flow through each
nozzle could not be attained. The difficulties en-
countered indicated that sufficient throughput and
small, uniform product cannot be obtained by using the
two-fluid nozzle and laminar flow.

12. S. D. Clinton, P. A. Haas, and L. J. Hirth, “Process for
Preparing Oxide Gel Microspheres from Sols,” 1J.S. Patent
3,290,122 (July 28, 1964).

13. P. A. Haas and S. D. Clinton, “Preparation of Thorium
and Mixed Oxide Microspheres,” Ind. Eng. Chem., Product Res.
Develop. 5(3), 236--44 (1966).

14. P. A. Haas and W. J. Lackey, Improved Size Uniformity
of Sol-Gel Spheres by Imposing a Vibration on the Sol in
Dispersion Nozzles, ORNL-TM-4094 (May 1973).
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Earlier research showed that sol drops with mean
diameters as small as 20 g can be formed by using
two-fluid nozzles in conjunction with turbulent flow."*
The data were correlated by the following equation:

(D /ID) = 1630 (G/F)°-! Re™ 15 |

where
Dy = sol droplet diameter,
ID = inside diameter of drive-fluid nozzle,
G = flow rate of drive fluid,
F = flow rate of sol,
Re = Reynolds number of the drive fluid.

Figure 14.3 shows a plot of this correlation with
Reynolds number as a parameter., The correlation
predicts that drops smailer than 10 y can be obtained
with Reynolds numbers greater than 7500 in a
1.5-nm-D flow channel. Consequently, we fabricated
and tested two two-fluid nozzles, one with concentric
entry of the fluids and the other with sol entering
perpendicular to the drive tluid. The nozzle with the
right-angle entry performed best, and the results frtom
this device are described below.

Results. Spheres of erbium oxide gel 2 to 20 p in
diameter were formed using isoamyl alcohol as the drive
fluid in the right-angle two-fluid nozele. Although the
uniformity of size of the collected drops was not as
gnod as desired, microscopic observation indicated that

uniform drops were formed when a vibration of about 1
kHz was imposed on the drive fluid above the nozzle.

The effectiveness of sol-gel-prepared metal oxides as
column packing material for use in adsorption chroma-
tography was investigated. The erbium oxide spheres
were used as column packing for sorption chromatogra-
phy in the characterization of coal-derived liquids.
Approximately 30 chromatographic peaks were ob-
tained using a temperature gradient during elution.

Future plans. Two approaches will be followed to
achieve the objectives of this research: (1) thie eifects of
vibrations on the uniformity of spheres formed by using
turbulent two-fluid nozzles will be established; and {2)
the method described by Flack and McClanahan,'®
whereby the sol feed stream is subjected to ultrasonic
(20-kHz) vibrations, will be investigated.

14.6 ADIABATIC COMBUSTION
OF GRAPHITE

Equipment is being fabricated to deterrmine the
feasibility of using recycled, cooled flue gas for con-
trolling the temperature of a graphite bumer. This
facility, shown schematically in Fig. 14.4, will burn

15. P. A. Haas, “Preparation of Sol-Gel Spheres Smaller than
200 Microns Without Fluidization,” Nucl. Technol. 10, 283--92
(1971).

16. H. P. Flack and H. H. McClanahan,
Process,” U.8. Patent 3 463,842 (Aug. 26, 1969).
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solid graphite rods [ to 1'% in. in diameter and 24 in.
long. The burner will be adiabatic; all heat will be
removed by the flowing gases. The oxygen inlet rate
will be fixed, whereas the recycle rate will be varied by
an automatic control system to maintain a preset exit
temperature for the flue gas. The flue gas will be
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cooled, pressurized, and recycled to the burner en-
trance. The graphite temperature will be measured at
several locations, and the off-gas will be continuously
analyzed for O,, CO, and CO,. A computer program,
which was written to simulate the system, will analyze
results as they become available.



i5. Controlled Thermonuclear Program

The controlled thermonuclear reactor (CTR) studies
in the Chemical Technology Division are concerned
with tritium and deutedurm handling, processing, and
contairument. Fusion reactors will be requited to recycle
and purity large quantities of tritium and deuterium
unburned in the plasma and to recover, for future use,
tritium bred in the blanket systemn. These operations
nast be performed with minimal release of tritium into
the cuviroument undet either normal or emergency
operating conditions. Thie relatively new program for
support of CTR development is concerned with process
problems of future fusion power reactors as well as
problems of near-term expernimental and demonstration
devices that will be required during the next few
decades. In many cases, the handling and processing
techniques needed for Husion experiments are the same
as those to be used in teactor syst
however, simpler techniques can be used in experi-
mental systems. Often the differences associated with
the scale of nceded systems are such thal practical
experimental equipment can be designed with more
confidence than can equipment for fuil-scale power
systems.

At present, recovery of tritium from the blanket
system appears to be the most difficult processing
operation. The maximum permeated concentration of
tritinm in the blanket is very low and is set either by
limits on environmeatal release rates or by economic
limits imposed by ftritium inventory costs. The un-
burned plasma recycle system will be required within
the next decade. Although it is less difficult than the
blanket recovery system, imany of the plasma recycle
processing steps must be investigated immediately.

The scope of the Chemical Technology Division CTR
effort includes conceptual evaluation of tritium systems
for fusion power reactors and near-term test reactors, as
well as experimental studies of tritium bhandling tech-
niques. The conceptual studies are especially useful for
identifying the most urgent needs of the CTR program
and directing the experimental efforts into the most
profitable studies. The program also benefits consider-

18, sumetimes,
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ably by interaction with related programs within the
Thermonuclear, the Chemistry, and the Metals and
Ceramics Divisions, significant cooperative efforts have
been made with each of these divisions during the past
year. Funding for the studies comes from the Division
of Controlled Thermonuclear Research (DCTR) and the
Division of Physical Research (DPR). Conceptual evalu-
ations and more strictly applied studies are funded by
DCTR, while the more fundamental work is supported
by DPR. A related study is also discussed in Sect. 14.2.

15.1 SCOPING STUDIES OF A TRITIUM
HANDLING SYSTEM FOR AN EXPERIMENTAL
FUSION POWER REACTOR

ORNL has initiated scoping studies for an experi-
mental fusion power reactor (EPR) which is expected
to begin operation in 1985, These studies are being
made to better define the purpose and size of the EPR,
the experiments needed, and the yelationships between
the EPR, the test reactor to be built at Princeton by
1980, and the demonstration reactor tentatively sched-
uled for operation by 1995.

Tritinm Process Requirements

The first step in scoping the tritium systems for an
EPR is to estimate the rates of consumption and
throughput. Assuming 20 MeV/fusion, the consumption
rate is 0.135 g of tritium (or 1300 Ci of tritium per
MWd). If the EPR operates at an average thermal power
of 150 MW and 1% burn rate, the tritium consumption
rate will be about 20 g/day (200,000 Ci/day), and the
throughput will be roughly 2 kg/day (20 mCi/day).

An obvious question is whether the projected con-
sumption of tritium in the EPR can be supplied from
the then-existing ERDA production channels or
whether the' EPR will be required to breed its own
tritium supply. Unclassified information now indicates
that tritium for two years of operation could be
provided to the DCTR program from normal ERDA



production channels, assuming that ample notification
is given and barring unforeseen higher-priority
demands.! Therefore, tritium breeding in the EPR is
not expected to be an essential part of the plant
operation, and preliminary conceptunal designs should
not be constrained to provide breeding capability.
1t will, however, be desirable to carry out breeding and
recovery experiments in one or more of the several
replaceable blanket modules.

One purpose of tritium production experinients in the
EPR would be to provide verification in integral
experiments of calculational procedures and funda-
mental neutronic data used to predict breeding in
fusion reactors. Another puipose would be to demon-
strate tritium confinement and recovery techniques by
the small-scale operation of a system with future
applicability. Choices for the experimental modules
need not be made until several years after the design is
selected for the basic EPR machine, and thc EPR
conceptual design should include a strong emphasis on
the primary tritium system.

Process Requirements for Primary Tritium System

The high throughput rate of tritium in the EPR makes
recycling within the plant a practical necessity. Assum-
ing that the burn rate is 1% of the throughput rate and
that process losses® should be less than 10% of the burn
rate, the recovery fraction must be at least 99.9%.
Logistics, cconomics, and safety considerations dictate
that the inventory in the process system be as low as is
practical. If cryosorption pumps are used, they would
have to be regenerated frequently, perhiaps daily, and
would contain about one day’s throughput of tritium (2
kg). Assuming that the inventory in the other process
equipment was approximately 2 kg, the total process
inventory would be about 4 kg.

The principal tritium handling equipment for the EPR
will be vacuum system components. The systems for
the EPR could be similar to the cryosorption systems in
the ORMAK F/BX conceptual design. Before firm
decisions are made on the EPR, however, other storage

1. Under USAEC policy, charges to the DCTR program
would have been essentially shipping and handling costs; current
ERDA policy is presumably the same. Since EPR operation is
more than ten years in the future, this policy could change,
especially if research and pioduction functions in differing
agencies are relocated.

2. Process losses must occur predominantly via discard or
waste material rather than by leakaze to the secondary
containment.

systems {e.g., regenerable getters) and process systems
(e.g., mercury diffusion pumps) will be examined.
Pumping speed and hydrogen isotope storage require-
ments will affect these considerations. A 1% burn rate
and the daily regeneration of vacuum puimps imply a
storage capacity on the vacuum pumps of 10,000 liters
of hydrogen isotopes. Typical cryosorption pumps
associated with this storage capacity would have a total
pumping speed of 10,000,000 liters/sec. If this speed is
much greater than the EPR Tokamak operation re-
quires, then either special cryosorption pump designs
(containing more sieve per unit volume) or lower-speed
mercury diffusion pumps will be considered. If cryo-
sorption pumps are used, rapid low-temperature regen-
eration will be necessary; experiments are under way at
ORNL to confirm this point and to evaluate proposed
regencration procedures. Removal of helium from
uranium beds will have to be accomplished efficiently
in the EPR to avoid loss of tritium to the helium vent.
The required percent recovery will be considerably
higher in the EPR than in the ORMAK F/BX. Laiger
quantities of gas could, on the oiher hand, make a few
operations simpler in the £PR. Removal of tritium and
denterium from uranium beds may be possible at higher
pressures, perhaps at pressures sufficiently high to
permit recycling directly to the feed system.

[sotope separation capability will definitely be re-
quired at the EPR site. However, the throughput and
separation needed cannot be specified at present be-
cause they depend largely upon the still-undefined
characteristics of the systems for injection heating and
fueling of the plasma. The technology of hydrogen
isotope separation is well established, and only a limited
amount of development appcears to be required for the
EPR.

Considerations of other details in tritium handling
equipment design will be studied as decisions are made
and as information is generated in other parts of the
EPR design effort. Items of particular interest to the
tritium system design are as follows:

l. primary and secondary vacuum pumping speed
requirements,

. pulse schedule,
. feed methods (gas fill, injector, and solid fuel),

. number of feed points,

VoA W

injector capacities and efficiencies,

=

injection ion composition (D-T mixtures or separate
injeciions),

7. purity requirements for feed and injected material.



152 PREPARATION FOR TESTS
OF CRYOSORPTION PUMPING
FOR FUSION REACTORS

Cryosorption pumping appears to be the most promis-
ing method for achieving the low operating pressures
required by fusion reactors and for efficiently recover-
ing tritiwn and deuterium. After each heating cycle,
Tokamaks require large pumps for evacuation of the
plasiua finer so that unburned hydrogen isotopes may
be recovered and recycled,

The cryosorptinn pumping technique utilizes the
condensation of gases on molecular sieves that have
been cooled to fiquid-helium temperatures {4.5°K).
Because such pumps need no lubricants or cperating
fluids within the vacuumn chamber, they are clean,
vibration free, and unaffected by magpetic fields. The
ohjectives of this program will be to investigate the
operating charactedstics of such devices. Investigations
will determine pumping speeds and capacities of se-
lected gases at specified pressures and desorptive regen-
eration requirements. Pumped gases are expected to
include the isotopes of hydrogen and hydrogen-helium
mixtures.

Basically, the pumping system jucludes a cryosorption
pump, a G-in-diam vacuum chamber, millitorr and
ultrahigh-vacuum gages, a roughing pump, and a 20-
liter/sec noble<don pumnp. A mass analyzer probe and
constantJeak valve are also attached to the vacuuwn
chammber,

Pumping tests will be preceded by a bakeout period
during which the oulgassed materials are removed by
the roughing system. The cryosorption purap will then
be cooled to liguid-heliura temperatures, and subse-
quent experiments will involve the injection of hydro-
gen into the vacuwm chamber at a measured rate to
determine pumping speeds. Since this type of pump has
a finite capacity, the effects of loading will be observed
along with desorptive regeneration characteristics of the
cryogenic molecular sieve bed. A residual-gas analyser
will be used for perivdic testing of the composition of
the gas within the vacuum chamber.

15.3 TRITIUM SORPTION STUDIES

The sorption of tritium from the potassium coolant
or the lithium blanket by using hydrogen-gettering

metal sorbents appears to be a promising method for
recovering tdtinm bred in fusion reactor blankets. A
study of tritium sorption is continuing with experi-
ments that involve batch contacting of tritiated liguid
potassium and potential metal sorbents. The metals
tested to date have been yttrium, zirconium, uraniun,
and titanium. As reported previously, none of the
ruetals sorbed any detectable quantities of tritium from
molten potassium dudug contact tirmes of up to four
days. An impenetrable oxide barrier apparently formns
ont the surface of the metal and closes the interior to
hydrogen permeation. Coating: different zirconium sor-
bents with nickel, vanadium, and iron did not improve
the transport of tritium.

The batch cootact of possible sorbeat materials with
titiated potassivm will continue; hiowever, preparations
are also being made to test the effectiveness of potential
sorbent materials in iritiated lithium. The relative
ineffectiveness of some materials as sorbents or sorbent
coatings may improve in Jithium, where surface oxides
can be more effectively reduced.

154 TRITIUM SORPTION IN LITHIUM-ALUMINUM
AND LITHIUM-BISMUTH ALLOYS

Lithium-aluminum  alloys were proposed for low-
tritium-inventory CTR blankets, and lithium-bismuth
alloys have been suggested as solvents Yor extracting tri-
tium from molten-salt blankets. However, insufficient
information was available to evaluate the usefulness of
either system. An experimental effort was made to ob-
tain sorme of the necessary data relative to tritium uptake
throughout the temperature and pressure range of
interest. Neither system showed significant tritium
uptake, which made accurate measurements difficult.
The results, however, were sufficiently reliable to
demounstrate that Li-Bi alloys will not be useful as
tritiurm extractants. Although bulk tritium sorption in
Li-Al alloys was desirably low, several observations were
made that indicate that additional data will be required
before Li-Al is used in CTR blankets. Tdtium uptake
was highest in samples with large surface areas, and
partial dissolution of bulk samples showed higher
tritium concentrations uear the surfaces. These results
can indicate significant surface sorption and/or low
bulk diffusion rates. Bither could affect the application
of Li-Al in CTR blankets.



16. lodine Studies

16.1 10DINE SORFTiION ON CHARCOAL
IGNITION AND DESORPTION

Nuclear reactor installations use large quantities of
especially impregnated charcoal for cleanup of radio-
active iodine during normal operation. A remote pos-
sibility exists that charcoal adsorbers would be required
to retain larger quantities of radioactive iodine than
normally adsorbed if certain postulated accidents oc-
curred for some reactors. Qur experiniental program is
being conducted 1o determine the effects that such
loading {(as simulated in the laboratory) would have on
the retention of iodine and whether the resulting decay
heat would ultimately lead to ignition of the charcoal.

Our experimental method is to load highly radioactive
1301, on a well-insulated charcoal bed 1 in. in diameter
and 2 in. decp. Air is flowed at 33 fpm and 70°C to
provide adequate cooling for 2 to 6 hr, while sequen-
tially operated collection traps measure radioactive
iodine desorbed from the end of the bed. The air
coolant velocity is then reduced to 3.8 fpm (25°C
reference) for 3 hr and further reduced to 0.7 fpm
(25°C) unless ignition has already occurred.

Previous experiments with nearly dry air showed that
the heat from decaying iodine can result in ignition of
charcoal and that the amount of iodine desorbed before
ignition is usually insignificant. Details of these experi-
ments have been reported.’

Our test parameters were extended to include higher-
moisture-content air as well as charcoal that has been in
service and accumulated quantities of adsorbed atmos-
pheric contlaninants. The principal results of the recent
experiments are sumimarized in Table 16.1.

The attainment of ignition in our experiments
depends upon the simple heat balance of heat input
(radioactive deccay plus oxidation of charcoal and

1. R. A. Lorenzo, W. J. Martin, and 1. Nagao, “The Behavior
of Highly Radioactive Todine on Charcoal,” Proceedings of the
13th AEC Air Cleaning Conference Held in Suzn Francisco,
August 1115, 1974.
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organic constituents) vs heat ontput (air flow and
conduction losses). In our apparatus, ignition occurs
when the heat input is approximately 15 cal min ™' (g
charcoal) ™. Since the decay heat in recent experiments
is only 1 cal min™" (g charcoal) ™!, the importance of
oxidation heat is apparent. The presence of moisture
reduces slightly the oxidation rate. partly by diluting
the oxygen in the air. The experiments with MSA-
85851 charcoal show a large reduction in oxidation
heat release with moist air, but much of the reduction
should probably be attributed to the burnoff of active
sites in the charcoal during the longer time required to
raise the charcoal bed to the ignition temperature with
the lower radioactivity level used in run 8. In contrast
to the experiments conducted at 3.8-fpm air velocity,
the maximum temperature during each of the experi-
ments that ignited at 0.7-fpm velocity reached a
maximum followed by a slow decrease. The calcuiated
oxidation heat release rate decreased during this period,
indicating a burnoff of active sites or a combustion
poisoning effect. The CHART computer program as
modified to include oxidation heat was shown to
correctly calculate charcoal bed temperatures.!

The rate of oxidation heat release varied widely
among the charcoals. with the impregnants causing
much of the difference. The relatively high potassium
content of MSA-85851 and of GX-176 tends to
promote oxidation; triethylenediamine (I'EDA) in GX-
176 oxidizes at temperatures above 150°C. Run 10
used Witco grade 42 charcoal which was removed from
the HFIR air cleaning system after four years of service
and which contained approximately 130 mg of ad-
sorbed atmospheric contaminants per gram of charcoal.
Apparently this material oxidized readily, raising the
charcoal bed temperature sufficiently to cause ignition
of the base charcoal. Unused charcoal from the same
purchase lot did not release measurable oxidation heat
in tun 9, and the temperature reached a plateau of
186°C.

The movement of radioactive iodine within the test
beds was monitored by an ion chamber with a
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Table 16.1. Summary of recent expeximents with highly radioactive 1304 adsorbed on charcosl
MSA 858519 Witco Grade 42¢ X767
Run 4 Run 8 Run 6 Run9 ( frfr;“;{ll% R) Run 7
1301 (0 1130-970 465240 650450 $35--270 485260 810-590
Lowest air velocity, fpm at 25°C 38 0.7 0.7 0.7 0.7 38
Ignition ternperature, °C 300 Not measured 368 Not reached 283 292
Maximum temperature at lowest 575 387 431 186 473 530
velocity, °C
Water vapor partial pressure, torr 4 100 3 25 i1 4
Oxidation heat release rate,”
cal min"! (g charcoal) ™!
At 200°C 0.36 0.1 ~(.02 Not measured 8 1.2
At 300°C 15 5 1.3 Not measured 40 18
Adsorption coafﬁcient,c
£ 1 (g charcoal) ™! atm 1,71
AL 100°C 40X 19° 1.1 % 10° 1.0 x 10° 1.0 X 10° 0.33 x 10° 1.0 % 10°
At 200°C 2.3 x 10° 2.5 % 10° 1.5 x 107 12 % 10° 0.4 x 10° 15 % i0?
fraction desorbed, ppm
Flemental fodine ~2 1.6 ~10,000 0.3 1600 34
Particulate iodine 17 1.2 15 0.5 2.5 16.2
Penetrating indine =34 658 >6.4 63 94 + 12807 »5.6
Total 22 71 ~10,000 64 2950 >19

IMSA-85851 is a coconut-base charcoal impregnated with approximately 4% (K1 + I,). Witco Grade 42 is-a petroloum-base charcoal
impregnated with approximately 4% KI. GX-176 is a coconut-base charcoal impregnated with 1% KI, 1% triethylenediamine (YEDA), and a

propiictary flame retardant.

®0Omne curie of 301 produces 4 maximura beta radiation inteasity of ~5 X 105 rads/hr in the first Y-in. bed segment and an essentially
uniform gamma radiation intensity of 1.3 X 10% rads/hr. The halt-tife of '3%1is 12.3 hr.
“The heat release rate and adsorption coefficient show a log rate (coefficient) vs 1/ CK) correlation. Some of the listed values are

extrapolated beyond the range of experimental data for comparison.

drhe 94-ppm 1elease was a highly penetrating form of iodine, The 1280-ppm release was a moderately penetrating form similar to' CHa! in

adsorption behavior.

collimator that scanned the depth of the bed in %-in.
increments. From the observed movement within the
bed, we calculated the iodine partial pressure and the
corresponding linear adsorpiion coefficient as shown in
Table 16.1. The observed differences among charcoals
were small; the greatest difference was between runs 9
and 10, which illusirated the deleterious effect of
extended service life.

Of great interest in this program is the release of
radioactive iodine from the end of the test bed (Table
16.1). The large releases of elemental iodine occurred
when beds were operated at high temperature for long
periods of time. The amount of particulate iodine
released was small, even during ignition. The amount of
penetrating iodine (chemical forms such as CHsI that
are not as easily adsorbed as 1,) was small in the
low-moisture runs. With a higher moisture content in
uns 8§ and 9, we discovered that the iodine released
during these runs was very poorly adsorbed and was
released continuously at a fractional rate of approxi-
mately 7 X 107% hr™'. This highly penetrating iodine
was not detected during the low-moisture runs because
of shorter operating times, smaller collection traps, and

concealment by 132" Xe, an '3 1 daughter that accum-

ulates in the recirculating system. Reexamination of
available data from these runs indicates that highly
penetrating iodine was present but to a lesser extent.
During run 10, which was made with the charcoal from
the HEIR, the release rate of highly penetrating iodine
was practically the sume; however, a much larger
amount of CH;I-like material was released at a continu-
ous fractional rate of 90 X 107 hr 1,

Attempts to identify the chemical forms of the highly
penetrating iodine have not yet been successful, but
various significant characteristics have been observed.
The partition coefficient in water (condensate)} at 0°C is
=10 gl em™ of water/g I cmn ™ of air, and the material
did not cold-trap from air at dry-ice temperature or
from helium at liquid-nitrogen temperature. A silver-
exchanged type 13X molecular sieve coilects the mate-
sial much more efficiently than any of the common
types of Ki, Kly, and TEDA-impregnated charcoals.
The high-temperature collection on a silver-exchanged
molecular sieve shows promise for efficient collection,
especially when preceded by an oxidizing catalyst.
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16.2 REACTION OF ORGANIC IODIDES
WITH HYPERAZECTROPIC NITRIC ACID

The purpose of this study is to determine the ultimate
fate of organic materials in nitric acid systems. Com-
plete recycling of all processing sireams involves the
possibility of recycling traces of organics that can canse
subsequent difficulties in separating fission products,
particularly radioiodine. The sindy is oriented toward
the planned LMEBR processing scheme. which includes
the removal of iodine by 20 M HNQO; (lodox proc-
ess). 273

The effects of solvent and diluent degradation on
solvent extraction systems have been widely investi-
gated.® The deleterious effect of traces of organics on
iodine separation has been less widely studied, but is
well authenticated.”®

We studied the reaction of hyperazeotropic nitric acid
with shori-chain aliphatic iodides, nitrates, and acids;
these were added to nitric acid, saturated with iodic
acid, and refluxed with air sparging to remove volatile
products. The off-gas was passed through cold traps and
a gas analysis train. Contents of the traps and the
reaction vessel were analyzed for organic materials by
gas-liquid chromatography and for total carbon. The
analyses allowed us to identify compounds and to close
the material balance for carbon.

Strong nitric acid converts aliphatic iodides to the
corresponding nitrates.” With methyl iodide in 20 M
HNO3, the conversion was 100% within the limits of
analytical accuracy. Only traces of CO, and CO were
found. Except for the acids, longer-chain aliphatic
compounds suffered considerable attack. Ethyl nitrate
was converted into CO, to the extent of 70 to 80%,
with acetic acid accounting for most of the remainder;

n-butyl nitrate was converted into CO, (40 to 45%),
into butyiic acid (40%), and the remainder into
unidentified species. When the butyl nitrate was added
in aliquots to the boiling pot. about 9% was oxidized to
butyric acid, 11% to acetic acid, and 30% to propionic
acid (Table 16.2). Most oxidation occurred within the
first few minutes. Aliphatic acids were rather stable;
acetic acid was unattacked by boiling in 20 M HNO;
for 4 hr, and ooly 20% of the u-butyric acid was
attacked. (The carbon from that 20% remained in the
reaction vessel in some as-yet unidentified species.)

The factor for separating methyl nitrate from nitric
acid solutions by fractional distillation was found to be
about 15. Distillation is not practical for separating
longer<chain organic nitrates from the acid. We have
approached 100% removal of 0.1 M acetic acid, the
rmost refractory of the known short-chain cornipounds,

2. Chem. Technol. Div. Annu. Frogr. Rep. Mar. 31, 1972
ORNL-4794; Tbid., ORNL-4682, pp. 6162 (1971).

3. Staffs of the Chemical Technology and the Metals and
Ceramics Divisions, LMFBR Fuel Cvcle Studies Progress Report
No. 37, ORNL-TM-3807, p. 11--18 (April 1972).

4. ). C. Mailen and T. O. Tiffany, J. [norg. Nucl. Chem. 37,
127-32 (1975).

5. R. I Rainey and J. C. Mailen, J. Chem. Eng Data 19,
262—-63 (1974).

6. “Symposium on Solvent Extiaction Chemistry, Gatlin-
burg, Tenn., Oct. 23--26, 1962,” Nucl. Sci. Eng. 16, 381-455
(1963); 17, 234-308, 557 --650 (1963).

7. Health Physics and Medical Division, UKAEA Research
Group, Harwell, UK, AERE-M-1211 (May 1963).

8. W. A. Rodger and S. L. Reese, Reactor and Fuel Processing
Technol. 12(2), 173 (1969).

9. N. V. Svetlakov et al., J. Org. Chem. (USSR} 4,1829-33
(1968).

Table 16.2. Oxidation products of organics in 20 M HNO3

Compounds found in products (% of total C added)

Starting -
compound Unchanged Co; co Organic Other % carbon
acids accounted for
Methyl nitrate ~100 Trace Trace ~100
Ethyl nitrate 73 17, acetic 208
n-Butyl nitrate 0 41 0 11, acetic; <1, methyl nitrate 91.2
(added in aliquots) 30, propionic;
9, buiyric
n-Butyl niirate 0 40-45 0 40, butyric
(added before heating)
Acetic acid 100 0 0 0 0 100
n-Butyric acid 80 ~2 Trace acetic ~18, unidentified; ~100

trace methyl nitrate
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from 5 and 8 M HNQO; by wet zir oxidation at or above to carbon dioxide and aliphatic acids by 20 M nitric
230°C. acid. The oxidation-degradation in nitric acid does not

Our wotk showed that the methyl] group is almost destroy the organics completely; special oxidation
unattacked and that other aliphatic groups are oxidized  techniques must be used for this purpose.




17.

17.1 FISSION PRODUCT RELEASE
FROM LWR FUEL

This program was initiated in FY 1975 to provide a
more detailed understanding of fission product behavior
under LWR accident conditions. Safety analyses have
emphasized the need for improved information in order
to evaluate more accurately the consequences of radio-
activity release and to ensure conformance with estab-
lished guidelines concerning radiological dose to indi-
viduals near a power reactor. Determination of the
chemical and physical forms of the released fission
products will be given particular attention.

Two types of accidents — both involving steam
atmospheres - are of interest in this study; spent-fuel
transportation accidents might result in rod failures in
the 500—700°C temperature range, and in-reactor
loss-of-coolant accidents might cause rod failures (and
fission product release) at higher temperatures {up to
1500°C). At these temperatures. the source of released
fission products is almost entirely that inventory
accumulated in the pellet-clad gap region of the fuel rod

STEAM
GENERATOR

LINER

Reactor Safety Research

during long periods of normal reactor operation. While
additional information at even higher temperatures
(1500 to 2500°C) is of interest, no experiments at this
level are currently planned.

The initial effort in this prograru included a literature
survey of existing data, previously used experimcntal
techniques, and available methods for characterizing the
chemical and physical forms of the fission products
under test conditions. A work plan summarizing the
state of the art and outlining the proposed experimental
program was prepared and submitted to the Nuclear
Regulatory Commission (NRC) in draft form for
review. The tevised work plan, incorporating comments
made during the review, was transmitted to the Office
of Nuclear Regulatory Research (ONRR)-NRC on
March 7, 1975,

In preparation for the experimental studies, a con-
taminated hot cell was cleaned and repainted, and the
necessary equipment was installed. A schematic diagram
of the apparatus is shown in Fig. 17.1. All components
of the experimental system werc checked for proper
operation and found to be satisfactory. A series of
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control tests will he conducted to ensure accurate
calibration and interpretation of the characterization
techniques, such as deposition in a thermal gradient,
particle size classification in a cascade impactor, chemi-
cal analysis of the steam condensate, and gavuna-ray
spectrometry of all samples. Electron spectroscopy and
x-ray diffraction will be utilized for compound identifi-
cation where appropriate. Poth irradiated and unima-
diated (with fission products implanted) fuel specimens
will be ruptured by internal gas pressure at clevated
temperatures in later tests.

frradiated fuel specimens currently available for test-
ing are limited in utility because of low burnup {~1000
MWd/metric ton) or low linear thermal power (<160
W/cm) during irradiation. Therefore, in order to better
simulate prototypical conditions, we requested two fuel
rods (rom the fully irradiated H. B. Robinson No. 2 fuel
assemnbly being acquired by ONRR-NRC. Detailed
specifications for the examination, sectioning into short
lengths, and resealing for testing of these rods were
prepared and submitted to three different hot-cell
facilities for cost estimates; based on their estimates, a
subcontract is being negotiated to conduct this work in
FY 1976. Thus, a supply of PWR-rradiated fuel
specimens spanning the burnup range 10,000 to 30,000
MWd/metric ton will be available for testing.

A limited, paraflel set of experiments to investigate
the chemical forms of fission products released from
U0, is being pursued using a Kuudsen cell--masy
spectrometer technigue. Identification of the cesium
species evolving from wmixtures of UQy powder and
elemental cesiuo, Cs; O, and Csk over the temperature
range 700 1o 1300°C is the primary objective of this
program. These tests will necessarily be performed in
vacuum.

17.2 TRANSIENT RELEASE FROM
LMFBR FUEL

The Transient Release Program is sponsored by the
NRC Division of Reactor Safety Research. The objec-
tive of this program is to investigate the release and
behavior of fuel and fission products in aerosols
resulting from the hypothetical core disruptive accident
(HCDA) of an LMFBR.

It is desired to experimentaily produce an energy de-
position in LMFBR fucl that is characteristic of a severe
hypothetical reactor transient by applying direct cleciri-
cal current to mixed oxide fuels in the presence of
sodium. The program includes tests with and without
sodium, investigations of alternative methods for gener-
ating fuel and sodium aerosols, the use of U0, as a fuel
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stimulant, and parallel underwater and undersodium
efforts to study the behavior of, and possible attenua-
tion effects within, the vapor bubble itself.

The release experiments will make use of scveral
different vessels of various sizes. The primary fuel
aerosol vessel, which has been designated as CRIIN, is
being fabricated. Because fuel aerosols must be second-
arily contained and the tests must be conducted in a
hot cell, CRET is necessarily relatively small (ie., <1
m® in volume). A larger vessel, CRI-II, which has a
volume of several cubic meters, will be used for
ex-hot-cell comparative-size-effect aerosol studies in
which U; 0y acrosols will be generated from metallic
uraninm reacting with oxygen.

Experimental Program

Cold proof tests. Cold proof tests of U0, aerosol
behavior are being performed to determine the opera-
tional reliability and precision of our aercsol chatacter-
ization equipment and techniques. Additionally, the
resulis of these tests provide a basis for evaluating some
of the input tecms in the HAA-3B code! Examples of
the type of information used as computer input, and of
the sensitivity to the effective particle densily, are
shown in Fig. 17.2.

In the initial tests, UzQy aerosols were used at
concentrations of about 3 gfim® in a 70diter avxiiary
vessel. The objectives of these tests are to check out and
calibrate some of our acrosol instrumentation. Very
encouraging performance was indicated for a split-fibey
optic device to be utilized for measuring pasticle
concentrations. The measuiements compared favorably
with HAA-3B calculations. Comparison with actual
concentrations will be made when analytical results for
the samples taken during the tests become available.

The full-size aerosol test chamber in the present series
of tests is » 1200-gal stainless steel vessel, desiznated as
CREAT. The aerosol 18 generated by inductively heating
l-cm cubes of metallic uranivm under vacuvm condi-
tions to incipient melting and then vigorously oxidizing
the samiple by admitting oxygen gas; the oxygen also
serves to transport the atrborne fraction of the oxides
into the vessel.

Scoping tests made at the Arsold Engineering Devel-
opmeni Center. A key item in the program is develop-
meat of the capacitive discharge vaporization (CDV)
technique to produce amouats and rates of energy
depositions in fuel samples characteristic of an HUDAL

1. 7. . Hubner, E. V. Vaughan, and L. Baurmash, #44-3
User Report, AI-ALC-13038 (Mar. 30, 1973).
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Fig. 17.2. Effect of U303 aeiosol density on deposition behavior predicted by HAA-3B.

Toward this end, arrangements were made to use
existing equipment at the Arnold Engineering Develop-
ment Center (AEDC) for scoping tests on fuel vaporiza-
tion. Their von Kariman facility was reactivated, and the
required changes were made to adapt the capacitor
banks for our project.

The first three of a planned series of four groups of
tests were completed. These tests were designed to
study the effects of preheat temperature. capacitor
power and voltage. and system resistance to rupturc by
pressure buildup. While not all of the tests were
successful with regard to vaporizing a significant
amount of fuel, sufficient information was obtained to
give reasonable assurance of the viability of the CDV
technique for energy deposition and subsequent fuel
vaporization.

The three series of tests were expected to emphasize,
successively, the effects of (1) UO, preheat tempera-
ture, (2) capacitor energy and voltage. and (3) sleeve
resistance to rupture by pressure generation. With
somewhat surprising case, the first series performed
gave encouraging results: and a significant yield (~2% of
the fuel pellet weight) of submicron UQ, particles was
obtained, although the energy deposition in the fuel
was relatively inefficient.

In the second series, the initial tests gave highly
efficient energy deposition (75 to 80%) but. disappoint-
ingly, no disassembly or aerosol. After some considera-
tion we concluded that, in addition to enhanced
thermal conductivity due to the type of fuel, the
samples were probably too massive, being about twice

the weight of the first successful shot. Therefore,
additional energy was scheduled for the final trial,
which was made with a diffcrent fuel loading. This test,
No. 6, was much more successful, since about 10% of
the pellet stack was vaporized. During this test, some
rather significant observations concerning acrosol
behavior were made, including the measurement of
both agglomerated and primary particle sizes.

Five additional fuel vaporization tests were conducted
al AEDC. Descriptions of fuel assemblies used for all of
the AEDC tests of interest, along with the data
collected for each test, are given in Table 17.1. (Note
that all conclusions reported here are preliminary and
subject to change after further asscssment.)

Test 6 was housed in a quartz containment sleeve of
2-mm wall thickness. The setup gave a good aerosol
yield which we hoped to increase in tests 7 and 8 by
using quartz containment of 4-mm wall thickness.
These tests differed from one another only in that test
7 employed 40 wit % UQ, pellets along with micro-
spheres, whereas fest 8 utilized only UQ, microspheres
as fuel simulant. In each case, disassembly was observed
within about the same time and energy input range as in
test 6, but the new tests appeared to yield less aerosol,

The AEDC series included preliminary tests to deter-
mine what cffect(s) the cladding material might have
during fuel vaporization. For this purpose. we added
stainless steel to the UO, microspheres in test 9. In this
case, the energy input before disassembly was more
than twice the highest input experience previously. and
the aerosol yield appeared to exceed that obtained in



Table 17.1. Test conditions and preliminary results for

AEDC fuel vaporization experiments

Capacitor bank Stcove . Deposited Disassembly
Shot - U0z mass energ time Results
number Energy Voltage Material D oD o) Hergy Suit
kD (V) Matera {mm) {mm) (&J} {(msec}
2 42 2 Al, O3 9 i2 22 9.1 ~1.1 About 200 mg of UQ, vaporized
SA 42 2 Quartz 14 iR 46 29.6 No disasscmbly Center melted; 30% void
5B 42 2 Quartz 14 18 46 29.6 No disassembly Center melted; some lquid expelied
6 84 2.8 Quartz it IR 38 ~9.7 + (18)“ ~0.7 ~1 to 2 g vaporized
7 71 2.6 Quartz 16 18 15.2 9.2 0.65 ~0.5 g vaporized
8 71 2.6 Quartz 10 18 24.6 10.7 0.8 ~{.5 g vaporized
9 71 2.6 Quartz 10 18 16.5 22.9% 1.5 ~1 to 2 g vaporized
10 51 2.2 Quartz 5 10 4.6 11.7 1.8 ~(.5 g vaporized
1 71 2.6 Quartz 8 37 25.3 12.3 1.5 ~0.1 g vaporized

GEfficiency of posidisassembly energy deposition is uncertain.
£ stainless stect filings mised with UO; microspheres.

bContained 2.6 go

68



test 6. The observed improvement is thought to be due
to a lower resistivity-temperature coefficient resulting
from the presence of the stainless steel. This would tend
to flatten the radial temperature profile and signifi-
cantly reduce the power density along the center line of
the fuel during the clectrical discharge.

Test 10 represented an attempt to reduce the heating
power level without significantly decreasing the voltage
and the stored energy in the capacitor bank. Hence, to
increase the electrical resistance of the assembly, a
longer and smaller-diameter fuel assembly was em-
ployed. Although a reduction in total power level was
observed, the aerosol production appeared to be about
the same as that observed during test 8.

The sample of fuel simulant used in test 11 was
contained in a heavy (14-mm-thick) quartz tube along
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the front 60 mm of the assembly. The thickness of the
quartz containment was reduced to 1.5 mm for the last
20 mm of length at the low-voltage end eof the
assembly. The intent was to cause the thin-walled area
to rupture first, allowing the current at ihe ruptured
end of the assembly to be carried by a low-impedance
arc. The results were disappointing in that complete
disassembly apparently occurred after about the same
energy input as in test 10, and with a lower aerosol
yield.

Additional tests at AEDC will be conducted with
various material and voltage combinations in an effort
to further improve the efficiency of the CDV process.
Design and construction of the comparable ORNL
high-voltage facility were initiated.



18. Nuclear Regulatory Commission Programs

181 DEVELOPMENT OF “AS LOW AS
PRACTICABLE” (ALAP) GUIDES FOR
THE NUCLEAR FUEL CYCLE

Enginecring survey studies were conducted to provide
the Office of Standards Development of the US.
Nuclear Regulatory Commission (NRC) with the tech-
nical information required to formulale appropriate
ALAP guidelines for the release of radioactive materials
from all segments of the nuclear fuel cycle. Three draft
reports are expected to be submitted to the NRC in
July and August 1975, as follows: Correlation of
Radioactive Waste Treatment Costs and the Environ-
mentel Impact of Waste Effluents in the Nuclear Fucl
Cycle for Use in Establishing “As Low As Practicable”
CGuides Conversion of VYellow Cake to Uranium
Hexafluoride; Reprocessing of High-Temperature Gas-
Cooled Reactor Fuel Coniwining Uranium-233  and
Thorium; and fabrication of High-Temperoture (us-
Cooled  Reuctor Fuel Conteining Uranium-233 and
Thorim. These reports arc expected to be issued to the
nuclear industry, governmential agencies, and the public
for comment in FY 1976 after they have been reviewad
by the NRC and revised at QRNL. Four previous
reports {(one of which contains two volumes) in this
series' were prepared for issue as ORNL-TM documents
in May 1975, The enginecdng reports present incre-
mental capital and operating costs for changes and
additions to systems and develop corresponding source
terms for radicactive emissions and noxious effluents.
These systems cover the range from present practice to
the foreseeable limits of available technology on the
basis of expected typical and notmal operation over the
fife of the facilities. Fstimates of errors inherent in the
development of these data are stipulated. The environ-
mental part of each study describes the behavior of
radionuclides and other noxious materials in the envi-
ronment aad quantitatively estimates the radioactive
exposure to the public.
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18.2 SAFETY REVIEW OF NUCLEAR FACILITIES

The Chemical Technology Division, with support
from the General Engineering, Health Physics, and
Instrumentation and Controls Divisions, is providing
technical assistance to the NRC, Division of Materials
and Fuel Cycle Facility Licensing, in assessing the
safety of fuel cycle facilities and in preparing generic
reports on these facilities.

During this report pedod, we participated in the
review of safety analysis veports accompanying license
applications for a construction and operating permit to

1. The previous reports in this seriss are: B. C, Finney, R. E.
Blanco, R. . Dahlwan, F.G. Kitfs, and J. P. Witherspoon,
Correlation of Radioactive Wasre Trearment Costs and the
Environmental Impact of Waste Effluents in the Nuclear Fuel
Cycele for Use in Establishing “As Low As Practicable” Guides -
Nuclear Fuel Reprocessing, ORNL-TM-4901 (May 1975); W. H.
Pechin, R.E. Blanco, R.C. Dahlman, B.C. Finney, R.B.
Lindauner, and J. P. Witherspoon, Correlarion of Rudiouctive
Waste Treatment Costs and the Environmental [mpact of Wasie
Effluents in the Nuclear Fuel Cycle for Use in Establishing “4s
Low As Pracricable” Guides Fabrication of Light-Water
Reactor Fuel from Enrviched Uranium Dioxide. CRNL-TM490G2
(Moy 197S): M. B. Sears, R, E. Blanco, R. C. Daldman, G. S.
Hilt, A.D. Ryon, and 1. P. Witherspoon, Correletion of Radio-
aciive Waste Treatment Costs and the Environmental Impact of
Waste Efflucnts in the Nuclear Fuel Cycle for Use in Estublish-
ing “As Low As Practicible ” Guides -~ Milling of Uranium Ores,
ORNL-TM-4903, vol. 1 (May 1973); A.D. Ryon and R.E.
Blanco, Cosrelation of Radioactive Waste Treatment Costy and
the Favironmental Impact of Waste Effluents in the Nuclear
Fuel Cycle for Use in Establishing “As f.ow As Practicable”™
(uides Appendix A, Preparation of Cost FEvtimates for
Volume 1, Milling of Uranium Ores, QRNL-TM4903, vol. 2
(May 1975); W. 8. Groeunier, R. E. Blanco, R. C. Dahlman, B. C.
Finney, A.H. Kibbey, and 1. P. Witherspoon, Correlation of
Radioactive Waste Treatment Costs and the Environmental
fmpact of Waste FEffluents in the Nuclear Fuel Cycle for Use in
Establishing “As Low As FPracticable” Guides - Fabrication of
Light-Waser Reactor Fuels Containing Plutonium, ORNL-TM-
4904 (May 1975).



perform major modifications at the Nuclear Fuel
Services (NFS) West Valley Fuel Reprocessing Plant and
to operate the modified NFS plant, and operating
permits for the Allied General Nuclear Services Barn-
well Fuel Reprocessing Plant and the Allied General
Nuclear Services Barnwell Fuel Receiving and Storage
System. Specific areas of review were: (1) ventilation
and off-gas treatment, (2) radioiodine control, (3)
instrumentation and controls, (4) liquid- and solid-
waste treatment, (5) process, (6) radiological protec-
tion, (7) accidents, and (8) normal and emergency
utility support systems.

18.3 SAFETY REVIEW OF TRANSPORT CASKS

The design of each shipping container expected to
transport significant quantities of radioactive material

92

must be reviewed and approved by the Transportation
Branch of the NRC. The NRC review covers all areas of
cask design and analysis. On occasion, the Transporta-
tion Branch will request that ORNL review certain parts
of these safety analysis reports for packagings and
transmit the resuiting evaluation to them. During this
report period, we made a review of the pressure relief
device on the GE IF 300 spent-fuel shipping cask. In
addition, we completed a detailed computer analysis of
the shielding capabilities of concrete and a Cherntree
compound? for a given source of neutrons and gamma
1ays.

2. Shielding compound marketed by the Chemtree Corpora-
tion, Central Valley, N.Y. 10917.



19. Diffusion of Adsorbed Species in Porous Media

The long-tange goal of this program is to gain an
understanding of the controlling mechanisms for migra-
tion of strongly adsorbed species in porous media.
Diffusion of cesium through graphite components of
gas-cooled reactors is an example, since most of the
cesium activity in HTGR cooling circuits' resulls from
cesium isotopes that leak out of coated fuel particles? -
and seep through graphites surrounding the fuel regions.
In this program, cesium transport.is being studied at
temperatures ranging from 600 to 1000°C, wherein
cestum could exist at least initially as a metallic vapor,
but more likely as a mobile adsorbed species on
graphite surfaces. One objective is to ascertain an
approximate vapotr-phase to adsorbed-phase transport
riatio. Another objective concerns the development of a
phenomenclogical model that will aid in the analysis of
results from various HTGR surveillance programs.
Cesium  migration modes have been found to be
strongly dependent on the type of graphite under
study.

Some comparative results are shown in Fig. 19.1.
Curve I on the figure presents data for a low-gas-
permeability graphite resulting from furfuraldehyde
impregnation of a base stock material (Hawker-Siddeley
graphite). Curve Il presents data for a high-gas-
permeability graphite (Great Lakes H-327) used as a
structural graphite in the Fort St. Vrain HTGR.

The transient situation utilized in a portion of our
analyses derives from the differential mass balance
relationship given by

1. H. J. de Nordwall, J. O. Kolb, F. F. Dyer, and W. J.
Martin, “Fission Product Behavior in the Coolant Circuit of the
Peach Bottom HTGR,” GCR Programs Progr. Rep. Dec. 31,
1972, ORNL-4911 (March 1974).

2. R. B. Evans Il and M. T. Morgan, Mathematical Descrip-
tion of Fission Product Transport in Coated Particles During
Postirradiation Anneals, ORNL-4969 (June 1974).

3. M. T. Morgan, H. J. de Nordwall, and R. L. Towns, Release
of Fission Products from Pyrocarbon Coated HTGR Fuel
Farticles  During  Postirradiation  Anneals, ORNL-TM-4539

(December 1974).

93

2
G, _ %G (1
dx? ot

The uoits selected for the constants and variables in Eq.
(1) are somewhat specialized, since the system is set up
to allow easy inclusion of gas-phase contributions. Thus
the diffusion coefficient, D, has units of pore volume
per time-bulk length product. The concentration, Cp,
has units of moles (gaseous and adsorbed cesium) pet
pore volume; the variable bulk length, x, along the
diffusion path, is the position coordinate. Finally, e
represents the porosity or pore to bulk volume ratio,
and ¢ represents time.

Experiments are initiated by placing cesium, with
about 30% of the '?7Cs isotope, on the surfaces of
diffusion specimens in the form of cesium oxides
derived from an agueous solution. During heating to the
diffusion anneal temperature under pure helium, the
oxide converts (at about 500°C) to the metal, which
produces an impulse with sirength (0, moles per cm?
of surface area normal to x. If the diffusion anneal time
is short, the solution to Eq. (1) is simply

X

Qi)v 2e‘/4Dz‘
T Det- '

Gln =7

The preexponential term is the time-variable surface
concentration C,(0, 7). Conversion to bulk concentra-
tions, C'(x, ), is accomplished by multiplying both
sides of Eq. (2) by e.

Slicing up small specimens to determine concentra-
tion profiles directly can be an extremely arduous and
time-consuming task — particularly when one must
contain and collect quantities of contaminated dry
graphite dust. We prefer to section by grinding away
portions of the specimens (using kerosene as a cutting
fluid) and measuring #R, the fraction of total activity
remaining, as a function of grinding distance. The
subsequent equation is

FR=(1/Q0)f: C'(x', z’)dx’=erfc<’~;\/§;> . (3
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Data on curve II indicate plate-out oi trapping effects.

A plot of this function appears as the 7 = 0 curve on
Fig. 19.1 (i.e., curve I). All the Hawker-Siddeley
graphite data fall on the curve for Eq. (3), and nearly all
the '37Cs tracer, as Qy, was engaged in the diffusion
process. Additional information appears in Table 19.1.
Note that the diffusion coefficients are based on the
determination of the factor by which the experi-
mentally determined x values must be multiplied in
order to make them fall on the correct u values at
appropriate &R values. This factor is \/e/4Dr.

Based on considerations set forth by Rodliffe? and
Wichner® using extrapolated gas-adsorbed phase equi-
librium data for cesium-graphite systems, ome must
conclude that gas-phase transport is negligible in the
case of data for curve 1. Most of the cesium diffuses
along surfaces in a highly idealized fashion.

When the same experiments are performed with
H-327 graphite, notable deviations from idealized be-
havior are observed. First. only part of the Qy, placed

4. R. S. Rodlifte, The Effect of Flow on Mass Transport of

an Absorbing Radioactive Species in a Porous Medium, United
Kingdom CEGB Report, RD/B/N2375, 27:12479 (Septembcr
1972).

5. Chem. Tech. Div. Internal Communication, R. P. Wichner
to R. B. Evans III (December 1974).

on the surface initially, diffused into the speciimen; the
residual was immobilized and remained very close to
the x = O surface. Second, the profiles tended to be
linear with penetration and did not exhibit the down-
ward curvature (on semilog paper) that one would
expect if Eqgs. (2) and (3) were being followed. In fact,
the curves are reminiscent of those obtained when one
examines profiles for an immobilized daughter of a very
mobile noble-gas precursor after diffusion into graphite
under quasi-steady-state conditions.® The conclusion is
obvious: a trapping cffect must have been occurring at
the x = 0 surfaces and along internal pore surfaces as
well. To account for these effects. deep profile data
were extrapolated back to x = 0 to eliminate specimen
surface trapping cffects. Then possible mechanisms of
internal trapping were explored. The first inclination
was to add a first-order-reaction rate term like

7, % eh(C, ~ KC,) (4)

to the right-hand side of Eq. (1) and then to examine
applicability of the integrated results. tere, #, is the

6. R. B. Evans 1iI, J. L. Rutherford, and A. P. Malinauskas,
Gas Transport in MSRE Moderator Graphite Parts I{ and {11,
ORNL-4389, p. 32, Fig. 13 (May 1969).



Table 19.1
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- Cesium diffusion results for two nuclear-grade

graphites as shown on Fig. 19.1

Migration parametess

Hawker-Siddeley graphite

Curve 1 .
© Great Lakes graphite

(impregnated) (A-327)
Diffusion time, min 1260 70
Penetration, x, at 0.093 0.096
FR=0.5,cm
Bulk diffusion coefficient 1.2x 1077 7.9%x107°
D/e, cru? Jsec
Amount of tracer? 3.66 X 1073 (1.83x 107%)?
Qp, wmoles/om?
Final surface concentration 2.10x 1072 1.28 X 1072

C;,»(O, t'), pmoles/cm?

2Cesinm-137 isotopes plus nonradivactive species.

b Amount engaged in diffusion process; total amount was 2.37 X 10

trapping (or plate-out) rate, and KC, represents a “back
pressure” term. Considerations of long-term results
suggest that the latter might be negligible. Accordingly,
the integration was carried out using only the first term.
The result for CP was merely Eq. (2) multiplied by
e 5t for the mobile fraction. Grinding experiments

which yields

~

3 umolefem?.

“see” both immobile and mobile fractions: so the total
bulk concentration was computed via

, t v
Cpx, =€ Gkt + ek [ CCpektar (42)

“erfo {(u - 1) — eT2U7 erfe (u + 7))

C(0, 1) e=1" 4 (W [1 — etfe (1)]

where
u = (x/2Xe/Dr)
7= \KkE,
The corresponding fraction-remaining expression for
our sectioning procedure is

FR =247 + () [e2¥7 erfe (7 + 1)

—e T erfe(r ~w)] . (5)

Figure 19.1 shows that data for H-327 graphite give a
good correlation when one assumes a value of 7=1.25
(curve II) for thiy particular experiment. This gives a
positive indication that the trap model, as explained
above, is an adequate representation of cesium migra-
tion behavior in the H-327 material. The same model
has been used by General Atomic to correlate long-term
in-pile experiments, using the same graphite but dif-

(4D)

ferent boundary conditions.” However, a rather poign-
ant feature of performing long-term experiments with
H-327 graphites should be noted. After a relatively
short time, the value of 7 overwhelms the value of w.
Complementary error functions like erfc (7 + ) fade
away at 7 > 2.0; diffusion information from discrete u
values is lost; and the only inforrnation that can be
gained in this case is a value for the grouping, 2ur/x,
which is obtained from the sltope of the curves on Fig.
19.1 at high 7 values [see also first term of Eq. (5)].
comprise adequate information for reactor analyses, it
is not sufficient for mechanistic studies. It would
appear that a complete picture of cesium diffusion in
highly permeable graphites can only be gained through
properly timed laboratory experiments.

7. C. F. Wallroth, N. L. Baldwin, C. B. Scott, and L. R.
Zumwalt, Postirradiation Examination of Peach Bottomn Fuel
Test Element FIE-3, USAEC Report GA-A13004 (August
1974).



20. Miscellaneous Programs

20.1 RESOURCE STUDIES

The Chemical Technology Division continued to
contribute to ORNL interdivisional efforts on resources
and energy analyses. Preparation of a 400-page book,
World Energy Conference Survey of Energy Resources.
1974, was completed in August 1974 by H. E. Goeller
and W. L. Carter. This work, sponsored by the AEC
Office of Planning and Analysis, included a world
review of coal, oil, gas, oil shale, hydraulic, nuclear, and
renewable (solar, wind, tidal, geothermal, and occan
thermal gradient) energy tesources with new estimates
from 70 nations that cooperated in the effort. About
5000 copies of the book were printed by McGregor and
Werner, Washington, D.C.; 2500 copies were distributed
to attendees from nearly 100 countries at the World
Energy Conference held in Detroit in September 1974,
and the remainder are on sale by ihe Joint Engineering
Council, New York, and the World Energy Conference
Central Office in London.

ORNL will in all likelihood continue in the piepara-
tion of future surveys. provided that funding can be
arranged. Members of the World Energy Conference are
anxious that we continue this work but are also
entertaining proposals from other national committees.

The Division, represented by H.E. Goeller, also
participated in the LMFBR Program Review Group at
AEC Headquarters during the fall of 1974, particularly
with regard to a reevaluation of U.S. and wotld reserves
and resources of uranium and thorium and their
adequacy for a nonbreeder energy industry. It was
generally concluded that without the introduction of
commercial breeders in the early 1990s, U.S. and world
resources of nuclear fuels will be insufficient to supply
a nonbreeder industry beyond the early decades of the
next century. This work is summarized in ERDA-I,
Report of the Liquid-Metal Fast Breeder Reactor
Program Review Group (January 1975).

Early in 1975, H. E. Goeller became a member of the
ORNL Program Planning and Analysis Office and is
continuing general studies on nonrenewable resources.
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The purpose of these studies is to seek out areas where
there is an early need of resource conservation, im-
proved recycling of metals and development of substi-
tutes for those elements in jeopardy of exhaustion, and
to determine where ORNL expertise and facilities may
be sequestered to provide needed research and develop-
ment.

H. E. Goeller is also participating i a study on the
rational use of potentially scarce metals being con-
ducted by the Scientific Affairs Division of the North
Atlantic Treaty Organization (NATO). This study is
examining the present world demand, production,
consumption, and uses of about a dozen scarce metals
and is appraising the possibilities for increased recycling
and substitution, particularly for dissipative uses. A
substudy on mercury has now been completed. The
findings of the NATO study group will be summarized
in a report scheduled to be completed by the end of the
calendar year.

20.2 STUDIES INVOLVING TESTS
OF OBSOLETE CASKS

In recent years there has been a great deal of interest
in safety aspects of nuclear-related programs. The
transporiation of radioactive materials produced in the
nuclear fuel cycle has generated considerable discussion,
since some of these highly radioactive materials are
moved through the public sector; these imovements
must be accomplished with a high degree of safety and
confidence.

At present, the proof that containers used to trans-
port radioactive material will be safe. even in severe
accidents, is based on engineering calculations and, in a
few cases, mode] testing. Large, full-size casks are being
destructively tested to develop the necessary data base
in an effort to convince the public that the package
behavior can be predicted with confidence. The ERDA
Division of Waste Management and Transportation
(WMT) has organized an advisory committee to provide
guidance for the program.



In the past year, a 7000-lb cask was tested twice by
dropping it from 30 ft onto an armor-plate surface of a
reinforced concrete impact pad at the ORNL drop test
facility. These drops provided engineering data and
information on the adequacy of the instrumentation
used to record dynamic data throughout the test
Program.

Drops of heavier casks will take place at the Tower
Shielding Facility (TSF), which has a great lifting
capacity but has lacked a surface upon which to drop
casks. A study of the capacity of the TSF indicates that
casks possibly weighing as much as 40 tons could be
dropped from about 240 {t. Results of the study were
submitted to an internal (ORNL) safety review corm-
mittee and approved. Based on this study, a complete
safety analysis was written and is being submitted to
the Oak Ridge Operations Office of ERDA for ap-
proval.

A 23-ton Heavy-Water Components Test Reactor
(HWCTR) cask was received from the Savannah River
Operations Office. A test plan was then written and
submitted to the WMT advisory committee. Based on
their comments, the plan was updated and the cask was
modified.

A femporary impact pad, weighing about 110,000 [b,
was designed and installed at the TSF to accommodate
some interim testing. We expect to make several drops
of a 70001b cask to study the behavior of the
temporary impact pad and the towers under drop
conditions. The Paducah release mechanism will be used
to make these drops. This mechanism was redesigned
and remodeled to increase its lifting capacity to more
nearly match the capability of the towers. Following
these initial tests, the HWCTR cask will be dropped 30
ft at an oblique angle onto the temporary impact pad io
accordance with the approved test plan. Both the cask
and towers will be instrumented to monitor their
behavior.

20.3 DISPOSAL OF ORNL RADIOACTIVE
WASTE BY HYDRAULIC FRACTURING

A study was conducted in FY 1974 to verify that a
site proposed for a new Shale Fracturing Dispesal
Facility at ORNL was suitable for hydrofracture opera-
tions. An injection well and four monitoring wells were
drilled and cased, and a test injection was made using a
grout tagged with radioisotope tracer. The results of the
study indicate that the proposed site is satisfactory.

At ORNL, intermediate-level waste solution (waste
with a specific activity of between 1.5 X 107 and 2.0
Ci/gal) is being disposed of by the shale fracturing
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process. In this process, the waste solution is mixed
with cement and injected into an impermeable shale
formation at a depth of about 800 ft. There the waste
grout sets, fixing the radionuclides in the cement
matrix. Subsequent injections form new grout sheets
adjacent and parallel to the earlier grout sheets.

The existing Shale Fracturing Disposal Fucility has
worked quite well for the disposal of interrediate-level
waste but cannot handle either sturries or wastes with a
specific activity higher than 2 Cifgal. The need for a
disposal system for these types of waste is imminent,
and a new shale fracturing facility is being proposed. A
part of the preliminary planning for the facility is
verification of the suitability of the selected site by a
demonstration that the strata are suitable, that injection
pressures will niot be excessive 5000 psi), and that the
fractuces formed by the injection will conform to the
bedding planes (essentially horizontal). Demonstration
of these criteria requires a “‘site proof” injection of
50,000 to 100,000 gal of water or grout tagged with a
radionuclide tracer that can be detected at observation
wells several hundred feet from the injection well. The
orientation of the fracture can then be verified by the
comparative depths of the injection and point of
detection.

Four observation wells and an injection well were
drilled, cased, and cemecuted at the site of the proposed
new disposal facility, which is about 800 ft southwest
of the existing shale fracturing site. The observation
wells were located 200 ft north, south, east, and west of
the injection well. All of the wells deviate considerably
from vertical; however, in general, the five wells form a
parallel system quite suitable for determining the
orientation of injected grout sheets. The overall trend
of the wells is to the north-northwest (local north)
updip to the sontheasterly dipping rocks.

The two methods considered for making the injection
were: mixing and injecting the grout at the new
wellhead, or mixing the grout at the existing facility
and pumping it overland to the new well. The second
method was chosen because better control of the grout
mixture could be achieved by making use of the
instrumentation at the existing facility. In the first
option, the formidable logistical problem of supplying
blended solids to the mixer at a fast and constant rate
could be avoided, and recently installed modifications
at the existing facility could be evaluated during an
injection of essentially nonradioactive grout. A flow
diagram of the equipment arrangement for the injection
is shown in Fig. 20.1.

The injection proceeded smoothly. A total of 65,700
gal of water was mixed with the stored solids and
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Fig. 20.1. Flow diagrava of equipment arrangement for injection.

injected. The injected grout volume was 97,643 gal. The
injection rate averaged 247 gpm at an average pressure
at the facility of 2900 psi.

The results of the test injection were entirely favor-
able. The injection pressures were slightly less than had
been anticipated. The fracture moved out parallel to the
bedding and to the structure of the area by advancing
to the three observation wells in which it was detected.
This means that there can hardly be any important
folding in the Pumpkin Valley shale. at least at the
depth of the test. The completed investigations and
tests show clearly that the proposed new site is well
suited to waste disposal by hydraulic fracturing, as had
been anticipated from carlier experiences in the general
area.

20.4 STORAGE, PURIFICATION, AND
DISTRIBUTION OF 2°3U

Oak Ridge National Laboratory serves as a national
distribution center for 2331J. The facility includes
shielded wells for storing up to 454 kg of 2> U in solid

form (density = 1 gfem®) and tanks (coniaining
borosilicate glass for neutron poisoning) that can store
900 kg of 2*3U in the form of uranyl nitrate solution
at 233U concentrations up to 250 gfliter. The Building
3100 vault, designed for storage of unirradiated fissile
materials according to the latest AEC specifications,'
was placed in service during this report period.

The storage facility accepts **?U in the form of
uranyl nitrate solution or as propeily packaged solids.
The solids may consist of uraniuni metal or uranium
compounds that can bz rcadily and safely dissolved in
stainless steel equipment.

The purification facilities include a single-cycle sol-
vent extraction system capable of pusifying 233U at the
rate of 25 kg/weck. An ion exchange and nitrate-to-
oxide conversion line, with a capacity of 22 kg of 233U

1. R. W. Horton and J. R. Parrott, Criticality and Safety
Analysis: Building 3100. A Storage Vault for Uranium and
Pluronium, ORNL-TM-3929 (February 1973).



per week, was placed in operation for the Light Water
Breeder Reactor (LWBR) support program.?

Receipts of 223 U during this wport period other than
those involved in the LWBR program {Sect. 7.1)
consisted of 1.1 kg of uranium as *** U oxides, 0.6 kg
of 223 U0, -Pul, (U/Pu =~ 5) fuel, and 0.5 kg of normal
uranium metal in five shipments.

As of March 31, 1975, 859.1 kg of **? U and 801.7
kg of 237U were stored at the facility. Of these, 101 .6
kg of 7711 and 800.2 kg of **°U as uranyl nitrate
solution were stored in the Thorium Reactor Urnium
Storage Tank facility. Aftec storage for six years, the
uranium concentration remained constant. During the
past veur, the soluble neutron poisons, cadmium and
gadoliniun, apparently decreased to about two-thivds
of the required concentration; therefore, mose had to
be added.

Tn addition to the 277U and *?*°U, a total of 2.7 kg
of plutonium in the form of nitrate solution, oxide, and
mixed oxides of thorium aad uranium is also stored in
the facilities.

20.5 CHEMICAL APFLICATIONS OF
NUCLEAR EXPLOSIVES

The Chemical Technology Division has participated in
the Plowshare Program for several years by studying the
potential behavior of radionuclides in underground
applications of nuclear explosives. Our participation. in
the program was terminated during the past year
Fxperimental studies were completed of tritinm be-
havior during in situ recovery of oil from oil shale, and
a paper describing our studies of radionuclide behavior
i copper rvecovery from ores was submitied for
publication in the Transactions of the Society of Mining
Fagineers of AIME. The abstract follows:

“Radionuclide Behavior in Copper Recovery with Nuclear
Txplosives,” by W. D. Arnold and D. I. Crouse. Abstract: The
potential behavior of radionuclides released in an wederground
nuclear detonation to fracture copper ore for subsequent in-situ
leaching and copper recovery was studied with regard to
contamination of the copper product and hazards to operating
personnel. The laboratory test results indicate that only small
fractions of the radivactive fission products would be dissolved
on leaching the ore. Tritium (s tritiated water) would be the
dominant radionuclide in the circulating leach liquor, assnming
use of a fusion explosive. The test results showed solvent
exfraction to have important advantagos over cementation for
recovering copper from the leach liquors. While the sadio-
activity of the copper metal product produced by cither
method should be extremely low, the solvent extraction process
provides a mose effective separation of copper {rom the
vadioactive contaminants and entails fewer radiation protection
problems. For these reasons, it is the preferred process.
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A possible mechanisin for trithun contaysination of
shale oil is penetration of tritiated water vapor into the
pores and fractures of the shale, followed by incorpora-
tion of part of the tritium into the hydrocarbon
structure of the oil when the kerogen bresks down
during retorting. Whereas tritiated water on or near the
shale surfaces can be removed before oil recovery by
washing the shale with water or by injecting water into
the system during retorting?® tritlated water that
penetrates into the shale is less easily removed. Tritlated
water penetaated to the center of a T-om cube (500 g)
of oil shale in a 43-day exposure to 0.25 g of water
vapor containing 95 uCi of tritium, at 85°C. The
tritiated water entered the shale from all directions, but
slightly roore along the bedding planes than across
them. Analyses of core samples taken along the major
axes through the center of the cube showed that tritium
contamination of the shale decreased with depth, from
0.137 pifg near the surface in the two cores faken
along the bedding planes and 0.115 uCifg in the core
taken across the planes, to 0.054 uLifg at the center.

20.6 PREPARATION OF TRAINING GUIDES
FOR NUCLEAR FACILITY PERSONNEL

The Guide to the Selection, Training and Licensing or
Certification of Reprocessing Plant Operators was pre-
pared for distribution by the ERDA Division of
Operational Safety (DOS). The rough draft was sub-
mitted for review to the DOS and to a number of
training coordinators in the conunercial sector as well as
in government installations. The review comments were
very favorable, and it appears that the final deaft can be
presented to DOS with very little alteration.

At present, a guide for fuel fabrication plant opera-
tors is being written and is scheduled for completion in
rough draft foun durng the first quarter of 1976.
Similar guides are planned for milling and mining, feed
preparation, enrichiment, fuel storage, and transporta-
tion sections of the nuclear fuel cycle.

Proposals for FY 1976 include production of video
tapes and brochures for training operators in many
sectors of the nuelear industry. The tapes and brochures
would be produced mainly by Chemical Technology
Division personnel for distribution by the DOS and
would be available as an aid for training programs in use

2. Chem. Technol. Div. Annu. Progr. Rep. Mar. 31, 1972,
ORNL-4794, pp. 52-53.

3. Chem. Technol. Div. Anmu. Progr. Rep. Mar. 31, 1974,
ORNL4966, p. 71.



by commercial processors and reprocessors of nuclear
fuel.

2.7 ENVIRONMENTAL IMPACT STATEMENT
ON THE U.S. NUCLEAR POWER
EXPORT PROGRAM

An environmental impact statement (EIS) on the U.S.
nuclear power expoit program is being prepared by the
Division of International Programs. The EIS will cover
the existing program, including all activities and com-
mitments to date, as well as a range of estimates
projected through the year 2000. Portions of this EIS
being prepared by the Chemical Technology Division
include the section that provides a general description
of the nuclear fuel cycle and the sections that describe
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the operation of fuel fabrication plants under normal
and accident conditions. Plants fabricating fuel for
light-water-cooled reactors with and without plutonium
recycle and for high-temperature gas-cooled reactors are
considered. The section on the nuclear fuel cycle will
supply as much detail as necessary to give the lay reader
a grasp of the technical nature of the cycle. The
sections on fuel fabrication will describe the en-
vironmental, economic, social, and other secondary
impacts of plants committed to fulfilling foreign re-
quirements, Environmental considerations include the
radionuclides released by the plants and the associated
dose comunitments of the general population. Nonradio-
active effluents or wastes produced by the plants and
their effect on the environment are also considered.
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Self-Heated Thermistors,” Anal. Chem. 46(8), 1095 (1974).

Bostick, W. D., and P. W. Carr,® “Thermometric Detection of Blood Coagulation and Clot Lysis,” presented at the
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Meeting of American Association of Clinical Chemists, Las Vegas, Nev., Aug. 18--23,1974.
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26th Annual Meeting of the American Association of Clinical Chemists, Las Vegas, Nev., Aug. 18--23, 1974,
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2. Department of Chemistry, University of Georgia, Athens.
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