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HTGR FUEL DEVELOPMENT: LOADING OF URANIUM ON CARBOXYLIC ACID
CATION-EXCHANGE RESINS USING SOLVENT EXTRACTION OF NITRATE

P. A. Haas
ABSTRACT

The reference fuel kernel for recycle of 233y to HTGR's
(High-Temperature Gas-Cooled Reactors) is prepared by loading
carboxylic acid cation-exchange resins with uranium and car-
bonizing at controlled conditions. The optimum loading

-results are obtained with uranyl and hydrogen as the only
cations in acid-deficient solutions of uranyl nitrate (NO3-/U
ratios of < 2). The purified 233U02(NO3)2 solution from a
fuel reprocessing plant contains excess HNO, (NO3~ /U ratio of
v 2.2). The reference flowsheet for a 233y recycle fuel
facility at Oak Ridge uses solvent extraction of nitrate by

a 0.3 M secondary amine in a hydrocarbon diluent to prepare
acid-deficient uranyl nitrate. This nitrate extraction, along
with resin loading and amine regeneration steps, was demon-
strated in 14 runs using components assembled from other
development studies. All of the resin loading tests were
completed as planned; no significant operating difficulties
were encountered. The process is controlled via in-line pH
measurements for the acid-deficient uranyl nitrate solutions.
Information was developed on pH values for uranyl nitrate
solution vs NO3™ /U mole ratios, resin logding kinetics,

resin drying requirements, and other resin loading process
parameters. Calculations made to estimate the capacities of
equipment which is geometrically safe with respect to control
of nuclear criticality indicate 100 kg/day or more of uranium
for single nitrate extraction lines with one continuous resin
loading contactor or four batch loading contactors.

1. INTRODUCTION

The reference fuel kernel for recycle of 233U to high-temperature

gas-cooled reactors (HTGRs) is prepared by loading carboxylic acid
cation-exchange resins with uranium and carbonizing at controlled condi-
tions. The carbonized products must be high-uranium-content spheres con-
taining only carbon and oxygen as the other major constituents. The

optimum loading results are obtained with uranyl and hydrogen as the only



cations in acid-deficient solutions of uranyl nitrate (NO3-/U mole ratios

1,2

of < 2). A resin and a process condition to give spheres of acceptable

composition were initially developed using the hydrogen form of the cation

14

resin and loading with UO_ to maintain acid-deficient uranyl nitrate.

The purified 233U02(N03)23solution from a nuclear fuel reprocessing plant
contains excess HNO3 (NO3_/U mole ratio of v 2.2). When we considered
the requirements for remote operation, accountability, and control of
nuclear criticality, the usual processes for preparing UO3 and the in-

cell use of UO3 did not seem acceptable.

1.1 Review of Alternative Processes

Partial thermal denitration of uranyl nitrate or a steam~stripping
of nitric acid from molten uranyl nitrate was considered as an alternative
process for producing the acid-deficient uranyl nitrate solutions. Ther-
mal denitration to UO3 can be completed at 300°C. Excess nitric acid
(for NO3—/U ratios > 2) can be distilled from boiling uranyl nitrate
solutions. The proposed process at temperatures intermediate to the
preceding operations would involve boiling off nitric acid from concen-
trated uranyl nitrate to produce acid-deficient solutions. The steam
denitration process was investigated in two types of test systems. Batch
or semibatch laboratory studies were carried out in glass equipment. A
stainless steél natural-convectién evaporator loop was operated with 20
to 100 cc of uranyl nitrate solution feed per minute and a continuous
discharge of the product. The preparation of acid-deficient uranyl
nitrate by a steém—stripping or partial thermal denitration process 1is
not as simple as had been expected.” High uranium concentrations and
boiling points above 140°C are required to give useful acid deficiencies.
The products are a dilute (< 0.2 N) nitric acid condensate and a slurry
of UO3 in molten, slightly acid-deficient uranyl nitrate. This UO3 will
redissolve in diluted uranyl nitrate at temperatures below 100°C to pro-
duce highly acid-deficient uranyl nitrate. Freezing of the molten ufanyl
nitrate caused no problems, and the material was discharged and diluted

without difficulty. Excessive corrosion of stainless steel occurred, but

this might not be a problem if high NO3_/U ratios were avoided.



While UO3 can be dissolved in.uranyl nitrate solutions at 50°C to

reduce the NO3—/U ratio to a value as low as 1.5, the UO3 can settle and

be difficult to resuspend. The technology for prepéring UO3 is well

known, and the acid-deficient resin loading conditions have been deter-

mined using UO All of the available design and experimental experience

3
with remote operation of these processes confirms that serious operating

problems are associated with thée handling of the solid uranium compounds.

2+ + o, L .
The exchange of UO2 for H in the feed resin is limited by the
+ . . . .
back reaction as H accumulates in the solution. The loading reaction

is:

2+« ‘ +
+
2 HR + 002 S U02R2 2 H , (1)

where R represents the carboxylic resin cation. The use of a salt form
of the resin or the addition of base to the solution can control the
accumulation of H+. Ammonium is mostly volatilized when the resin is
carbonized, while metals generally remain as unacceptable impurities in

the final product. Therefore,'the‘use of NH4R or NH4OH allows alternative

resin loading flowsheets. Experimental tests showed promising loaded

’

resin compositions using either NH R feed or NH OH additions during

4 4
loading. The flowsheet conditions must be carefully selected and con-

. A . . +
trolled to deal with two limitations. The loading of U022 , as compared

+, is only moderately favorable; the loading process must be staged .
2+
2

resin. Significant decreases in uranium loadings occur for solution

to NH
o 4

to give favorable (high) UO /NH4+ ratios in equilibrium with the product
NH4+/U022+ ratios greater than 0.5. The other limitation is that unac-
ceptable precipitation of uranium occurs for conditions close to those
necessary for good uranium recoveries and loadings. These two limitations
control the allowable process conditions and results. Evaluation of these
flowsheets is continuing, but they cannot be accepted until théy are shown
to meet final product specificaﬁions. The two major fequiremehts to be
determined are:
(1) 1Is the nitrogen content of the product (some preliminary

analyses showed > 1000 ppm of nitrogen after carbonization)
- acceptable?



(2) Is the uniformity of the uranium contents, both particle-
to-particle and within particle, acceptable? The non-
equilibrium loading conditions, with the possibility of
uranium precipitation, when ammonium-form resin is used
result in uncertainties.

As a result of the factors reviewed above, none of the alternative
processes appeared to be acceptable for selection as the reference flow-
- sheet for detailed design of remote facilities. The probability of

unacceptable operation was too high.

1.2 Scope

Acid-deficient uranyl nitrate solution can be produced by solvent
extraction of the nitrate using liquid organic amines. Similar processes

have been used for the preparation of oxide sols from thorium and uranium

’

nitrate solutions. The amine nitrate is contacted with basic solutions

(Na2CO3

nitrate is discharged in the form of waste solutions containing NaNO3 or

, NaOH, or NH4OH) to regenerate free amine for reuse, and the

NH4N03. By  adding an evaporator to remove water (Fig. 1), a highly
efficient conversion of the purified 233U02(N03)2 solution to loaded

resin is possible.

The nitrate extraction, amine regeneration, and resin loading steps
of the reference flowsheet (Fig. 1) were demonstrated using a system
assembled from components of earlier process development programs. Pro-
visions for the removal of water by evaporation were not included; thus
the volume of uranyl nitrate solution increased as feed solution was

added.

The experimental studies reported here were made to obtain résults
for an integrated system wifh a minimum of equipment or chemical flowsheet
development. Each of the equipment components had been operated for
similar purposes in other flowsheets. The extractidn of nitrate from
uranyl nitrate had been studied previously in laboratory equipment.

*
The regeneration of Amberlite LA-2 secondary amine had been included

.
Trademark of the Rohm and Haas Co.
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Schematic reference flowsheet for FRPP resin loading.



. 3 . . .
as part of sol-gel ‘demonstration runs. o4 The loading of resin with
uranium from acid-deficient uranyl nitrate solutions that were 0.2 to 0.6

N in NO " had been investigated in earlj,er'studies.l The conditions

p:eviously found to be satisfactory for the other flowsheets wefe applied
to the resin loading demonstration without any systematic optimization of
variables. Based on the results of theée studies, the loading of resin

using solvent extraction of nitrate was selected as the reference flow-

sheet for the Fuel Refabrication Pilot Plant (FRPP) at ORNL.

1.3 Acknowledgments

These studies, which were part of the Thorium Utilization Program
activities, were supervised by K. J. Notz, HTGR Program Director for the
Chemical Technology Division. The integrated system was operated by
R. D. Arthur and K. Ladd. Some of the resin loading rate and drying

experiments were performed by J. Drago.

2. CHEMICAL FLOWSHEET  AND ' EQUILIBRIUM CONSIDERATIONS

The resin loading, nitrate extractidn} and amine regeneration steps
of the reference flowsheet can be described by the following chemical
reactions, where R represents the cérboxylic acid cation resin and RiNH

represents the Amberlite LA~2 secondary amine (N-lauryl-N-trialkyl-

methylamine):
2% « o + '
+

2HR + UO, +7U02R2 2H (1)
H' + R'NH + NO.  + R’NH_NO (2

2 3 2273 ! )
and
R’NH_NO_ + > RZ .
RN NO3 NaOH R2NH + NaNO3 + H20 (3)

The uranyl nitrate is ionized in solution:

2* 4 oono.” . (4)

+
U02(NO3)2 002 3



By combining Egs. (1)-(4), the feeds and products of Fig. 1 are obtained:

2HR + 2NaOH + U s U + + :
- aCH 02(N03)2 02R2 2.NaN.03 2H2Q . _ ‘ (5)

‘Any excess HNO_, is discharged as NaNO3 and H20; water in the uranyl

3
nitrate solutions or resin feed is discharged as condensate. An equi-

molal mixture of NaOH and Na2CO3

any excess of NaOH results in poor liquid—iiquid phase separation. After

was used for amine regeneration because

all the NaOH is neutralized, the Na2CO reacts to regenerate the amine as

3
follows:
NH + - + + .
R_NH NQB Na2CO3 R2NH NaNO3 NaHCO3 (6)

22

The flow of NaOH—Na2C03 solution is controlled to allow complete neutral-

ization of the NaOH but only partial conversion of the Na3CO3 to NaHCO3.

2.1 Resin Loading Equilibrium

The loading of the resin was followed and controlled by measuring
pH values for the acid-deficient uranyllnitréte solution. Approximate
equilibrium data were available from the original development of the

L . . 1 - .
resin loading process with UO_. For 0.2 to 0.6 N-NO the final solu-

3 37

*
tion pH values for good loadings of Amberlite IRC-72 resin were 2.73 to
3.30. Approximate curves for solution pH values vs uranium loading for

1 - s :
0.3 N and 0.6 N NO, were used for the calculations given in this report.

3
More precise measurements have since been repor£ed by shaffer (Fig. 2).6
The extent of resin loading was determined from pH measurements in
two ways. A favorable pH for the exit solution from thé resin loading:
contactor for 1 hr or more (based on equilibrium curves like those shown
in Fig. 2) was considered an adequate criterion of good loading. The
uranium concentration was determined either from chemical analyses or
from solution density measurements. The difference between the pH values
for the solufions entering and'leaving the loaaing contactor was a sensi-

tive measure of whether uranium loading was occurring, that is, whether

*Prademark of the Rohm and Haas Co.
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the reéin and the iﬁlet solution weré close to equilibrium. This was the
second procedure for determining whether loading was complete. Small
amounts of uranium loading resulted in significant pH changes. - The accu-
racy for measuring this difference was improvgd by moving a single pH
element between the two streams so that théy could be analyzed alternately.
This effect could be duplicated by automatic.valving in a remotely'oper-

ated system.

2.2 Nitrate Extraction Equilibrium
The conditions for the nitrate extraction must be controlled in order

to avoid overextraction of nitrate and precipitation of UO The precipi-

3¢
tation of UO3 is possible from the known basicity of the amine and has
been observed experimentally during investigations of sol preparation
flowsheets by Moore.5 'Thereforé} the.extraétion flowsheet conditions

were selected so as to provide an excess of the uranyl nitrate solution,
with complete conversion of the amine to the nitrate form. The flows

Were cocurrent so that the amine fed into the contactor would encounter
solution of the highest nitrate content. The sprayicontactor is designéd
to prevent the formation of small‘aqueous'drops which might suffer from
overextradtion of nitrate. Although aqueous éontinﬁoué opération might

be more favorable for avoiding local overextraction,'the.organic con-
tinuous mode wasiused because it was known to pravide more effective

phase separation. At the normal flow rates and cdhceﬁtrétions; 5 to 10%
of the inlet nitrate was extracted ffom the aqueous:phaée per pass through
‘the contactor. Under the test conditions,rprécibitaiion 6f uranium occurs
at a NOS-/U mole ratio of about 1.5, the exécﬁ value depending on the

uranium concentration and the temperature.

When excess nitric acid is present in uranyl nitrate solutions,
2+ . . -
UO2 forms negatively charged complexes such as that shown in Eg. (7)
(this example does not mean that a complex of the formula indicated was

known to be present):

' ‘ 2- +
+ ]
UO, (NOJ), + 2HNO, > UO,(NOj)," + 28 _ S (7)
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The complex(es) could be extracted by an amine, as shown by Eq. (8):

2K + 2RINH + UO, (NO3)42~— > [RONH,],U0, (NO4), . , (8)
(As an analogous example, sulfate complexes are extracted by organic
amines for recovery of uranium from sulfate solutions.7) These uranyl
nitrate complexes can be stripped by water or dilute nitric acid and
subsequently returned to the uranyl nitrate surge tank. Any uranyl com-
plexes not recovered in this way would be lost to the basic waste solu;
tion leaving the amine regeneratidn stepl Measurement and control of

such losses were two objectives of the demonstration tests.

2.3 Amine Regeneration

The chemical equilibrium for the regeneration of amine by Eg. (3)
or (6) is very favorable so that countercurrent flow or large excesses
of base are. unnecessary. Conditions previously demonstrated for amine
regeneration as part of sol-gel processes were used for these studies.,3'4
Two important considerations are that the aqueous/organic flow ratio is
low (about 1/5) and emulsification of organic into the aqueous phase is
troublesome when NaOH is present. As a result, the preferred conditions
are organic continuous operation and cocurrent flow so that the NaOH is

rapidly converted to NaNO The aqueous flow rate should be controlled

3°
so that all the NaOH is used but only part of the Na2CO3 is converted to

NaHCO A residue of NaOH in the agqueous exit solution results in poor

3°
phase separation. 1In addition, conversion of all the Na2CO3 to NaHCO3

may allow undesirable releases of gaseous CO, or incomplete regeneration

2
of the amine. Partial regeneration of the amine using less than the
stoichiometric ratio of NaOH might have advantages and will be tested

in an engineering-scale resin loading system.
3. EXPERIMENTAL APPARATUS AND PROCEDURES

A test system for resin loading based on the solvent extraction of

nitrate was assembled by reusing equipment components from other flowsheets
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(Fig. 3). The nitrate extraction equipment was the same as that used for

preparing CUSP UO_ sols (Fig. 4), except that the aqueous surge tank was

2
removed and the aqueous phase was discharged through a jackleg to control

the interface level.4 Solvent regeneration was accomplished in three
mixer-settler stages (Fig. 5) as designed and fabricated for the sol-

. -3 . . o
gel preparation of ThO2-UO sols. The resin loading contactor used ini-

3
tially was taken from a fluidized-bed system tested for resin loading

3.l Both these components and a second loading contactor, 4 in.
ID and 5 ftrlong, will be described in the following subsections. The

using UO

UNH tank was a 55-gal stainless steel drum. The uranium feed was prepared

by diluting a 1.33 M.UO2(NO3)2—-1.7O M HNO3 solution with water.

3.1 Nitrate Extraction Components

Uranyl nitrate solution from the UNH tank was pumped through a manﬁal
flow control valve, a conductivity . element, a temperature element, a small
shell-and-tube heat exchanger, a flow element (orifice and differential
pressure cell), and a spray header containing holes about 1/8 in. in
diameter (Fig. 4); Thé aqueous drops flowed cocurrently with the con-
tinuous organic phase down a 2-in.-ID, 36—in}-long contactor. The
aqueogs—organic interface was controlled in about a 12-in. length of a
2-in.-ID phase separator by adjustment of organic and aqueous‘overflow
jacklegs. The pH of the aqueous effluent was measured in-line befére the

étream was returned to the UNH tank.

3.2 Solvent Regeneration

The solventAregeneration contactors may be overdesighed with respect
to meeting the flowsheet requirements. Each mixer-settler (Fig.ZS) is
made of 3~in.-diam glass pipe to permit'observation of the process streams
and operating characteristics. It is divided into six compartments, each
of which has a mixing impeller; these impellers are mounted on a common
~shaft with a variable-speed drive. The aqueous and organic phases enter
at the top and flow cocurrently down through the six compartments to give

the effect of mixing vessels in series. This arrangement ensures good

stage efficiency. The mixer is designed in such a manner that the aqueous
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phase is dispersed into the organic phase (organic continuous) to minimize
emulsification. At shutdown, the aqueous phase drains to the settler;
consequently, only the organic phase is présent in the mixer at startup
and the aqueous stream is easily dispersed as it enters. Each mixer is
equipped with two U-shaped sections of stainless steel tubing through
which hot water is circulated to maintain the organic and aqueous phases

at about 50°C.

Phase separation occufs in the section located below the mixer. The
position of the interface is céntroiled by adjustable weirs on both the
aqueous and the organié ove;flow lines. The nominal volumetric capacity
of the mixing section is 2.0 liters, while that of the settler is 2.8

liters of organic phase and 1.5 litérs of aqueous phase.

3.3 Resin Loading Contactors

The resin loading contactor used initially in the tests reported here
was a fluidized-bed unit with the resin supported by a 40-mesh screen
mounted in a 3-in.-ID flanged'joint [Fig. 6(a)]. The resin filled a
tapered section (decreasing from 6 in. ID to 3 in. ID over a 12-in.-
length) and parf of a 6-in.-ID by 24-in.-high cylindrical section. The
acid-deficient uranyl nitrate solqtion from the UNH tank was pumped
sﬁccessively through a manual flow control valve, a rotameter, and the
resin via the 40-mesh screen. Thé pH of the aqueous effluent was meaéured
in-line before the stream was returned to-the UNH tank. In some tests,
the pH of the aqueous feed was measured by avsimilar in-line measurement

of a second streamn.

Resin loading teésts were also madé after.the flﬁidized—bed_contactor
had been replaced by a 4-in.-ID by 5-ft-high spouting'béd‘contactor [Fig.
6(b)]. The contactor body was made of standard Pyrex'pipe. The bottom
was a 60° sheet-metal cone with a 1/2~in,.-OD tﬁbing inlet at the top.

The top was a flange with a 100-mesh wire screen fabricated into a 60°
cone to prevent carryéver of resin.  This contactor was intendéd to
simulate a critically safe geometry and a remotely operabie loading-

unloading configuration.
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4. EQUIPMENT PERFORMANCE

The objective of the studies described here was to demonstrate
acceptable chemical and equipment flowsheets for this resin loading proc-
ess without any systematic optimization. Potential problems such as

solvent entrainment, uranium losses to the regeneration contactor, and
.loading.time requirements were investigated as required to show acceptable
results. Alterations of equipment or flowsheets to further improve such
results were generally deferred to be part of future studies in an
engineering-scale resin loading system. Results are described according
to the mechanical.performance of  the equipment in this section; the chem-
icai flowsﬁeet requirements, including the quantitative results with

respect to uranium loading, losses, etc., are discussed in Sect. 5. .

4.1 Nitrate Extraction Contactor

The nitrate extraction contactor was a cocurrent spray column with
the organic phase (0.27 M Amberlite LA-2 in a diethylbenzene-dodecane
mixture) continuous. Operation proceeded as intended; no important prob-
lems were encountered. The exit amine was < 0.0l M free amine, indicating
essentially complete conversion to the amine nitrate. The interface was
present in a v 12-in. length of horizontal, 2-in.-ID Pyrex pipe. There"
were visible accumulat;ons of organic in the uranyl nitrate solution
tank, but they had no detectable effect on resin loading. A more effi-
cient phase separator design would facilitate control of the interface
and reduce enfrainment. In most cases, operation was with an organic
flow of 400 cc/min. Operation»with an organic flow of 600 cc/min was
considered acceptable;.however, phase separation and interface control

were not as good as at 400 cc/min.

4.2 Amine Regeneration System

The only difficulties encountered in operating the amine regeneration
system were those -associated with. phase separation when abnormal chemical

flowsheet conditions were employed. The NaOH—Na2CO solution flow rate

3

must be controlled so that complete conversion of the NaOH to NaNO3 is
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ensured. Several periods during which the organic flow rate was reduced
without a concom;tant decrease in the NaOH—Na2C03 flow rate resulted in
accumulations of emulsions at the interfaces. Another abnormal chemical
flowsheet condition was precipitatién of uranium in the regeneration
contactor and its attendant accumulation at the interface. This condition,
which occurred in the case of high NO3_/U ratios (see Sect. 2.2), was
completely controlled by adding a water scrub to recover the extracted

or entrained uranium. The mixer speeds commonly used were 500 rpm for

the uranium recovery scrub contactor, 350 rpm for the regeneration con-

tactor, and 400 rpm for the final water scrub.

The mixer-settler contactors provide good dispersion of the agqueous
phase as required for the low aqueous/organic flow ratios of 1/5 or 1/15.
Since the chemical equilibrium is'very favorable, an aqueous recycle could
be used to increase the aqueous/organic flow ratio (Fig. 7). This would
allow the use of spray contactors and might promote other process improve-
ments. The energy for mixing would then Be'provided by the recycle pump
instead of the mixer motor. The aqueous recycle flow would allow measure-
ment and control of the amount of base in the contactor to optimize both

the utilization of base and the phase separation.

All of the integrated system tests were made with equimolal concen-
trations of NaOH and Na2CO3 to regenerate the amine. Use of NH4OH to
give NH NO_-NH OH waste might be preferred for some waste disposal treat-

4 3 4
ments. A literature'survey was made and some simple laboratory tests were
performed to provide information on the use of NH4OH solutions. Uranium
separation processes have been developed which require the regeneration of
free amines.after stripping of uranium complexes to leave the amines as
nitrate, sulfate, chloride, or other salts. A flowsheet featuring nitréte
stfipping of 'uranium yields an amine nitrate and has almost exactly the
same amine regeneration requirement as that for resin 1oading.7 For a
secondary amine (dodecenyl Primene 81*) in kerosene, the amine was
regenerated with 1.5 M NH4OH to give an aqueous effluent pH of 8.3. &As

compared with NaOH, the use of NH OH required some combination of a larger

4
excess of base, higher temperatures, and/or longer contact times.

*
Trademark of the Rohm and Haas Co.
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Laboratory tests with NH OH were made by shaking spent solvent with

4
aqueous solutions in glass sample bottles. The visual observation of

break times or emulsion formation was a test of phase separation. Phase
separation is known to be very poor for NaOH solution, but is excellent
for Na2CO3 or NaHCO3—NaNO3 solutions. The organic éamples from several
shake tests were submitted for analyses of free amine in order to deter-
mine the equilibrium amine nitrate concentrations resulting from NH4OH—

NH4NO3 solutions. The results of these analyses were identical for organic

samples that had been shaken with 1 M Na2CO ;s I M NH4OH, and the two

3

NH4OH—NH4NO3 solutions; this indicates negligible back-conversion to amine

nitrate by the NH4NO3. The phase separation for NH4OH-NH4NO3 solutions,

although not quité as good as for Na2c03 or NaHCO3—NaNO3 solutions, is

much better than for NaOH or NH OH solutions. The phase separation using

NH4OH should be acceptable if lgw NO3-/NH4‘+ ratios in the effluent are
avoided. This does‘not.imply a difference in limitations since we have
also experienced-eﬁulsion problems at low NO3-/Na+ ratios. An aquéous
recycle for the regeneration contactor (Fig. 7) could be a worthwhilé

process improvement when NH4OH is used for regeneration.

4.3 Resin Loading Contactor

Two types of resin'loading contactors (Fig. 6) were used in the
present studies. The principal information with respect to their opera-
tion was the allowable range of solution flow rates and the ease of

transferring resin in and out.

Retention of the resin in the loading contactor is an important
consiaeraﬁipn,:andjaiscreen or filter must be instélled at the solution
exit fdr‘this purpose. Air bubbles that contact resin often trap some
resin pgrticles ét the bubble surface and transport them to the top of
the liquid by a froth flotation effect. The unloaded hydrogen-form resin
has a low density and will float at moderate uranium concentrations
(estimated to be > 0.8 M). As U022+ is loaded, the density of the resin

increases greatly to give significantly higher settling velocities.

Even for a uranium concentration of 0.3 M, however, the settling velocity



of unloaded resin is low and resin ié easily carried to the solution exit.
The allowable solution flow rate for 0.3 M uranium (70 g of uranium per
liter) is a superficial velocity of 15 cm/min.‘ This can be increased to-
50 cm/min after loading is 70% complete. 1In the case of the ‘4-in.-ID
loading contactor, the conical 100-mesh screen for the liquid exit did
not allow trouble-free use of high solution flow rates. If the average
solution flow rate proposed for the FRPP is used at the start, the low-
density, unloaded resin is packed against the exit screen and forms a
porous plug which has sufficient strength to cause difficulties. The
plug remains in place when the solution flow is shut off. For thisvcon—
tactor and the resin charges tested, the allowable initial flow rate
without expanding the resin bed up to.the screen is about 1.2 liters/min,
or about 30% of the proposed average flow rate. The increased resin
density as loading proceeds allows a flow rate of 4 liters/min within 1
hr. The 100-mesh screen cone at the top gradually blinded with resin

and collapsed after four runs from an excessive pressure differential. -
Some arrangement to provide backflushihg.and/o: a larger area might
eliminate this problem. Criticality requirements will probably allow
use of a 5-in.-ID contactor, which wéuld represent a significant improve-

ment.

Each loading contactor  -exhibited good mixing and hydraulic behavior.
The lower part of the resin bed in the 4-in.-ID loading contactor with
the conical bottom showed a spouted-bed behavior characterized by down-
flow at the vessel walls, while the upper part of the resin bed displayed
the more conventional type of fluid-bed motion. The other lbading con-
tactor shbwed smooth fluidization in the 6-in.-ID cylindrical section but

slugging fluidization in parts of the bottom tapered section. -

The loaded resin was easily transferred out of each type of loading
contactor. About 3 ft of liquid head in the conical-bottom' contactor
flushed the resin through a 1/2-in.-0D tubing line to the dryer. The
rate of resin discharge was increased if the slurry was diluted by a small
additional flow of solution. 1In the case of the screen-bottom loading
contactor, vacuum was applied to the fop of the dryer to draw the resin

slurry into the dryer through a 1/2-in.-QD tubing line.
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Fluidization flows may be terminated and then resumed after shut-
downs of up to several days with no difficulty, provided the resin bed’
is not allowed to fill any appreciable length of the solution inlet line.
The resin in the small line cannot flow into the contactor until the bed
has exéanded. The resin-filled line has a high pressure drop per unit of
length and can limit the  solution flow to a low value which will not -
expand the bed. ‘This'probiem was eliminated by using a flow shutoff
valve close to the solution inlet to the contactor so that only a few
inches of line could fill with resin when flow was discontinued. This
difficulty with moving the resin in the line occurs only when the settled

resin bed blocks .the discharge of resin from the 1line.

4.4 Process Instrumentation and Control

All controls for the experimental system used in these tests were
activated manually after visual observations had been made or indicators
had‘been read. The SystemAresponse times are éeherally long;.therefore,
the principal problems appear to stem from the séhsitivity and accuracy
of the meaéurements. Since none of the flow heasurements or teméeratures
is critiéai,-convéntional instruﬁéntation would be adequate. Interface
controls were of the jackleg type, with adjustable weirs in each aqueous
-and organic exit line. The major problem with regard to interface con-
trol is the effect of Variagions in uranium concentration on the nitrate
extraction interface level. The difference in density between the two
phases can ‘vary by as much as a factor of 2 since the density of the
uranium solution may range from slightly more than 1.0 for dilute solu-
tions to 1.20 for concentrations of about 0.6 g_(aé compared to about 0.9

for the organic. density).-

Testing of in-line pH instrumentation in an engineering-scale resin
loading system will be a very important part of the overall program.
Accurate pH measurements provide an excellent indication of the progress
of both the nitrate extraction and the resin loading. In the experimental
studies reported here, conventional laboratory pH electrodes and indica-
tors were used, with manual handling of the electrodes for calibration or

use in in-line solution chambers. These laboratory instruments required
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frequent calibration (several times per 8-hr shift). It is essential,
then, that future studies identify dependable components for in-cell use.
The accuracy of.measuring the pH change across the loading contactor was
improved by moving a single pH meter between the inlet and exit streams
so that these streams could be analyzed alternately. Automatic valving
with duplicate in-line pH instruments is planned to provide a double
check of this important measurement. As an alternative to introducing
standard buffer solutions into the process system, the process solutions
might be used for calibration after their pH values had been measured in

an analytical facility.

An in-line conductivity element was used to determine the conductiv-
ity of the uranyl nifrate solution. This element was fouled (probably by
entrained organié) during one eafly fﬁn and héd to be cleaned. The

"reading obtained with this element was verified by a portable laboratory
cell and probe placed in the same solution pots used for pH measurements.
With the exception of the fouling mentioned above, the in-line conductiv-
ity element appeared to be reliable. The conductivity of the acid-
deficient uranyl nitrate is strongly dependent on temperature and uranium
concentration and is, therefore, a much less useful measurement than pH

for determining NOB_/U mole ratios.
5. CHEMICAL FLOWSHEET AND QUANTITATIVE RESULTS

The data obtained in the‘chemical flowsheet studies are presented in
this section. 1In cases where the initially selected conditions gave
acceptable resuits, they were used without any systematic determination
of -optimum values. The mechanical performancé and dependability of the

equipment items are discussed in Sect. 4.

5.1 Run Conditions and Analyses of Loaded Resin

Fourteen batches of resin were charged and loaded without any prob-
lems. The important run conditions and results, along with those of some
batch runs with UO3 which are presented for comparison, are summarized

in Table 1. The low uranium loadings for runs R02, R09, and R14 were



Table 1. Loading of natural uranium on Amberlite IRC-72 resin
Resin feed Loaded resin ) Final solution Loading
~ Run Size? Volume? Weight U content meq U U conc. NO,~ /U time
number (u) (ml) (g) (wt %) ml resin (M) pH mole ratio (hr)
A. Ioading with Solvent Extraction of Nitrate; Screen-Bottom Spouting-Bed Contactor
RO1 Unsized 4,800 3,871 46.77 3.17 0.31 2.65 1.78 3.3
RO2 Unsized 7,050 5,392 46.26 2.97 0.32 2.60 1.81 2.5
RO3 Unsized 5,900 - 4,813 46.06 3.16 - 0.25 2.85 1.70 5.8
RO4 Unsized 6,700 5,430 46.03 3.13 0.17 3.05 1l.67 4.7
RO5 590 + 100 7,450 5,826 46.40 3.05 0.24 2.88 1.71 4.9
RO6 590 + 100 7,350 5,954 46.87 3.19 0.23 2.94 1.70 5.8
RO7 590 + 100 7,200 5,668 46.08 © 3.05 0.22 2.84 1.75 5.3
RO8 590 + 100 8,100 6,335 47.83 3.17 0.21- 2.90 1.70 4.5
RO9 590 + 100 7,400 5,410 46.0 2.83 0.15 2.98 1.73 1.8
R10 590 + 100 5,000. 3,944 46.61 3.09 0.10° 3.18 1.66 2.0

R11
R12
R13
R14

BO2
B0O4

BO5

62
63

" Loading with

560 + 60
560 + 60
560 + 60
560 + 60

C. Loading

560
660
560

60
30
60

[+1+]+

Unsized
Unsized

Solvent Extraction of Nitrate} Conical-Bottom, 4-in.-ID Spouting Bed Contactor

8,100
8,500
8,400
7,800

with UO

3

33,000
22,000
38,000

D.

8,170
8,340

6,173
6,394
6,273
5,465

in a Large (55-gal Drum) Conical-Bottom, Spouting-Bed Contactor

25,570
16,955
28,780

49.66, 49.96 . 3.18 0.22
49.57, 49.50  3.13 0.16
47.74 3.00 ~0.09
46.14 2.72 0.03

48.2

48.
48.

9
0

Loading with UO3

6,530
6,721

47.
46.

00
35

©3.14 0.22
3.16 0.22
3.07 0.22

2.88
2.93
3.10
3.15

w W w
k)
[52)

in Baffled, Agitated Beakers

3.16 0.4
3.14 0.4

w w
= O

1.74
1.74
1.73
1.82

1.65
.55
1.6

[

[00] [, I SN %)
OO

w N
o wn

a

Resin sizes and volumes are given for the hydrogen form in water.
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not unexpected since either shorter loading times or lower uranium con-
centrations were being tested in these cases. Table 2 shows a typical

run data sheet.

5.2 Integrated System Rates

The resin loading tests were made with simultaneous removal of uranyl
ion by reaction with-the resin [Eg. (1)] and removal of nitrate by the
amine solvent [Eg. (2)]. The rate of nitrate removal is set by the amine
concentration and flow rate since the exit solvent contains little free
amine. The rate of uranyl removal varies with the concentration and flow
rate of solution to the loading contactor and with the degree of resin
loading. These removal rates, along with the volume and concentration of
the uranyl nitrate solution, determine how the pH and NO3—/U mole ratios
vary as the resin loading proceeds. Continuous removal of water in an
evaporator and addition of uranyl nitrate feed solution during‘loading
would further complicate the behavior in a FRPP sYstem of low volume

inventory.

A typical loading run showed two distinct stages for the experimental
conditions used. Initielly,‘the rate of uranium loading was much higher
than the rate of nitrate removal. The exit stream from the loading con-
tactor has a low pH, ahd the pH of the solution in the surge tank o
decreased (Figs. 8 and 9) as the NO3—/U mole ratio increased with time.
About 70% of the uranium loading was completed in about 20% of the run
time. During the remainder of the run, the rate of nitrate extraction
was larger than the rate of uranium loading. The pH of the surge tank
slowly increaeed as the NO3-7U'ratio decreased; the pH of the solution
leaving the loading contactor increased more rapidly'and approached the

pH of the inlet solution as loading neared completion;

The consietency of the observed results can be checked by making
several comparisons. The uranium loading rate per volume of solution
can be calculeted from information obtained by several independent
methods: |

(1) Uranium analyses of solutions entering and leaving the
loading contactor.



Table 2. Data sheet for run Rll

Flow rates: organic, 400 cc/min; 1 M NaOH--1 M.Nazco , 80 cc/min; water scrubs
(two), 30 cc/min; uranyl nitrate solution to pitrate extraction, 3

liters/min
Measurements of solution Flow . Expanded
, From tank ' From resin through resin bed
Clock , Density : Density resin ‘'volume
time T (°C) PH (g/cc) T (°C) pH (g/cc) (liters/min) (liters) Remarks
0930 32- 2.75 1.100 -- - - 0 8.20 . NO3~ extraction started
0940 34 2.82 1.100 - - - 0 ) - . =
0950 - 36 2.80 1.098" - - - 2.4 e Flow to resin -
0953 -- .= - - 16 1.00 1.052 2.4 > 12 Resin on exit screen
0956 - - Co-- 24 0.97 1.056 2.4 > 12 ' R
1000 C-- -- -- 30 0.95 1.058 2.4 > 12 Bed AP " 1 ft H,0
1004 38 .2.84 - 36  0.98 - 2.4 v 10 ‘ ' -
1010 - - -= 37 1.10 1.059 2.4 v 10 -
1015 40 '2.82 1.092 38 2.12 1.066 2.4 v o9 Bed AP ~ 1 ft H50
1020 - - L - 38 2.42 1.069 4 -- --
1025 - - - 39 2.60 - 4 -~ Bed AP v 2 ft H20
1030 -— - - " 39 2.57 1.072 4 - --
1035 40 2.70 1.080 39 2.57 1.074 4 9.80 -
1045 41 2.73 1.077 40 . 2.62 1.075 4 - -
1100 .41 2.72 1.077 40 2.65 1.074 4 9.70 -=
1130 43 "2.71 1.076 43 2.65 1.072 4 - -=
1200 45. 2.74 1 1.072 - 44 . 2.70 1.071 4 9.10 -
1230 46 2.75 1.072 . 46 2.78 1.070 4 - -
1300 47 :2.80 1.070 47 2.81 1.069 4 9.08 -
1330 48 2.89 1.068 47 2.88 1.067 4 - "Flows terminated
0 8.10 --

Post-run 14 - -1.076 - —_ —_

9¢
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(2) Density measurements (via hydrometer) of solutions
entering and leaving the loading contactor.

(3) PpH measurements of solutions entering and leaving the
‘loading contactor, along with an approximate NO3- or
uranium concentration and data concerning solution pH
vs NO3™ /U ratio, such as that shown in Fig. 10.

(4) .Rate of change for the average uranium concentration
in the system and the solution volume.

The uranium loading rate shown in Fig. 8 for run RO8 was determined froﬁ
pH measurements of the inlet and exit solutions. The density measurements
confirmed the portion of the curve corresponding to fhe initial high
loading rate, but they were not sensitive enough to give accurate values
for the small differences for the femainder of the run. The large number
of 'uranium analyses regquired to establish two curves for each run did not
seem justified; thus only a few points were confirmed by chemical analyses.
The behavior of the uranyl nitrate tank was ihtermediate between uniform
mixing and plug flow, and samples to indicate true average concentrations
could be taken only after mixing, with little or no removal_or addi;ion

of uranium.

The amounts of uranium found in the dried resin agreed.with the
product of the integrated values for uranium loading rates and the solu-
tion flow rate to within + 20%, which is reasonable considering the many
approximations involved. The difference in pH values for the inlet and
exit solutions appeared to be the most sensitive measurement fér the low
loading rates as loading approached completion, and this is the most

important part of the loading run with respect to process control.

5.3 Uranium Losses

Three uranium loss or waste problems were considered during this
test program:

(1) Losses of uranium to the waste solutions from the amine
regeneration system.

(2) The operating inventory or "heel" remaining after the
final loading at the end of a campaign with one batch
of 233y feed.
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(3) The amount of waste resin to be expected from off-

specification loading runs, or other unacceptable

results. '
Only the first problem can be identified on the schematic flowsheet (Fig.
1) for the process. Since the operation of evaporators is well estab-
lished, uranium losses to the condensate should be low. The uranyl ion
is not volatile at the flowsheet temperatures, and drying of washed,
uranyl-loaded Amberlite IRC-72 does not appear to result in noticeable
amounts of.particulates; therefore, the off-gases do not result in
significant uranium losses. Because these two losses should be negligibly
small for a well-designed system, we eliminated condensate or dryer losses

as possible controlling problems.

Uranium can be carried with the organic leaving the nitrate extrac-—
tion column either in the form of entrained drops or as nitrate complexes
[see Eq. (8)]. Either type of loss can be controlled by a water scrub
which is returned to the uranyl nitrate tank or evaporator (Figs. 1 and
3). The spray columnvgenerally showed a relatively clean interface.
However, the water scrub should be used to recover extracted uranium
even if entrainment fails to occur. The améunt of uranium found in the
organié was strongly dependent on the aéueous NO3-/U mole ratio (see |
Table 3). It is possible that the uranium may have been entrained in
the case of the lowest.NO3_/U mole.ratio (1.8); however, the larger amounts
for Noé_/U~ratios of 2.4 and 3.3 were primarily extracted. The analyses
of the aqueous exit streams for the amine regeneration system shown in
Table 4 indicate uranium losses of 2 g or less for a uranium loading of

2 to 3 kg.

"A recycle fuel fabrication plant will be operated for defined periods
called campaigns, with cleanout and inventory of the uranium being accom-
plished during the interval between campaigns.  Therefore, any uranium
remaining after the last loading of specification product will require
special handling and storage. Runs R1l through R14 were carried out with
successively smaller uranium concentrations, decreasing to 0.033 M at
the end of R14. Loading proceeded as would be expected, with larger

solution volume flows required at the lower concentrations. These results
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Table 3. Uranium-in the organic phase after
nitrate extraction

Organic 0.27 M Amberlite LA-2 in

dieth;lbenzene
Agqueous = Vv 0.6 M U
Agueous-phase
NO3™ /U Uranium extracted
mole ratio (moles/mole NO3' extracted)
3.3 ’ > 0.1
2.4 . 0.02, 0.02

1.8 ) v 0,002

Table 4. Uranium concentrations in amine
regeneration system effluents

Organic: 400 cc/min of 0.27 M Amberlite
LA-2 in diethylbenzene

Water scrub NaNO_-NaHCO_~

Water scrub

. 3 3 .
for uranium for sodium
Na_.COo
recovery 2773 removal
Nominal flow, cc/min . 30 80 30
RO3: Total volume, liters 12 20.5 13.3
U conc., g/liter 1.25 - 0.105 0.058
R0O4: Total volume, liters 6.6 17 7.5
U conc., g/liter 0.551 0.035 0.012
Na conc., g/liter -- - 2.04
RO5: U conc., g/liter 1.86 0.045 --
RO6: U conc., g/liter ' 1.31 - -
RO7: U conc., g/liter 1.16 - -
U conc., g/liter, for: .
No3‘/U = 2.5 6.1 - --
No3"/U = 2.1 1.6 0.124 0.045

No3“/U 1.9 3.2 -
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indicate that the uranium inventory can be reduced to much less than the
equivalent of one batch (4 kg of uranium) if additional time is allowed
fof this final batch. The system can be designed ﬁo allow collection of
all #emaining uranium in the evaporator and subsequent evaporatipn to

the minimum volume or maximum concentration that is practical for evapo-

rator operation.

These tests did not reQeal any reasons to anticipate. the preparation
of off-specification resin for waste recycle. The resin loading reactions
involve relatively slow approaches to equilibrium without the presence of
or formation of UO3 in the ioading contéctor. The loading process is con-
trolled from the time loading begins until the desired end point is
reached. Therefore, the probabiiity of producing off—specification loaded
resin wili be determined by the probabilities of off-specifiqatién.feeds
(résin‘or uranyl nitrate) and gross failures of equipment and/or proce-

dures. The dependability of in-line PH measurements is apparently the

most significant uncertainty with regard to equipment components.

Carefui determination of uranium material balances and losses will
be an important part of the operation of an engineering-scale resin-
loading system. Although the measurements made during the studies
reported here are not sufficiently accurate to meet the requirements for
operation with 233U, they did not show any unexpected difficulties,
Uranium material balances for two resin loading runs (RO3 and RO4) were

good (96.9 and 101% respectively), but the NO3 material balances were
rather poor (90.1 and 118.4%). The amounts of uranium recovered in the
water scrub solutions were 0.68 and 0.15% of that loaded on the resin
batches. Run RO3, which gave the 0.68% value, was characterized by a
higher initial NO3_/U mole ratio as well as a higher uranium concentra-
tion. For runs R11l through R14, the analyses show 13,480 g of uranium
charged as uranyl nitrate, 11,712 g in the dried, loaded resin, and 1,950

g in 170 liters of uranyl nitrate at the end of run Rl4. This gives a

uranium material balance of 101.4%, excluding uranium losses.
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5.4 Kinetics of Resin Loading

A large fraction of the resin loading can take place very rapidly,
while the final 10% of the loading appears to proceed at an even slower
rate than would be.expectéd from the less-favorable equilibrium. The
rates for the rapid part of the loading are probably controlled by mass
transfer requirements. The decreased loading for R09 (Table 1) is
believed to be due to the feduced run time even though the exit solution

had had a favorable composition for more than 30 min.

Experiments were cérried out to determine the rates of uranium loading
‘for hydrogen—form Amberlite IRC-72 in highly aéid—deficient uranyl nitrate.
Measured volumes.of resin were agitated vigorouély with large éxcesses of
solution for selected times. At the end of the programmed time period,
the resin and solution wefe separated in a few seconds by pouring them
onto a fritted glass filter. The resin samples were then driéd, weighed,

and analyzed for uranium.

The loadings, in percent of 120-min loadings at the same conditions,

were as follows:

Temperature, °C 30-35 60-65 60-65

Average U conc., N 0.8 0.95 0.47
Average NO3_/U mole ratio 1.6 1.6 1.6
U.loading, %, at:
2 min ‘ , e 34 =
5 min . 40 50 N
15 min 4 . 60 . 80 . 80
30 min . 80 ‘ 94 | 94
60 min . .94 97 --
120 min . . 100 . . 100 100

These results show that loading proceeds at-a more fapid pace at the
higher temperature, as would be expected. Essentially the same uranium
loadings were achieved at uranium concentrations of 0.95 and 0.47 N. This
result was surprising since the uranium concentration should be an impor-
" tant variable; however, it is possible that, at these uranium concentra-

tions, two opposing effects are exactly equal in magnitude.
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5.5 Resin Drying Results

The resin (Amberlite IRC-72 in these studies) is a porous plastic
and an éxcellent insulator. The controlling requirement for drying this
resin is the heat necessary to vaporize the water it containé;‘va the
heat is supplied by a flowing gas, the water is evaporated and the gas
is cooled until it becomes saturated with water vapor. With'a heated
gas, the drying of a fixed bed of resin is not uniform; almost complete
drying occurs near the gas inlet before the resin is dry enough to flow

freely or fluidize away from the inlet.

Drying of resin for routine product preparation was done in a dryer
fabricated using a 9-in.-diam porous stainless steel filter frit. 1In
this device, air heated by steam in a shell-and-tube heat: exchanger sup-
plies the heat to evaporate water from the resin. Both the upflow and
the downflow of air through the.resin bed have been tested. Results
show that drying is approximately complete when the temperature near

the exit of the resin bed increases to the inlet temperature.

The time required for arying has shown good agfeement with heat
balances based on the weight of water evaporated. Total perioas of 1 to
16 hr were observed, depending on the gas flow rate and the resin volume.
The gas flow per liter of u:anidm-loaded Amberlite IRC-72 would be calcu-

lated as follows: °

Weight of drained resin: 1130 g

Weight of dried resin: 810 g

Weight of sz evapo;ated:- 320 g

Heat to evaporate water at 50°C: 570 cal/g

Heat capacity of air, AT = 70°C: 490 cai/g-molé
std liters air 570

liters wet resin 490 (320) (22.4) = 8000

The experimentally observed values are about 10,000 liters/liter. The
difference in the two values appears reasonable since the calculated
.value did not allow for the heat capacity of the resin, the smaller AT as
the drying approached completion, or the heat losses between the heat

exchanger and dryer. -
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The largest satisfactory upflow of air for the 8-in.-diam dryer was
240 std liters/min. For higher flow rates, the air came through the bed
as large bubbles (i.é., slugging fluidization). These bubbles, which
cérried resin particles out of the drier, wgré probably not in equilibrium

with the resin.

6ur drying results are given in terms of Loss On Drying (LOD) values,
in weight percent, for a small sample exposed at 110°C to conditioned
(dehumidified) laboratory air. Our loaded resin batches were initially
dried to low LODs (1 to 2 wt % for ruhs RO1-R10, < 0.1 wt % for runs R11-
R14) because this was considered to be the p;eferred condition for feed
to the carbonization furnaces. Static charge effects complicated the
handling of samples dried to 1 to 2% LOD and were .very troublesome‘for‘
those dried to < 0.1% LOD. Samples in both glass and plastic sample
bottles were examined for static charge effects. The following observa-
tions were made:

(1) Batches dried to > 20% LOD were characterized by resin
particles sticking together from the effects of moisture.

(2) Batches dried to < 10% LOD showed detectable static charge
effects. ”

(3) Batches dried to éd% < LOD > 10% were éompletely free-
‘flowing in the sample bottles, displaying no visible
static charge effects.

Samples or batches of loaded resin were exposed to varying conditions
to determine the LOD values which would result (Téble 5). -In some of
these tests, demineralized water was added to resin of < 0.1% LOD.'.The
resin became hot, producihg steam when fhe water first contacted it. This
indicates that some of the water has a high heat of reaction; that is, it
is chemisorbed on the resin. The LOD values obtained for drained resin
and for resin exposed to saturated steam for 10 min do ﬁot represent
drying to equilibrium; however, the other data in Table 5 are believed to
be approximately equilibrium results. It appears that the water present
in samples with LODs of greater than 13% is easily removed and probably
fills large pores in the resin. For samplesuwith»LODs below 13%, however,

‘the water is increasingly difficult to volatilize; this is probably due



. Table 5. Drying of uranium-loaded Amberlite IRC-72 resin

(LOD values for samples determined at 110°C in dehumidified air)

Resin feed tested Test conditions LOD (wt %)
Resin in demineralized water Drained on filter at 20°C 26
Air (rainy weather) at 20°C for 50 to 100 hr 11-13
Air (dry weather) at 20°C for 50 to 100 hr 9-10
Conditioned (dehumidified) air at 20°C 6
Dry (instrument) air at 20°C 3
Air at v liO°C for 24 to 48 hr 1-2
Dry (instrument) air at 110 to 120°C. < 0.1
Microwave heating with no air flow - 1
Dried resin of < 0.1% LoD Flowing saturated steam for 10 min 5
‘ Flowing sétu;ated steam for 45 min 8

LE
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to capillary effects initially, while water of hydration (desorption)

effects are 1likely responsible for the last several percent.

The heat to'véporize water can be generated throughout the resin by
use of microwave heating. Drying tests were made with up to one-half-
liter batches of drained uranyl-loaded Amberlite IRC-72 resin. Most of
the water was véporized within 5 min. As the water content decreased,
the rate of heat generation in the resin decreased. As a result, these

~uranyl-loaded resins did not overheat at long exposure times; and about
1 wt % water was left in the resin. The uniformity of drying in larger
batches has not been determined. Other problems associatéd with drying
via microwave heating are the severe limits on materials of construction
(no metals) and handling and maintenance difficulties encountered in

remote operations.
6. CONCLUSIONS

A step in which,nifrate is extractéd by a liquid organic amine can
be inteérated into, an_attractiQe flowsheet for préparing resin-based
HTGR fissile kernels'containingf233U. This step provides acid-deficient
Auranyl nitrate for an optimum loading of uranium on a carboxylic acid
cation-exchange resin. Waté} is rémoved as condénsate from an evaporator,
and the amine nitrate is regenerated to free amine by reaction with

NaOH-Na_CO. (or NH

2C05 OH) solution to give wastes with low uranium losses.

4
The nitrate extraction, resin loading, and amine reéeneration steps
of the integrated flowsheet were demonstrated in 14 runs using components
assembled from other developmental studies. All of the resin loading
tests were completed és planned; ﬁo significant operating difficulties
were encountered. Uranium that is extracted or entrained into the
organic is easily recovered by a water scrub whiéh is'returned to the
urahyllnitrate solution, tank. The process equipmént cémponents also
demonstrated critically safe dimensions for the FRPP capécity of 4 kg of

233U per batch.

The process is controlled via in-line pH measurements of inlet and

exit solutions. The nitrate extraction is regulated so as to avoid
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N03-/U mole ratios below 1.6 and thus prevent any-precipitation of UO3.<
The loading of resin is completed by maintaining favorable exit solution
pH values for at least 1 hr. The dependability of in-line pH instru-
mentation needs to be demonstrated in a planned engineering-scale resin

loading system.

Information was developed on pH values for uranyl nitrgte solution
vs N03_/U mole ratios,; resin loading kinétics, resin drying requirements,
and other resin-loading process information. It appears that 10 to 15
wt % water in the dried, uranium-loaded resin may be a preferred value
‘since completely dried resin exhibits static chargesvwhich make handling
and transfer more difficult. None of the other process information indi-

cates any unexpected requirements or unusual difficulties.

7. APPENDIX: SIZING OF EQUIPMENT FOR RESIN LOADING IN
COMMERCIAL HTGR FUEL FABRICATION . PLANTS

Commercial fabrication of HTGR fuels will require control of criti-

. 2
cality for resin loading using 35U for fresh fuel and 233U for recycle

fuel. Other plant requirementé'will be quite different becausé the 233U
requires remote operation of shielded equipment, while initial and makeup
(unirradiated) 235U does not. As'é result, commercial refabrication
plants will have separate facilities for preparing fresh and recycle

fuels and the optimized flowsheets are not likely to be identical.

The reference process for the FRPP is a batch resin-based process
designed for a thrbughput of one 4-kg batch of uranium per day. For thisv
scale of operation, the batch process requires less development, lower
equipment and operating costs, and a smaller cell area as compared with
continuous operations. The same batch flowsheet using multiple batches
per day can efficiently meet commercial 233U recycle plant requirements.
The commercial plant for fabrication of fresh.fuel with 235U would be
larger, and the acceptability of batch processes is less certain. The
purpose of these calculations is to estimate the capacities of equipment

which is geometrically safe with respect to control of nuclear criticality.

All of the procedures under consideration are believed to be adequate for
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meeting the chemical flowsheet requirements and to be otherwise technically
feasible. Overall comparisons and the development programs required are

not discussed here.

7.1 Process Requirements

The resin-based preparation of HTGR fuels is achieved by relatively

' 2+
2 +

in competition with H 1is not favorable, and the process

complete lcading of UO on carboxylic acid cation-exchange resins.

Loading of UO2
conditions must be chosen to maintain low H+ concentrations during
loading of the resin. Acceptable uranium loadings have been possible
with three different chemical flowsheets for limiting the H+ concentra-

tions:

(1) The feeds to the process are hydrogen form resin and
UO3; the UO3 dissolves by re?ctlng with the. H that is
released as the resin loads. A uranyl nitrate solution
is the desired me@ium for transferring the UO3 to the.
resin. _ '

(2). The feeds to the process are hydrogen-form resin, uranyl
nitrate, and free organic.amine; the nitrate is removed

. by reaetion.w;th amihe.eoiveht as the U022+ is loaded on
the resin.. The H+ that is released by the resin reacts
with the OH that is released by the reaction of amine
with nitrate. The amine nitrate is regenerated to free

" amine in a separate operatioh. ‘

(3) The uranyl nitrate feed reacts to give U022+-loaded
resin and an ammonium nitrate waste solution that is
free of uranium. The ammohium feed may consist of an
NH4OH solutlon or the ammonium form of the resin. The
ammonium concentration in the solutlon must be controlled
in order to limit the H concentration without resulting

in significant precipitation of uranium.

A commerc1a1 fresh- fuel fabrication plant mlght process 100 kg of

235
fully enr1ched U (93% U) per day The two resins known to give
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acceptable products are Amberlite IRC-72 and Duolite C-464. The resin

volumes in solution required per kilogram of uranium are as follows:

form, 2.75 liters/kg

Amberlite IRC-72, H+ or U022+

‘Amberlite IRC-72, NH4+ form, 5.5 liters/kg
Duolite C-464*, H+ or U022+ form, " 3.45 liters/kg
Duolite C-464, NH,* form, 5.2 liters/kg

4

. 7.2 Capacity of a Continuous (Higgins) ILoading Contactor

A 4—in.—ID continuous ion exchange contactor of the Higgins type8
could be made geometrically safe by careful design of epd, feed inlet,
and feed exit sections. The capacity would then be determine@ eithgr by
the resin holdup times required-for loading td be completed or by thé
allowable solution flbw rates. A l-in.-ID Higgins column was‘demonstrated

for loading of weak acid resins at rates up to”lOOvé of uranium per hour.9

The capacity limit with respect to solution flows can be estimated as

follows:

Allowablé superficial solution velocity: 40 cm/min (6OOAgal/ft2—hr)lo

Cross-sectional area: ) 80 cm2
Allowable solqtion flow: 3200 cm3/min or 4500
liters/day
NO3— concentratidn: 0.6.§
Inlet uranium concentration (NO —/U
. 3

mole ratio = 1.6): 0.38 M
Exit uranium concentration (NO3—/U

mole ratio = 2.2): 0.27 M
Uranium loaded on resin: | "‘O.ll mole/litér or 110

' ' kg/day.

This result indicates that a single 4-in.-ID Higgins contactor will allow
uranyl nitrate solution flows that are equivalent to loading more than

100 kg of uranium per day.

The capacity limit with respect to the resin holdup time requirements

might be estimated as follows:

*
Trademark of Diamond Shamrock Corp.



42

Allowable resin length based on 10-m cell

height and a U-column configuration: 10 m
Resin cross-sectional area: 80_cm2
Resin volume: ' 80 liters
Resin holdup time at high acid deficiency:-l 2 hr
Total resin holdup time: 4 hr
Resin capacity: 480 liters/day

Uranium capacity based on holdup time for
hydrogen or UO22+—form resin: 175 kg/day for Amberlite
IRC~-72; 140 kg/day
" for Duolite C-464

These calculations indicate that 'it would be reasonable to use é
single 4-in.-ID Higgins contactor for loading iOO kg of 235U per day.
The resin holdup times required are probably controlling since higher
solution flow rates and concentrations appear to.be more practical than
large decreases in holdup times. Extrapolation of experimental data for

the rates of uranium loading in a 1-in.-ID Higgins column gives 100 kg/day

as a practical capacity for a critically safe 4-in.-ID Higgins column.9

For flowsheets using ammonium-form resin, the amount‘of uranium
loaded per liter is higher and the resin residence times are more certain
to be controlling. However, the practicality of avoiding precipitation
of uranium or other problems using ammonium-form resin has not been demon-

strated.

7.3 Capacities of Nitrate Extraction Contactors

The reference process for resin-based production of 233U recycle fuel
uses the extraction of nitrate by an organic amine to prepare acid-
deficient uranyl nitrate. Both the contactor for nitrate extraction and
the three contactors for solvent regeneration should be of critically
safe geometry to allow operation with 235U or 233U. The settlers, tanks,
and other components can be made geometrically safe by including neutron
absorbers in baffles or as Raschig ring packing. Thé chemical equilibria

are very favorable so that one theoretical stage is adequate and cocurrent

flow is used in all contactors. The contactors are operated
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in the organic continuous mode since this type of operation is more

favorable than the aqueous continuous mode for phase separation.

The required nitrate removal capacity may be calculated as follows

for a 100-kg/day throughput of 235U with a feed composition of 2.5 moles

2+
)

§

of NO3- per mole of UO

(100) (1000)
(235) (60) (24)

+
0.3 mole of UO22 per minute

(0.3) (2.5)

0.75 mole of NO3— per minute

The contactors and settlers used for nitrate extraction in several
processes have been 2- or 3-in. ID. For resin loading, operation of the
2-in.-ID spray column was satisfactory for 600 ml/min of 0.27 M amine,

or about 0.16 mole/min. In'the preparation of ThOQ-UO sol, operation

3
of the 3-in.fID mixer—settlersvwas satisfactory for 1.5 kg/hr of ThO2—
UO3 or 0.4 méle/min of nitrate using Q.75 g_amine.3 When CUSP sol was
prepared in the 2—in.—Ib spray column, the rate of nitrate extraction
using 0.25 M amine was limited to about 0.2 mole/min in order to meet
chemical flowsheet requirements.4 For all of these processes, the '
extraction rate was limited principally by other components or chemical
flowsheet requiréments; in each case, there was some evidence of inade-
quate phase separation.

A nitrate extraction system could easily be designed to be geometri-

235

cally safe for a U throughput of 100 kg/day. The 2- and 3—ih.fID

contactors énd settlers have shown capacities equivalent to a 235U
throughput of 25:kg/day without any éustainéa éffort to optimize the
conditions and equipment. The capacities of these contactors could be
greatly inéreased, perhaps to the propésedvloo kg/day, by using higher
amine concentrations than 0.25 M plus baffled settlers and phase éepara—
tors. Confactors with internal diameters of 4 in. and baffled settlers
could be specified without further oétimization. The capacities for the
mixer-settlers used for ThO_-U0O

2 3
kg/day for 4-in.-ID units without further optimization.

sols could also be scaled up to 100



44

7.4 Capacities of Batch Loading Contactors

Both the batch size and the number of batches processed per day must
be known in order to specify the daily capacity of a batch system. The
resin loading contactor must be geometrically safe with respect to
criticality. 1In order to ensure acceptable uniformity throdghout the
batch, either the resin must be well mixed during loading or all the
resin must be loaded approximately to equilibrium with solution of the

same composition.

On the average, batch loading contactors remove less uranium per
pass than multistage Higgins contactors. The uranyl nitrate solution
flow rates are limited for a fluidized bed so as to prevent the resin
from streaming with the solution flow. Allowable superficial liquid
velocities for fresh hydrogen-form Amberlite IRC-72 resin and 0.6 N
NO3— are 15 cm/min and 50 cm/min, respectively, after 70% of the uranium
loading has been completed. As the allowable flow rate increases, the
fraction of uranium removed decreases and the product is approximately

constant. For example, the rate of uranium loading per unit of cross-

sectional area can be estimated as:

(15 cm/min) (0.14 mole U/liter) (liter/1000 cm3) 2.1 x lO—3 mole U min—1 cm

3 - -
(50 cm/min) (0.06 mole U/liter) (1iter/1000 cm™) = 3 x 10 3 mole U min 1 cm

The rate of uranium loading corresponding to a 235U throughput of 100 kg/
day is 0.3 mole U022+/min (see Sect. 7.3)7 The batch loading contactors
will be loading uranium at a high rate only a fraction of the time. Let
us assume that the average rate is one-third of the high rate, based on

2 hr for this high rate period, 2 hr to mix and approach equilibrium, and
2 hr to discharge, charge, and put back on-stream. This indicates a
fotal cross-sectional area of (0.3)/(0.8 x 10_3), of 375 cm2. If a 5~in.-
ID loading contactor with a cross-sectional area of 125 cm2 were used,

for example, attainment of the 100-kg/day capacity would require the
operation of three contactors with four batches per contactor (or 12

batches per day). The batch size would be 8.3 kg of uranium. The resin
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bed heights would be about 6 ft for Amberlite IRC-72 ‘in the hydrogen form,
and 11 ft for either resin in the NH4+ form. The combination of assump-
tions may be somewhat optimistic since the 2-hr period allowed. for mixing
prior to equilibrium is likely to be inadequate for resin beaéyof such
heights. An annular or slab geometry could allow a larger cross section
than a cylinder. Overall, a dapacity«of 25 kg/day‘for a Qne—bafch line

235U would seem practical. Four

or four batch lines to give 100 kg/day of
such loading .and drying lines could bé supplied by a Single nitrate

extraction system, as discussed in Sect. 7.3.
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