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ABSTRACT

Uranium and plutonium were recovered by liquid-liquid
extraction from simulated sulfuric acid stainless steel declad-
ding solution with several extractants. Consecutive extraction
of U(IV) and Pu(III) or (IV) by 0.1-0.3 M primary amine in
hydrocarbon-alcohol diluent appeared promising, and chemical
flowsheets were demonstrated in laboratory-scale continuous
countercurrent extraction. Extraction of U(VI) with a dialkyl-
phosphoric acid appeared promising when plutonium recovery is
not needed. Recovery is also chemically feasible by extraction
of U(VI) and Pu(IV) with an N-benzyl secondary alkyl amine or a
trialkylphosphine oxide. The amine extracts are stripped with
nitric acid, giving a sulfate-nitrate product solution. The
organophosphorus extractants permit elimination of the sulfate
but require sodium carbonate for stripping.
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1.0 SUMMARY

‘Uranium(IV) and Pu(III) or (IV) can be recovered from
stainless steel decladding solutions, at the expected composi-
tion of 2-3 M H,S0, and ~1 M stainless steel metal sulfates,
by successive extractions with dilute solutions of a primary
amine in hydrocarbon-alcohol diluent. Any significant amount
of U(VI) should be reduced, e.g., with chromous sulfate.

After the uranium extraction, addition of a small amount of
oxidant, e.g., Fe(III) at a concentration much lower than the
Fe (I1) concentration present, is sufficient to obtain high
plutonium extraction. With 0.1-0.3 M amine, 2 uranium stages
and 2-4 plutonium stages are sufficient for high recovery at
close to the maximum uranium loading and concentration factor.
At somewhat lower loading, e.g., 70% of maximum, >99% uranium
recovery and >90% plutonium recovery appear feasible with a
single extraction stage for each. Thus, the extraction process
could be carried out by successive passes through a single
batch or flow contactor.

Alternatively, the U(IV) and Pu(III-IV) can be extracted
with a single extractant stream, at ~70% of maximum uranium
loading, in a countercurrent system providing 2 stages for
uranium and 2-4 stages for plutonium.

The uranium and plutonium extract streams can be combined
for stripping with nitric acid. The product solution will
carry sulfate equivalent to the amine used plus the metals
recovered. When the extractant is loaded close to the stoi-
chiometric maximum, 1 mole of uranium to 8 moles of amine, the
product will contain approximately 6 moles of sulfate per mole
of uranium. From synthetic decladding solution containing
uranium at 2.3 g/liter and plutonium at 0.5 mg/liter, extrac-
tion with 0.3 M amine at a/o = 2.4/1 and stripping with 5 M
HNO; at a/o = 1/10 yielded a product solution containing 74 g
of uranium and 17 mg of plutonium per liter, 0.25 M HNO;, and
2.4 M sulfate. The overall uranium and plutonium recovery was
>99% with a concentration factor >30 from feed to product.

The extraction was continuous-countercurrent in two uranium
and four plutonium stages. The stripping was batch-counter-
current in four stages.

U(VI) and Pu(IV) can be extracted from 2-3 M H,S0O, solu-
tions by a dilute solution of an N-benzyl secondary alkyl
amine or of a trialkylphosphine oxide. While the extraction
coefficients are much lower than those for U(IV) and Pu(IV)
with primary amines, they are high enough for extraction in
probably 4 to 8 stages. Chemical flowsheets to use these
extractions are proposed, but have not been tested in counter-
current extraction.
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When plutonium is absent or negligible, U(VI) can be
recovered from the sulfuric acid decladding solution, with
iron reduced to Fe(Il),; by extraction with a dilute solution
of a dialkylphosphoric acid in synergistic combination with
TBP, a phosphonate, or a phosphine oxide. From synthetic
decladding solution containing 0.07 g of uranium and 1.5 g of
thorium per liter, extraction with 0.3 M di(2-ethylhexyl)-
phosphoric acid—0.15 M TBP at a/o = 10/1 and stripping with
2 M Na,CO; at a/o = 1/11 yielded after acidification a product
solution containing 4.5 g of uranium, 1.5 g of thorium, 0.2 g
of iron, and 0.03 g of sulfate per liter with 1.8 M NaNO; and
0.5 M HNO;. The extraction was continuous countercurrent in
8 stages (97% recovery). The acidified product solution was
from the first of 2 stripping stages, not countercurrent (>85
and >99 cumulative percent stripped).

Recovery of both U(VI) and Pu(IV) by extraction with
dialkylphosphoric acid may be feasible but appeared less
promising than the foregoing methods because of excessive ex-
traction of Fe (III).

Thorium, when present, can be recovered together with
U(IV) by extraction with a primary amine or left in the waste
by extraction of U(VI) with a dialkylphosphoric acid.

Recovery by extraction with a dialkylphosphoric acid or
a trialkylphosphine oxide has the potential advantage, in
comparison with extraction by the amines, that sulfate carry-
over into the strip solution is much lower and could be
eliminated by a simple scrub. These reagents have the dis-
advantage of requiring carbonate solution for stripping,
which introduces sodium ion into the product solution and
necessitates handling of solids in the strip solution whenever
iron is extracted or entrained.

Of the foregoing reagents, one suitable primary amine and
one dialkylphosphoric acid are commercially available. Other
suitable primary amines and N-benzyl secondary alkyl amines
are available in limited pilot plant quantities, and one tri-
alkylphosphine oxide is available as a specialty reagent.

2.0 INTRODUCTION

This report presents laboratory studies on the recovery
of uranium and plutonium from sulfuric acid stainless steel
decladding solutions by solvent extraction. While decladding
by the Sulfex process has been demonstrated with dissolution
of less than 0.1% of the uranium from the core,l,2 avail-
ability of an effective scavenging method is considered desir-
able as a safeguard against the possible dissolution and loss
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of significantly larger amounts.

The scavenging method should be simple, and should meet
as far as possible the following criteria:

1. It should be able to handle up to 1% of the total
uranium and to leave less than 0.01% of the total
uranium and plutonium in the waste.

2. The decladding solution should not be diluted more
than necessary to prevent precipitation and nothing
should be added that would interfere with disposal.

3. Uranium and plutonium should be recovered together
in a form suitable for return to the main cycle;
separation from sulfate, extractant, and stainless
steel metals should be sufficient to prevent
interference with operation of the main cycle;
fission products are less important.

From extraction data obtained in the development of
uranium recovery processes for sulfate ore leach liquors,3
U(IV) can be extracted from 3-5 M sulfuric acid solutions by
primary amines, and U(VI) by N-benzyl secondary alkyl amines,
trialkylphosphine oxides, and dialkylphosphoric acids. The
last, dialkylphosphoric acid, gives relatively low extractions
from such solutions when used alone but considerably higher
extractions when used in synergistic combination with trialkyl-
phosphates, phosphonates, or phosphine oxides.

Thorium. While this report is concerned only with ura-
nium and plutonium recovery, the same extractants should be
applicable to decladding solutions containing thorium. If
thorium recovery is desired, it can be extracted with a pri-
mary amine in the same way as U(IV), and with similarly high
extraction coefficients. However, the limited solubility of
thorium sulfate in the final strip solution, of the order of
10 g of thorium per liter,4 will not permit taking advantage
of as high a concentration factor across the system as is
available for uranium. If thorium recovery is not required,
U(VI) can be recovered by extraction with one of the other
types of reagents listed above.

Reagent Availability. Some of the reagents considered
here are commercially available, while others are available at
present only as research chemicals. The primary amine Primene
JM (Rohm and Haas Co.) is available in quantity at ~50¢ per
pound. Some other primary amines like l-undecyllaurylamine
(Armour and Co.) are available in limited pilot plant quan-
tities.5> While N-benzyl-1l-(3-ethylpentyl)-4-ethyloctylamine
(NBHA) has been obtained only as a research chemical, similar
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reagents, e.g. N-benzyl-l-undecyllaurylamine (Armour and Co.),
are available in limited pilot plant quantities.5 Tri-n-
octylphosphine oxide (TOPO) is the only trialkylphosphine
oxide now available, and that only as a specialty reagent
(Eastman Organic Chemical No. 7440). Di(2-ethylhexyl)phos-
phoric acid (D2EHPA) is available in quantity at ~$1.00 per
pound. Suitable alcohols to improve the compatibility of
aliphatic diluents with amines, e.g., oxo-process mixed tri-
decanols, are available at ~25¢ per pound. Modifiers used

to permit alkaline stripping of DZEHPA include, besides TBP
and TOPO, certain phosphonate esters potentially availablie at
<$1.00 per pound.

The authors wish tc thank J. P. Eubanks for assistance in
setting up and running the continuous countercurrent extrac-
tion tests. Most of the analyses involved in this study were
performed by members of the Analytical Chemistry Division
under the direction of M. T. Kelley and C. D. Susano. In
particular, most of the plutonium analyses were performed by
J. M. Peele of that division. Laboratory facilities needed
for some of the plutonium tests were made available by J. R.
Flanary and J. H. Goode. :

3.0 DECLADDING SOLUTION

The decladding solution is expected to arise from the
complete dissolution of 304L stainless steel in 100-200%
excess of 4 or 6 M sulfuric acid. This solution must be
diluted to prevent precipitation on cooling, yielding a solu-
tion probably 2-3 M in sulfuric acid and ~1 M in stainless
steel metals. The sllghtly enriched U0, and " the ThO, —
enriched UO, cores are subsequently dissclved in n1tr1c acid
for Purex- or Thorex-type processing.

Sulfuric acid at 3-5 M containing convenient concentra-
tions of uranium or plutonium was used as a sufficient approx-
imation to such solutions for the survey testing of various
extractants. For the more detailed testing, the solutions
used were either 3 M H,SO, —0.5 M Na,S0,, or simulated stain-
less steel solutions made up from reagent chemicals to a
composition approximating 2.5 M H,S0,, 1 M FeSO,, 0.2 M
Cr,(S04);, 0.1 M NiSO;, 0.012 M U(S0,), (3 g of uranium per
liter). Plutonium, when tested, was added at levels of 0.5
to 10 mg/liter (4x10 M), after reduction with iron metal
in the sulfuric acid stock solution. The plutonium used had
been previously freed from americium by DZEHPA extraction.

For tests of extraction from reduced solution,; the
simulated stainless steel solution was reduced with chromous
sulfate, zinc, iron metal;, or amalgamated aluminum just
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before use. ts potential was kept <-130 mv,* which was
established by potentimetric titration as sufficient for com-
plete reduction to U{IV). TFor tests of extraction from
oxidized solution, the simulated stainless steel solution was
first reduced and was then oxidized with dichromate.

4.0 RECOVERY BY AMINE EXTRACTION

Amines in hydrocarbon solution extract uranium and thorium
from acidic sulfate solutions as sulfate complexes, by anion
exchange, approaching U(VI)/amine mole ratios of 1/(4 to 6)6
and U(IV}/amine or Th/amire ratios of 1/87,8 at maximum loading.
Excess sulfate competes with the exiraction, and high aqueous
acidity further impairs exiraction by increasing the proportion
of bisulfate ion. Primary, secondary, and tertiary amines have
generally about the same order of extraction power for U(VI)
sulfate, =xcept that sxztractions are warkedly higher with cer-
tain N-benzyl secondarv-alkyl amines. Only thes2 have given
usable U(VI) extraction cosfficients from 3 M H;S80.,. Iz con-
trast, U(IV) and thorium sulfate extractions are much higher
with primary amines than with secondary or tertiary.

Plutoniwm {IV) extractions from sulfuric acid and from
sulfate solutions (Table 4.1) were also much higher with pri-
mary amines than with secondary or tertiary. However, the
extraction coefficisnts with the N-tenzyl sacondary amines are
high enough to be useful. Corresponding tests of the extrac-
tion of Pu(IIl} from 3 M H,S0, with Primene JM and other pri-
mary amines gave highly wvariable results, the extraction
coefficients typically ranginmg from 5 to >>100 with 0.1 M
amines. Resulis wers similar from solutions containing ferrous
sulfate. The explanation offered for the variable extractions
is that strong complexing of Pu(IV) by sulfate and amine en-
hances the oxidizawbility of the Pu(IIi)}) enough to give nearly
complete oxidation and sextraction as Pu(1V), whether or not
any Pu{IlIl} is extracted as such. While this explanation has
not been proved, an exiraction procedure kased on it has
worked satisfactorily (Sect. 4.2).

Extraction of ferric iron was fairly low from 3 M H,SO,,
ER = 0.02 with 0.2 M Primene JM and 0.04 with 0.1 M NBHA.
Extraction of ferrous iron was considerably lower, E§ = 10-3
with 0.1 M Primene JM,

* . - ‘ ; R
Platinum vs saturated calomel elesctrode system. The sign is
that of the platinum electrode, so that higher positive
potexntial indicates higher oxidation.
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Extracted uranium can be stripped from amines by several
reagents, including dilute nitric acid and sodium carbonate
solution.9 Extracted plutonium was also stripped effectively
from amines with dilute nitric acid. Stripping of plutonium
from amines with carbonate was not tested but would be expected
to proceed readily on the basis of the general effectiveness
of carbonate stripping of amines? and the satisfactory strip-
ping of plutonium from D2EHPA with carbonate (Sect. 5).

Two different approaches to uranium-plutonium recovery are
suggested by the foregoing amine extractions. One is extrac-
tion of both U(IV) and Pu(III-IV) with a primary amine, either
in consecutive extractions or possibly within a single extrac-
tion system (Sects. 4.1, 4.2). The other is oxidation followed
by extraction of Pu(IV) and U(VI) simultaneously with mixed
primary and N-benzyl secondary amines (Sect. 4.5).

Table 4.1. Plutonium Extraction by Amines
from Sulfate Solutions

Initial Pu concentration: 10-20 mg/liter
Organic diluent: Amsco 125-82

Phase ratio: 1/1

Room temperature

Conc., Extraction Coefficient, E§(Pu-1V)

Amine M 3 M H,50, 3 M 50,, pH ~1_

Primene JM2sP 0,1 >1000 >1000

0.4 38000
Di(tridecyl)amine? 0.1 0.8 6
S-24¢ 0.1 <0.1 0.2
NBHAY 0.1 6 >20

0.4 20 100
N-benzyl-l-undecyl- 0.1 5

laurylamine

Tri-iso-octylamine 0.1 <0.001 <0.01

aAmsco 125-82 diluent modified with tridecanol.

bPrimene JM is a commercial primary amine (Rohm and Haas Co.)
with a homologous mixture of highly branched tertiary alkyls,
averaging around 20 carbon atoms. For all tests in this re-
report the lighter and more water-soluble fractions were
washed out by pre-scrubbing with 25 volumes of 0.2 M H,SO,.
gAmine S-24 is bis(l-isobutyl-3,5-dimethylhexyl)amine.

NBHA is N-benzyl-1-(3-ethylpentyl)-4-ethyloctylamine.
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- M 2 4
/1 M S.S. sulfates 5M Regenerate
<3 g U/liter CrS0, HNO, and Recycle
0.001 g Pu/liter Extractant
oy Oy
1 E T
X 1M R
Extractant T Fez (S04)s I
0.3 M RNH, in R P P Product
hydrocarbon- é . ? ~g’MP§NO
alcohol diluent — = 2
coto --ven @ T / X N ~2.5 M SO,
I T G
0] R
N A
C
2 Stages T
®] 1
0
N > Waste
2-4 Stages

Fig. 4.1. Plutonium and uranium recovery from sulfuric acid
decladding solution by extraction with primary amine. Circled
numbers represent relative flows.

4,1 Uranium-~Plutonium Extraction with Primary Amine

The schematic flowsheet for successive extraction of U(IV)
and Pu(III) or Pu(IV) with primary amine is shown in Fig. 4.1.
The decladding solution is expected to be nearly completely
reduced as received, but it is to be treated with, for example,
iron metal or chromous sulfate, if necessary, to ensure that
>99% of the uranium is U(IV). The phase ratio in the uranium
extraction section is set by the limiting loading ratio of 1/8,
with only a little margin of uncomplexed reagent required.
To provide capacity for the extraction of 3 g of uranium per
liter of feed with 0.3 M amine, this calls for an a/o phase
ratio of ~100/35, After the uranium is removed, ferric sul-
fate is added so that a small amount of oxidant is available
during the plutonium extraction. As described above, extrac-
tion from Pu(III) solution is believed to occur principally
through enhanced oxidation to and extraction of Pu(IV). The
ferric sulfate concentration is arbitrarily set at 0.01 M in
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the flowsheet, which is much higher than the expected plutonium
concentration but low in comparison to the ferrous concentration
already present. With plutonium at ~1 mg/liter or even con-
siderably higher, physical operation rather than the stoichio-
metric plutonium loading limit will set the phase ratio in the
plutonium extraction section. This is arbitrarily set at

a/o ® 20/1 in the flowsheet. The uranium and plutonium extracts
are combined for stripping with nitric acid. Scrubbing of the
uranium-plutonium product solution with an organic solvent might
be required to remove any dissolved and entrained amine and
prevent its crossover into the main cycle. It might also be
desirable or necessary to regenerate the stripped amine solution
with sodium carbonate to remove nitrate, and any extracted
materials not stripped by the nitric acid, before recycle.

Uranium (IV) (Fig. 4.2) and Pu(IV)10 extractions from 3 M
H,S80, vary with the cube of the uncomplexed primary amine con-
centration. Uranium extraction reaches saturation at a U/amine
mole ratio of 1/8 (Fig. 4.3). The extraction coefficient,
Eg(U), is ~10,000 with 0.1 M uncomplexed amine. The calculated
uranium extraction isotherms (Figs. 4.3, 4.4) thus rise very
sharply, so that a single extraction stage can give high re-
covery, and two extraction stages should be sufficient for >99%
recovery of the U(IV) even at loading close to the limiting
ratio. The validity of the calculated extraction isotherm was
confirmed by two-stage batch extractions carried through four
cycles (Table 4.2). Two tests were run at different phase
ratios;, corresponding to U/amine mole ratios of 1/10 and 1/7,
i.e.; slightly below and slightly above the expected loading
limit. At the 1/10 ratio uranium recovery was >99%. At the
1/7 ratio it dropped to 93%, with about the expected amount of
uranium lost to the raffinates. The individual points from
these tests are also shown in Fig. 4.4, in reasonably close
agreement with the calculated curve.

For the first countercurrent testing of the plutonium
extraction, a combined flow system (Fig. 4.5) rather than the
separate flow system was used, since it is closely parallel
to the flowsheet of Fig. 4.1 in the uranium and plutonium ex-
traction sections considered separately. It was also expected
to provide a test of the ability of the plutonium, once
extracted, to be retained in the organic phase during uranium
extraction. Four extraction stages of this flowsheet were
tested through five cycles of batch countercurrent extraction
(Table 4.3). Five preliminary cycles without plutonium in
the feed were used to bring the macro components into approxi-
mately steady-state distribution. One-tenth molar amine and
an a/o phase ratio of 1/1 were used, instead of 0.3 M and
100/35 as in Fig. 4.5, for convenience in the glove box opera-
tion. Air was displaced from the separatory funnels with
carbon dioxide immediately after each transfer to minimize air



EQ(U-1IV)

100

10} ]
1+ -
10-1 | -
10—2 |- _
10-3 | l
10-4 10-3 102 10-1

UNCOMPLEXED AMINE, M

Fig. 4.2. Dependence of U(1V) ex-
traction coefficient on concentration
of uncomplexed Primene JM. Uranium

extracted from 3 M H,SO;,~—0.5 M Na, SO, .

URANIUM IN ORGANIC,g/liter

4 : T T
U © T
0 @] e OO
O
U/amine mole ratio = 1/8
3 { -
¥o
o Curve calculated as
2 L _ 3 -
. 0.1
®
1
ro
1<> ®both phases analyzed ]
— Ointerstage phase by -
difference
0 L | !
0 1 2 3 4

URANIUM IN AQUEOUS, g/liter

Fig. 4.3. Extraction isotherm for extrac-
tion of uranium from 3 M H,S0, —0.5 M Na, SO,
by 0.12 M Primene JM. Points from 2-stage
countercurrent extraction (Table 4.2).
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absorption and thus provide a better test of the need and suf-
ficiency of the ferric sulfate oxidant. Phase separation was
rapid except when some finely divided iron metal (used for
reduction in this test) was allowed to enter the extraction.
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Fig. 4.4. Uranium extraction isotherm for
extraction of uranium from 3 M Na,S0,—~0.5 M
Na, SO, by 0.3 M Primene JM.
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Table 4.2. Two-stage Countercurrent Uranium Extraction

Feed: 3 M H,SO,, 0.5 M Na,SO,, 3.1 g U(IV)/liter

Extractant: 0.12 M Primene JM in 90% Amsco 125-82—
10% tridecanol

10 min contact in Burrell shaker, room temperature

Uranium Distribution, g/liter

a/o = 1.34a a/o = 0.94D
Aqueous Organic Aqueous Aqueous Organlc Aqueous
Cycle Stage In Out Out In Out Out
1 1 3.1 3.5 3.1 2.9
2 3.1 0.58 3.1 0.008
2 1 3.1 3.4 3.1 3.5
2 0,018 0.005
3 1 3.1 3.6 3.1 3.0
2 0.43 0.018
4 1 3.1 3.5 (2.61)¢ 3.1 3.5 (2.09)¢
2 (1.7)¢ 0.020 (0.005)C 0.006
Material
balance, % 99 103
Uranium loss
to raffinate, % 7 0.3

qphase ratio (a/0) 1.34 to give steady-state U/amine mole ratio
of 1/7.

bPhase ratio (a/o) 0.94 to give steady-state U/amine mole ratio
of 1/10.
c

Interstage concentrations.
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Table 4.3. Countercurrent Test of Combined Extraction
of Uranium and Plutonium by Primary Amine

Batch equilibration, double diamond pattern

Feed: 2.4 M H,S0,, 1.5 M stainless steel sulfates, 3.1 g U(1V)/
liter; 9.4 mg Pu(III)/liter in feed for cycles 6-10 only

Extractant: 0.113 M Primene JM in 90% Amsco 125-82-—10% tri-

decanol
Phase ratio a/o = 1/1, 10 min contact in Burrell shaker, room
temperature
U Distn., g/liter Pu Distn., mg/liter
U U Out Pu Pu Out
Cycle Stage In Org Aq In Org Aq
1-4 1 4x3.1 4x(3.0)2 0
4 0.0004
5 1 3.1 3.0 0.007 0
2 0.009 0.0003
3 0.0009 0.0002
4 <0,0004 0.0004
6-9 1 4x3.1 4x(3.8)2 4x9.4 4x(0.09)2
4 0.0012P <0.01
10 1 3.1 3.6 0.063 9.4 0.4 21.8
2 - 0.0027 13.7 2.5
3 0.0034 0.0020 2.1 0.03
4 0.0008 0.0015 0.013 <0.01
Material
balance, % ~110 87
Loss in raffinate, %
from Stage 2 0.09 -
from Stage 4 0.05 0.07

aExtracts of cycles 1-4 and of cycles 6-9 composited for
analysis.

bUranium in raffinates from cycles 6, 7, and 8 was 0.0014,
0.0014, and 0.0016 g of uranium per liter.
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Fig. 4.5. Combined uranium and plutonium extraction by pri-
mary amine. Circled numbers represent relative flows.

As expected from the extraction isotherm, uranium extrac-
tion was nearly complete in the first stage, and less than 0.1%
of it remained in the aqueous stream leaving the second stage.
The plutonium, however, had not reached steady state. Its ex-
traction was high in the third stage, Eg = 70, but it refluxed
almost completely in the first stage, with <5% leaving in the
extract. Nevertheless, less than 0.1% was lost in the fourth
stage raffinate, so that removal of the organic stream leaving
stage 3 as a product, according to Fig. 4.1, would have given
high plutonium recovery.*

The combined loaded organic solutions from cycles 1-5 and
from cycles 6-9 were stripped through five contacts (not
countercurrent) with 1.5 M HNO; at an a/o phase ratio of 1/10
(Table 4.4). More than 95% of the uranium and plutonium was
stripped in the first two contacts, and >99% in four contacts.
After being sampled for analysis, the strip solutions from
cycles 1-5 were combined and scrubbed with five successive
equal volumes of xylene. The amine content of each scrub was

E 3

While plutonium retention in the uranium extract was not
effectuallv tested here, it was successful in a subsequent
extraction (Sect. 4.2).
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estimated by extraction of Np?3%® tracer (4x10-9 M Np237 carrier)
from 2.5 M H,SO, solution. The EQ(Np) values indicated that the
first xylene scrub carried ~10-4 M amine and that the second and
third scrubs were much lower, probably around 10-5 M. Not
enough neptunium was extracted by the fourth and fifth scrubs

to be distinguished from background. These results indicate
that not more than 0.002 ml of the organic phase was entrained
per milliliter of the strip solution, and that nearly all this
was removed by the first equal-volume scrub.

Table 4.4. Uranium and Plutonium Stripping
from Primene JM

Organic: combined products from stages 1-5 and from
stages 6-9 (Table 4.3)

Strip: 1.5 M HNO,
Phase ratio, a/o = 1/10
10 min contact time, Burrell shaker, room temperature

U, g/liter Pu, mg/liter,
From From From
cycles 1-~5 cycles 6-9 cycles 6-9
L.oaded organic 3.0 - -
Strip 1 20.5 26 0.62
2 8.2 10.7 0.24
3 0.36 1.11 0.03
4 0.017 0.25 0.006
5 0.0008 0.0025 <0.002
29.1 38.1 0.90
Stripped organic 0.0002 0.0002 <0.002

Uranium(VI). While extraction of U(VI) from 2-3 M H, SO,
by primary amines is low, it is sufficient to give partial
recovery of some unreduced or reoxidized uranium. Extraction
coefficients with Primene JM from 3 M H,SO, —0.5 M Na, SO,
(Table 4.5) plotted against the calculated free reagent con-
centrations (Fig. 4.6) indicate extraction coefficients of
~0.4 at 0.1 M and ~1 at 0.3 M free reagent. Thus, with 0.3 M

amine used accordlng to Fig. 4.1, somewhat less than half of ™
any small amount of U(VI) initially present should be recovered:
essentially none in the first stage because it is highly loaded
with U(IV), ~25% in the second uranium stage at a/o = 3/1, and
10-20% in 2-4 plutonium stages at a/o = 20/1. 1In the alter-
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native flowsheet (Fig. 4.5) the recovery of a small amount of
U(VI) should approach 80% in 2 uranium and 4 plutonium

~

extraction stages at a/o ® 3/1.

Table 4.5. U(VI) Extraction from Sulfuric Acid
Solution by Primene JM

3 M stO4—-0.5 M_ Nast4, 1l to 10 g U/liter
Diluent: 90% Amsco 125-82—10% tridecanol
a/o = 1/1 room temperature

Initial U in
Amine, M ES Org, M
0.03 0.06 0.0022
0.03 0.10 0.0004
0.1 0.47 0.0013
0.3 1.1 0.0017

4.2 Continuous Countercurrent Extraction with Primene JM

The consecutive extraction of U(IV) and then Pu(IIIl) or
(IV) according to the flowsheet of Fig. 4.1 was confirmed by
continuous countercurrent extraction in a 6-stage bank of
laboratory-scale mixer-settlers. The results (Table 4.6 and
Fig. 4.7) show >99.5% recovery of the uranium and plutonium
from synthetic decladding solution at 70-90% of theoretical
uranium loading. A brief test was included of extraction of
both U(IV) and Pu(III) or (IV) with a single extractant stream.
The results at ~70% of theoretical uranium loading were essen-
tially as satisfactory as with the separate extractant streams.

The mixer-settlers used have been described by Weaver.11
Their holdup was about 40 ml of organic and 160 ml of aqueous
phase each. They were set up in a glove box for the tests
with plutonium. The aqueous stream at 45.5 ml/min and the
first extractant stream at 19 ml/min (Figs. 4.1 and 4.7) were
metered by bellows pumps located outside the glove ‘box, the
former by pumping an inert hydrocarbon stream to move the feed
solution by displacement. The slower flows, i.e., the second
extractant stream at 2.4 ml/min metered by rotameter and the
ferric sulfate oxidant stream at 1 to 2 ml/min metered by drop-
counting, were controlled by pinch clamp and gravity head.

The synthetic decladding solution was made up in several
batches to approximately 2 M H,SO;, 1 M stainless steel
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sulfates, and 3 g of uranium and 0.5 mg of plutonium per liter.
Each batch was reduced to -200 mv* with chromous sulfate solu-
tion [~1 M Cr,(S0O,); reduced with amalgamated zinc], using 50-

100 ml per liter.

1L )
O
[
7
o 01—
oa
1£3]
0.01
i !
0.01 0.03 0.1 0.3

CALCULATED FREE REAGENT CONCENTRATION,
M_RNHZ - 6 % _M_Uorg

Fig. 4.6. U(VI) extraction by Primene JM in 70%
Amsco 125-82—10% tridecanol from 3 M H,S0,-0.5 M
Na, SO, .

X
Pt-SCE, higher positive emf indicating higher oxidation.
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Fig. 4.7. Concentration profiles through extraction system. I, consecu-
tive uranium and plutonium extraction with separate organic streams, after
five cycles. 11, combined uranium and plutonium extraction, after seven

cycles.
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Table 4.6. Uranium and Plutonium Recovery from Sulfuric
Acid-—~Stainless Steel Dissolver Solution by Extraction
with Primary Amine

Feed (synthetic): 2 M H,S80,, 1 M stainless steel sul-
fates, ~3 g U/liter, ~0.5 mg Pu/liter

Extractant: ~0.3 M Primene JM in 85% Amsco 125-82—~15%

tridecanol
Continuous countercurrent extraction in 6 mixer-settlers
(Fig. 4.6)
U, g/liter Pu, mg/liter i

Cycle? Feed Raff. U Extr. Feed Raff. U Extr. Pu Extr.

1.3P 3.2 3.0x10-3 5.2

2.6 2.6 1.6x10-3 7.5

3.9 2.8 1.4x10-3 7.8

1.3¢€ 2.6 0.3%x10-3 6.5 0.48 7x10-3 0.44 4.4
2.6 2.2 0.5x10-3 6.0 0.48 3x10-3 0.48 6.9
3.9 2.4 1.6x10-3 6.0 0.49 2x10-3 0.79 4,9
5.2 2.3 1.2x10-3 5.9 0.48 1x10-3 0.52 5.5
7d 2.3 3.8x10~3 6.0 0.48 1x10-3 1.2

20ne cycle = one estimated displacement of the slowest stream
through the extraction system.

b

Run with uranium only, starting with barren aqueous in the
settlers. Feed/U Extr./Pu Extr. = 50/17.5/2.5, 0.35 M amine.

CConsecutive uranium and plutonium extraction with separate
organic streams, starting with barren agueous in the settlers.
Feed/U Extr./Pu Extr. = 45.5/19/2.4, 0.29 M amine.

dCombined uranium-plutonium extraction, starting with the
solutions present at the completion of the consecutive ex-
traction test. Feed/Extr. = 45.5/19, 0.29 M amine.

Troublesome emulsions formed in the mixers until a surfac-

tant, Victawet 12, was added to the aqueous feed at a concen-
tration of about 100 ppm. Slight emulsification was still
observed at times when a mixer stirrer was running too fast.

Extraction coefficients through the extraction system

corresponding to the profiles shown in Fig. 4.7 were:
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Stage: 1 2 3 4 5 6
I. Consecutive U and Pu extraction streams:
ES(U) 1300 60

E§(Pu) 1 4 700 1000 600 >150
II. Combined U and Pu extraction:

ES(U) 1200 100

ES (Pu) 2 5 20 250 60 5

The small quantity of uranium In the aqueocus stream after the
second stage was probably rapidly oxidized to the poorly
extractable U(VI) by the ferric iron added. The plutonium
extraction coefficient was low in the first stage because the
extractant was loaded to a considerable extent with uranium
and probably also because oxidation was prevented by the U(IV).
It was appreciably higher in the second stage where there was
negligible loading and much higher in the next subsequent
stages where a small amount of oxidant was available. [Besides
the added ferric sulfate, air oxidation probably had some
effect after the U(IV) was gone. ]

The flow ratic in uranium extraction, and hence the
uranium lcoading and concentration factor, was appreciably
lower in the uranium-plutonium test than indicated in the
proposed flowsheet (Fig. 4.1), a/o = 2.4/1 instead of 100/35 =
2.9/1. The mixer-settlers available for these tests had been
designed and used for flow ratios close to 1/1, and signifi-
cantly low stage efficiency was suspected at much different
fiow ratios. Hence the uranium extraction flow ratio was de-
creased to avoid the possibility of interference with the
testing of plutonium extraction. The resulting uranium con-
centration of 0.025 M in the extract was 70% of the stoichio-
metric loading. While the first-stage extraction coefficient
of 1200 as compared with 6000-7000 from the extraction iso-
therm (Fig. 4.4) indicates stage efficiency appreciably below
100%, it also shows a considerable margin of safety for
adjustment to higher uranium loading.

4.3 Countercurrent Stripping from Primene JM

Loaded extract from the foregoing continuous counter-
current extraction was stripped with 5 M HNO; in a counter-
current batch stripping system. The maximum amounts left in
the stripped organic were ~3% of the uranium and ~0.1% of
the plutonium. The uranium concentration in the aqueous
product solution was nearly constant; however, the plutonium
concentration varied considerably, indicating varying internal
reflux.
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The organic feed to the stripping system was the 0.3 M
Primene JM extract from the combined uranium-plutonium extrac-
tion test (Table 4.6). Four stripping stages using separatory
funnels were carried through 18 cycles,; single~diamond pattern.
Analyses of the consecutive exit solutions (Table 4.7) and the
final profile across the system (Table 4.8) showed that uranium
was carried over into the second stage until the aqueous con-
centration there was higher than in the product solution, but
carried over much less to the third and fourth stages. After
the first six cycles,; during which the uranium reflux was pre-
sumably increasing, the uranium concentration was nearly con-
stant in the product solution. The fraction of the uranium
remaining in the stripped organic started near 1%, rose to ~3%,
and then dropped to <0.2%. Plutonium stripping was more com-
plete than uranium stripping, with less than 0.1% remaining
after the fourth stage in all cycles; and without indication
in the final profile of reflux buildup. However, the product
solution analyses showed that internal reflux had started and
then stopped between the eleventh and fifteenth cycles. Less
than 2% of the input plutonium appeared in the product solution
from the eleventh cycle and only ~25% in that from the thir-
teenth; then essentially all the pilutonium held up appeared in
the product solution from the fifteenth cycle. Thus, consider-
able plutonium may have refluxed into the third stage of the
thirteenth cycle; but stiil only a trace appeared in the
stripped organic from the fourth stage of the fourteenth cycle.
The nitrate concentration in the final aqueous product sclution
was lower than expected, and varying nitrate-sulfate displace-
ment in the first two stages may have caused the varying plu-
tonium distribution. If so, it seems likely that the sulfate
effect would not carry beyond the second or third stage, so
that four stages should provide a sufficient operating margin.

The product solution from the last cycle contained 74 g
of uranium and 17 mg of plutonium per liter,; 0.25 M NO; and
2.4 M sulfate. This represents a recovery of >99%, and con-
centration by a factor of >30 for both uranium and plutonium,
from the synthetic decladding soluticn containing 2.3 g of
uranium and 0.48 mg of plutonium per liter.

Rate of Stripping. The equilibration time in the fore-
going countercurrent batch stripping test was arbitrarily set
at 5 min. A separate stripping test indicated that this was
more than enough time for equilibration: A 2-liter batch of
uranium-loaded extract was stripped with 5 M HNO; at a/o = 1/10
by stirring in a 4-1liter beaker with a 2x1/2-in. flat paddle at
a constant speed of ~2000 rpm, which gave considerably milder
agitation than does shaking. The uranium distribution was
close to equilibrium within 2 min (Table 4.9). After 60 min
contact the phases were separated. A second 1/10 volume of
5 M HNO,; stripped 95% of the remaining uranium.
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Table 4.7. Uranium and Plutonium Stripping

from Primary Amine

Extract: 0.3 M Primene JM in 85% Amsco 125-82—15%
tridecanol, 6.5 g U/liter, 0.00155 g
Pu/liter
Strip: 5 M HNO;
Four-stage countercurrent batch equilibration, single-
diamond pattern

Phase ratio a/o = 1/10, 5 min contact in Burrell
shaker, room temperature

U or Pu, g/liter

Loaded Strip€ Stripped Organicd U Left,
CycleP Pu U Pu U %

1 0.0142 30

2

3 0.0163 47

4 <10-6a 0.0542 0.8
5 0.0120 57

6 <10-6 0.035 0.5
7 0.0141 70

8 <10-6 0.040 0.6
9 0.0246 67
10 <10-6 0,057 0.9
11 0.0002 74

12 <10-6 0.171 2.6
13 0.0037 76

14 1.4x10-6 0.182 2.8
15 0.0422 79

16 <10-6 0.010 0.15
17 0.0173 74

18 <10-6 0.012 0.18

Material
balance 105% 115%

3 The stripping system was started with one 50-ml1 batch
of organic extract contacting successive 5-ml batches
of aqueous solution adjusted to 3 M HNO;—2 M H,SO,,
4 M HNO; —1 M H,S0,, 4.5 M HNO3=aO 5 M H,S0,, and 5 M
HNO3, and 1eav1ng the system in the fourth cycle as
the first stripped organic.

bCycles 1-11 were run in one day, 12-18 after a lapse
of 2 days.

CLoaded strip = aqueous leaving first stage.

dStripped organic = organic leaving fourth stage.
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Table 4.8. Concentration Profile across Stripping
System

Aqueous strip solution: 5 M HNO;, a/o = 1/10
4-stage batch countercurrent system, single-diamond

patternd
- Organic
In, Organic Out Aqueous QOut
1st Znd 3rd 4th Ist Znd 4th
Stage Stage StageP StageC Staged Stage Stage
U, g/liter 6.5 0.74 0.05 0.012 74 89 0.40
Pu, mg/liter 1.55 0.34 <0.01 <0.001 17 7.5 0.005
Ht, M 5.6 4.5 4.5
Nog, M 0.25 0.8 4.5
SOy, M 0.25¢ <0.01 2.4 2.2 <0.02

ALast cycle = cycle 17 for stages 1 and 3, cycle 18 for stages
2 and 4.

bConcentrations in organic leaving stage 3, cycle 17, calcu-
lated from concentration in organic and aqueous leaving stage
4, cycle 18.

cStripped organic for recycle.
dProduct solution.

€®Sulfate in loaded organic extracted estimated on basis of
(RNH;) 3U(S0O;)¢ and RNH;HSO,, total (RNH;)* = 0.3 M.

Table 4.9. Rate of Stripping

Loaded extract: 0.33 M Primene JM in 90% Amsco 125-82—
10% tridecanol,; 4.4 g U/liter

Strip: 5 M HNO;, a/o = 1/10, stirred, room temperature
Contact U Distribution,

Strip Time, g/liter U Stripped, Approach to
Stage min Aq Oorg % of total Equilibrium,%
1 0 - 4.4 0 0
1 24 1.96 56 75
2 26 1.57 64 87
4 28 1.44 67 91
10 29 1.40 68 92
~60 32 1.15 74 (100)
0.055 99

2 1Q 12

=
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4.4 Single-stage Recovery with Primary Amine

With the ability to extract Pu(III-IV) from ferrous sul-
fate solution containing only a slight amount of oxidant
confirmed by the foregoing countercurrent extractions, the
recoveries to be expected in single-stage extraction were
calculated as a function of phase ratio and uranium loading.
The estimates indicated that single-stage operation should
be feasible for both uranium and plutonium. The use of
single-stage continuous or batch extraction* instead of
countercurrent extraction should permit a considerably simpler
and cheaper installation for the scavenging process. The main
consideration is the balancing of recovery against extract
loading, especially as loading affects the amount of sulfate
accompanying the recovered metals.

Single-stage U(IV) recovery can be high even at rela-
tively high loading (Fig. 4.4). Assuming close to 100%
equilibration in single-stage operation; at 85% loading of
0.3 M amine the extraction coefficient expected from the ex-
traction isotherm is 1000, corresponding to 99.7% extraction
at a/o = 2.5/1. As described above, the apparent extraction
coefficient measured for Pu(III-IV) has varied considerably, .
and is expected to be affected more by minor variations in
the system than are the coefficients for, e.g., U(IV), or
Pu(1IV) in oxidized solution. Hence a value from the lower -
part of the range observed, ER(Pu-III,IV) =~ 100 with 0.3 M
amine, was used for the following estimates rather than the
higher values found in the foregoing continuous extraction
tests. The metal and sulfate extractions calculated on the
basis of 3 g of uranium and 0.001 g of plutonium per liter and
0.3 M amine (Table 4.10) show that the minimum sulfate accom-
panying the recovered metals, at the highest uranium loading,
will be about 2.4 g per gram uranium (Cf. Sect. 7.3). Without
a second (plutonium) extraction, the theoretical uranium
recovery can be raised to 98% with an increase to only 2.5 g
of sulfate per gram of uranium. Plutonium can be recovered
at ~90% (theoretical) with a further increase to 3.5 g/g and
at ~95% with 4.5 g/g. Thus, most of the plutonium can be ex-
pected to be recovered in a single-stage extraction; without
a very great increase in the sulfate carryover.

*Consecutive extraction of uranium and plutonium in one
single-stage contactor. With a continuous-flow contactor,
the aqueous solution would go to a hold tank between passes. .
The aqueous solution might remain in a batch contactor
during uranium extraction and removal of organic, oxidant
addition, and plutonium extraction.



Table 4.10. Effect of Phase Ratio on Calculated Metal
Recovery and Sulfate Carryover

Consecutive single-stage batch U and Pu extractions
Feed: 3 g U/liter, 0.001 g Pu/liter

Extractant: 0.3 M amine
U Extraction Pu kxtraction 504 1n
U, Theoretical Theoretical Net Product,

a/o g/liter % Loading % Recovery a/o % Recovery a/o g/g U
100/28 8.70 97.5 80 (no Pu extraction) 100/28 2.4
100/35 8.4 94 98 100/35 97 100/70 6.0
100/20 95 100/55 4.5
100/10 91 100/45 3.5
100/5 83 100/40 3.0
(no Pu extraction) 100/35 2.5
100/40 7.5 84 99.7 100/40 98 100/80 6.9
100/20 95 100/60 4.9
100/10 91 100/50 3.9
100/5 83 100/45 3.4
(no Pu extraction) 100/40 2.9
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4.5 Simultaneous Extraction with Mixed Primary and N-Benzyl
Secondary Amines

As noted above, of the amines studied only the N-benzyl
amines of certain secondary alkyls have shown high extraction
power for U(VI) from high sulfate solutions. From sulfuric
acid solutions extraction coefficients are low but usable (ini-
tial uranium concentration 1 g/liter, 1/1 phase ratio):

NBHA2 Extraction Coefficients, E§(U-VI)
Conc, 3N 3 NHSJ0, + TN, + 3 X30,
M HZ SO4 1 M_ (NH4)zSO4 3 M (NH4)2$O4 pH ~1

2 1 40 >1000
8 >1000

||

0.
0

ANBHA = N-benzyl-1-(3-ethylpentyl)-4-ethyloctylamine

The corresponding Pu(IV) extraction coefficient from 3 M H, SO,
is higher (20 with 0.4 M NBHA, Table 4.1), so that plutonium
recovery should be at least as good as uranium recovery. How-
ever, plutonium recovery can be more readily ensured by addi-
tion of a low concentration (0.05 M) of primary amine to the
extractant.

The U(VI) extraction coefficient varies linearly with the
free NBHA concentration, with the loading limit at a U/amine
mole ratio of 1/6.12 The extraction coefficient with 0.1 M un-
complexed NBHA from 3 M H,SO, —0.5 M NazSO4 is ~2. The extrac-
tion isotherm calculated on this basis is shown in Fig. 4.8.

The indicated flowsheet conditions (Fig. 4.9) have not been
tested in countercurrent extraction. In this flowsheet the
Fe(II) and U(IV) are oxidized with, for example, dichromate,
avoiding excess oxidant. It is also assumed that nitrite will
be used to help ensure that all the plutonium is Pu(1IV); how-
ever, this may not be necessary, and it might be possible to
leave some Fe(II) unoxidized. With this extractant, the ura-
nium loading obtainable, and hence the phase ratio to provide
capacity for a given uranium feed concentration, is set by
the extraction coefficient instead of the stoichiometric
loading limit (Fig. 4.8). The stripping and subsequent steps
are similar to those in the preceding flowsheets.
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Fig. 4.9. Uranium and plutonium extraction with mixed
N-benzyl secondary and primary amines. Circled numbers rep-
resent relative flows.
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5.0 RECOVERY BY DIALKYLPHOSPHORIC ACID EXTRACTION

Dialkylphosphoric acids in hydrocarbon solution extract
U(VI) by cation exchange with the ionizable hydrogen and form-
ation of a series of uranyl-organophosphate complexes. The
U/(RO) PO, H mole ratio approaches 1/2 at maximum loading but
shows a considerable tendency to level off at 1/4. The extrac-
tion coefficient increases with the square of the extractant
concentration, decreases with increasing aqueous sulfate con-
centration, and decreases with increasing aqueous acidity,
partly compensated in the case of sulfuric acid by the de-
creased sulfate ionization at high aciditye13 Uranyl extrac-
tion at low loading can be considerably enhanced by addition
of a phosphate or phosphonate ester or a phosphine oxide.l4
Extractions from 3 M H,SO, —0.5 M Na, SO, containing U(VI) at
1 g/liter gave EQ(U) = 15 with 0.4 M di(2-ethylhexyl)phosphoric
acid, D2EHPA, and EQ(U) = 40 with 0.4 M D2EHPA in synergistic
combination with 0.15 M TBP, Uranlum(IV) extraction was 1low,
Eg = 0,2, with the synergistic extractant combination.

Plutonium(1IV) was extracted from 3 M H,SO,—0.5 M Na, SO,
with EQ(Pu) = 50 with 0.4 M D2EHPA and E§(Pu) = 20 with 0.4 M
D2EHPA—0.15 M TBP (Table 5.1). Preliminary tests with Pu(VT)
showed it less extractable than Pu(IV),10 and Pu(VI) extrac-
tion was not attempted from the stalnless steel solutions.

Table 5.1. Plutonium Extraction from Sulfate Solutions
by D2EHPA Alone and in Combinations

Initial Pu concentration; 10-20 mg/liter
Organic diluent:; Amsco 125-82

Phase ratio: 1/1

Room temperature

EY(Pu-1V)
3 _M Hz SU4 +

D2EHPA Conc, Eg(Pu~VIL 5 M H, SO, + 0.5 M Na, SO, +

M 5 }M_! HZ SO4 0;5 M NaNOZ ~0.5 5M_I NaNOZ
0.4 0.4 ~10 50
0.4 +
0.16 M Decanol 0.2 ~3 -
0.4 +
0.15 M TBP 0.5 ~3 20
0.4 +
0.10 M_TOPO 5 ~5 70
0.1 +
0.05 M TOPO - 0.5 10
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Extracted uranium can be stripped with concentrated acids
or aqueous acidic complexing agents, but stripping with sodium
carbonate solution is considerably more effective. To main-
tain miscibility of the resulting sodium dialkylphosphate, a
hydrocarbon diluent must be modified by an additive such as the
alcohol or neutral phosphorus compounds listed in Table 5.1.13
Plutonium was stripped by 1 M Na,CO; from the extracts produced
in the extraction tests (Table 5.1), with stripping coeffi-
cients S8 =~ 20-30. Only low concentrations of plutonium, <20
mg/liter, were present in these and in the stripping tests
described below. No attempt was made to establish the limiting
solubility of plutonium in carbonate strip solution. However,
in the course of purifying plutonium stock solution, 0.1 M
D2EHPA—0.1 M tridecanol was loaded to 1 g of plutonium per
liter and stripped to give 2 g/liter in 1 M Na,CO;, without any
indication of third phase formation or prec1p1tat10n Any
extracted iron precipitates in the carbonate solution, with the
danger of causing emulsions; however,; in raw materials extrac-
tion experience, moderate amounts of iron precipitate are
tolerated.15 If not separated, the iron will redissolve on
acidification and accompany the uranium-plutonium nitrate
product.

Extraction of Fe(II), Co(II), Ni(II), Cr(III), and Mn(II)
by D2EHPA is low even from ~1 M sulfate at pH ~1, 5 and may be
expected to be lower at hlgher acidity and sulfate concentra-
tion.

Iron(II1) extraction coefficients were fairly low from
~3 M H,S0, at low loading with 0.1 M D2EHPA (0.08) and with
both 0.1 and 0.4 M D2EHPA in the presence of 0.05-0.1 M TOPO
(0.02 and 0.03; 18 hr equilibration, Fe59 tracer). Since the
iron extraction coefficients were expected to decrease in the
presence of extracted uranium; iron extraction from oxidized
1 M stainless steel sulfate solution was expected to cause con-
siderable contamination but not severe competition with uranium
extraction. However, in a batch countercurrent extraction test
with 0.4 M DZEHPA—O0.15 M TBP from oxidized simulated declad-
ding solution (Table 5.2}, the iron extraction coefficients
were ~0.1 in all stages, and competition by the iron depressed
EQ(U) to ~2 and E(Pu) to <1.

It might be possible to obtain a feasible extraction
system with D2EHPA for both uranium and plutonium by reducing
a large fraction of the iron to Fe(II) so as to get an
optimum balance between Fe(II)-Fe(III) and Pu(III)-Pu(IV).
However, since this appeared less promising than primary amine
extraction, it was not examined further for plutonium recovery.
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Table 5.2. Countercurrent Batch Test of Uranium-Plutonium
Extraction by D2EHPA-TBP

Batch equilibration, double diamond pattern, 4 cycles

Feed: 3 M H,S0,, 1 M s.s. sulfates, 3 g U(IV)/liter,
0.01 g Pu/liter

Extractant: 0.4 M D2EHPA—O0.15 M TBP in Amsco 125-82

Phase ratio a/o = 3.1, 10 min contact in Burrell
shaker, rcocom temperature

Profile Distributions, g/liter
Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage ©

Initial, U 3 2.4 1.5 0.7 0.2 0.1
Aq2 Pu 0.01 0.008 0.005 0.0023 0.0007 0.0003
4th Cycle, U 2.5 2.0 1.5 0.6 0.2 0.008b
Aq Pu 0.005 0.004 0.004 0.004 0.003 0.0014
4th Cycle, U 5.0€ 3.7 3.0 1.1 0.5 0.09
Oorg Pu 0.0009 0.0006 0.0005 0.0002 0.0001 0.00004
Fe 3.7 3.8 4.0 4,2 4.4 4.1

dgxtraction was started with the aqueous uranium and plutonium
concentrations adjusted to approximately those in the ex-
pected steady-state profile.

bThe raffinate uranium and plutonium concentrations from all
four cycles were
1st cycle 2nd cycle 3rd cycle 4th cycle

U, g/liter 0.006 0,001 0.004 0.008
Pu, g/liter 0.0002 0.0002 0.0005 0.0014

CThe combined first stage organic solutions were stripped sat-
isfactorily with 1.1 M Na,CO; at a/o = 3/11. A heavy iron
precipitate, ~20 mg of Fe,0; per milliter, settled well into
the aqueous phase and did not cause any emulsification.

5.1 Uranium Extraction from Uranium-Thorium Solution

D2EHPA extraction was examined for recovery of uranium
from solutions containing negligible plutonium, e.g.; from
the decladding of fully enriched UO, -ThO, fuels, according to
the flowsheet (Fig. 5.1). This consists of redox adjustment
of uranium to U(VI) and iron to Fe(II), countercurrent ex-
traction with D2EHPA-TBP in a hydrocarbon diluent, either
countercurrent or batch stripping with sodium carbonate, and
destruction of carbonate with nitric acid for return of the
recovered uranium to a Purex or Thorex cycle. The decladding
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solution compositionl6é was assumed to be 2-3 M H,SO,, 1 M
stainless steel sulfates, and %2 g of thorium and 0.1 g of
uranium per liter. Estimates based on theoretical extraction
isotherms and the solubility limits of uranium in sodium car-
bonate strip solutions!7 indicated that a reagent concentra-
tion of ~0.3 M would permit the highest uranium concentration
and uranium/sodium ratio in the product solution. The extrac-
tion isotherms were calculated on the basis of E = 40 with
0.4 M D2ZEHPA—0.15 M TBP, which was confirmed by E = 25 in
51ng1e batch extractions with 0.3 M D2EHPA—0.15 M TBP from
the synthetic uranium- -thorium-stainless steel decladding
solution (Table 5.3).

Decladding Soln.

2—3 M_ Hz SO4 Naz Crz 07
/1 M s.s. sulfates or _ 2 M
<2 g Th/liter CrsSO, " Na,CO; CO,
0.1 g U/liter Recycle
g S ——> Extractant
T
T R
R I
Extractant A P
0.3 X DZEHPA C P co
+ 0.15 M TBP in T I £ 2
hydrocarbon diluent I N (D
l : il
D) " 1y
Waste HNO,
Product
1 M NaNO,
>1 M HNO,;
<0.3 M SO,

~10 g U/11ter
<5 g Th/liter

NazCrzO7 or CrS0, as requlred to adjust all the uranium to
U(VI) and most of the iron to Fe(II).

Fig. 5.1. Uranium extraction with di(2-ethylhexyl)phos-
phoric acii. Circled numbers represent relative flows.



~34 -

Table 5.3. Feed Solutions

Four 4-liter batches, each used for ~1.3 cycles of
continuous extraction (Table 5.4)

Run 1 Run 2 Run 3 Run 4
U, mg/liter 70 69 75 76
Th, g/liter 1.77 1.68 1.44 1.46
Fe, M2 0.67 0.60 0.53 0.55
Cr, MP 0.46 0.46 0.48 0.52
N, M 0.09 0.08 0.08 0.08
HY, M 5.5 4,9 4,7 4.1
NO;, M€ 0.03 0.03 0.025 0.025
soy, M9 4.2 4 3,5 3.5
EQ(U)® 17 18 24 25
EQ(Fe)®€ - <0.001  <0,001 <0.001

2>98% of iron reduced to Fe(II).
bIncludes CrS0O, used to reduce iron.

€~0.03 M nitrate from addition of thorium as
Th(NOy ), -

dConcentrations calculated.

eUranium and iron extraction coefficients were
measured with each batch of feed solution by batch
equilibration at a/o = 1/1 with 0.3 M D2EHPA—O0.15
M TBP. '

TBP was chosen as the synergistic modifier to be used
with D2EHPA in this test partly because phosphine oxides,
which give the greatest advantage in enhanced uranium coeffi-
cients, are not now available in commercial quantities and
partly because the use of TBP does not contribute any addi-
tional danger of reagent carryover to the main cycle,

A bank of eight mixer-settlers of the same type as those
used for amine extraction (Sect. 4.2) was used for continuous
countercurrent extraction. The aqueous stream at 50 ml/min
and the extractant stream at 5 ml/min were metered by bellows
pumps. The feed solution was reduced to 100-200 mv* with
~100 m1 of chromous sulfate solution per liter (~1 M Cr,(S04);

x
Pt-SCE, higher positive emf indicating higher oxidation.
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reduced with amalgamated zinc). Less than 2% of the iron re-
mained as Fe(III), as shown by comparison of batch extractions
with -and without addition of a 2% Fe(III) spike. Four batches
of synthetic feed were run in succession, At the completion

of each batch, the mixers were stopped and the separated phases
were sampled. There was no flow between units with the mixers
stopped, so that the concentration profile was not lost during
changeover and sampling.

The end concentrations for the four profiles measured are
shown in Table 5.4, indicating ~95, 95, 97, 97% recovery at
1.2, 2.5, 3.8, and 5.0 cycles.* The final profile (Fig. 5.2)
shows a nearly constant extraction of 60-65% per stage, ER =17
The final profile is also shown in a McCabe-Thiele diagram
(Fig. 5.3) for comparison with the calculated uranium extrac-
tion isotherm. Significantly low stage efficiency was expected
because the mixer-settlers used were not designed to handle
flow ratios far from 1/1.. The failure of the upper points in
Fig. 5.3 to reach the equilibrium curve appears to confirm
this. The failure of the lower points to reach the operating
line suggests that some backmixing between stages occurred.

The apparent stage efficiency** averaged ~50%. Thus, in an
extraction system with high stage efficiency, nearly complete
uranium recovery could be expected in rather fewer than eight
stages. However, high recovery could not be obtained in a
single stage, unless the feed/extractant ratio approached 1/1.

A portion of the composited organic product from the ex-
traction test was stripped in two batch stages (not counter-
current) with 2 M Na,CO; at a/o = 87.5/500 initial, 58/530
final in the first stage and 87.5/530 in the second stage.

The phase ratio changed in the first stage because of extrac-
tion of water with the sodium ion. About 90% of the uranium
was removed by the first strip, and <1% remained in the organic
after the second strip (Table 5.5). A small amount of water-
soluble thorium-bearing precipitate separated during the first
strip, indicating that with this much thorium present (equiv-
alent to ~2 g per liter of aqueous at a/o = 1/10) a larger
volume of less concentrated sodium carbonate solution should be

ibne cycle = one estimated displacement of the organic phase
through the extraction system.

** ~Ratio of the uranium concentration increment between aqueous
" samples to the uranium concentration increment between
-operating line and equilibrium curve.
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used.* The first strip was acidified with 1/5 its volume of
14 M HNO,, giving a product solution containing 4.5 g of
uranium, 1.5 g of thorium, and 0.2 g of iron per liter and
<3x10-4 M sulfate in ~2 M NaNO; —0.5 M HNO, .

Table 5.4. Uranium Recovery from Sulfuric Acid
Stainless Steel Dissolver Solution
by Extraction with DZ2EHPA-TBP

Feed (synthetic): 2-3 M H,S0,, ~1 M stainless steel sulfates,
~1.5 g Th/liter, ~0.07 g U/liter

Extractant: 0.3 M D2ZEHPA + 0.15 M TBP in Amsco 125-82
Continuous countercurrent extraction in eight mixer-settlers
Phase ratio, a/o = 50/5

Run started with barren aqueous in settlers

U Distribution, mg/liter EQ(U)
Cycle? Feed Raffinate Extractant 1st Stage 2nd Stage
1.2 70 3.7 590 12 12
2.5 69 3.5 710 16 14
3.8 75 2.1 790 19 21
5.0 76 2.1 775 17 19

20ne cycle = one estimated displacement of the slower (i.e.,
organic) stream through the extraction system.

*Thorium is soluble to ~10 g/liter in ~1 M NaHCO; —0.5 M
Na,CO; solution, in equilibrium with solid Na,Th(CO;);-12 H0
and NaHCO, .18 The strip solution was estimated to be ~2 M
NaHCO;, so that a rather higher thorium solubility than ~2
g/liter would be expected unless it was decreased by the
presence of the uranium at ~0.0Z M. It may have been a non-
equilibrium precipitate, locally formed but slow to redis-
solve. This should be checked under operational conditions
if actual decladding solutions prove to carry as much thorium
as was assumed for this test.
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Table 5.5. Sodium Carbonate Strip of D2EHPA-TBP Extract

Extract: 0.3 M D2EHPA + 0.15 M TBP in Amsco 125-82, com-
posite of loaded solutions from countercurrent
extraction test

Strip: 2 M Na,CO;, 2-stage batch contact
Contact: handshaking in stoppered cylinder, 3 min, room

temperature
Vol, Distribution, g/liter U Distri-

Phase ml U Th Te 50, bution, %
Organic 500 0.70 0.24 0.025 (100)

extract
Strip 1 582 5.3 , 89
Strip 2 87.5 0.56 14
Stripped 530 0.0055 0.8

organic
Strip 1, (70)b 4.5 1.5 0.2 <0.03

acidified

41nitial volume 87.5 ml; decreased by ~30 ml and organic
volume increased by ~30 ml because of water extracted on con-
version of D2EHPA to its sodium salt.

b25 ml of strip 1 + 5 ml 14 M HNO;; final gross composition

1.8 M NaNO; —0.5 M HNO,.

6.0 RECOVERY BY PHOSPHINE OXIDE EXTRACTION

Phosphine oxides extract U(VI) from acidic solution as a
neutral complex, similarly to TBP but with a higher order of
extraction power and without the need of nitrate salting.
Although U(VI) extraction with phosphine oxides is low from
sulfate solutions, it is fairly strong from sulfuric acid
solutions, E ~ 20 from 1 to 6 M H,SO, with 0.3 M tridecyl-
phosphine oxidel9 and 17 from 3 M H, SO, —0.5 M NazSO4 with
0.3 M trioctylphosphine oxide (TOPO) . Extraction decreases
with increasing concentration of sulfate salt and becomes
low if most of the acid is neutralized, EQ = 0.1 from 3 M
(NH,),S0, solution at pH 1. Even in the presence of consider-
able sulfate, uranium extraction coefficients can be increased
if necessary, by adding a relatively small amount of nitrate.l

O

Plutonium(IV) extraction was also fairly high from sul-
furic acid solution but low from ammonium sulfate solution
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(TOPO in Amsco 125-82):

TOPO Extraction Coefficient
Conc, Species > M 3 M 3 M D0,
M Extracted Hz SO4 Hz SO4 pH ~1
0.3 Pu( IV) 20 30 0.1

Pu(VI) 4
0.1 Pu(1IV) 5 0.1
Pu(III) 0.4

In some tests with 5 M H,SO, (but not with 3 M H,S0,) the 0.3 M
TOPO-Amsco solution separated into two organic phases.

Ferric iron extraction was low (E§ = 0.005 from 3 M H, SO,
with 0.1 M TOPO), and the extraction of ferrous iron and the
other stainless steel metal ions may be expected to be still
lower.19

Extracted uranium is readily stripped with sodium car-
bonate solution. Similarly, the extracted Pu(IV) was stripped
completely from 0.3 M TOPO by 1 M Na,CO; solution at a phase
ratio of 1/1. There was no evidence of plutonium precipitation
at the resulting concentration of 20 mg/liter. (As noted
above, plutonium concentrations up to 2 g/liter in 1 M Na,CO,
have been obtained, in stripping from D2EHPA extracts, without
precipitation.) Neither uranium nor plutonium was stripped
effectively from phosphine oxide with water.10,19

The uranium extraction isotherm calculated for 0.3 M TOPO,
using E§ = 20 at 0.3 M uncomplexed reagent concentration (Fig.
6.1);, indicates 4 ideal stages for >99% recovery of uranium
from a 3-g/liter uranium feed at a phase ratio set to give a
concentration factor of 4. Since the extracted plutonium
cannot contribute significantly to the loading, and E(Pu) 5
EQ(U), plutonium recovery should be at least as good as the
uranium recovery.

A flowsheet based on the foregoing results is shown in
Fig. 6.2. This has not been tested in countercurrent extrac-
tion.



—40-

20 T | T
s.‘ /
)
et
~
o]
3)
[
Z
(&} 10 - -
e~
(@]
Zz
o]
=
=
5 5 —
2
g E = ZO[M (TOPO)—Z X g&p)]
0.3
0 /// | | |

0 1 2 3 4
URANIUM IN AQUEOUS, g/liter

Fig. 6.1. Uranium extraction isotherm for
extraction from 3 M H,S0,—0.5 M Na, SO, by
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Decladding Soln.
2-3 M H, S0,
1Ms.s. sulfates Na,Cr,0, 1M

43 g U/liter NaNO, Na,CO;
0.001 g Pu/liter [- 6 Recycle
E U;g S
Ei§@ X T Extractant
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Extractant i ;
0.3 X R,PO C p <:> Product
in hydrocarbon T I CQO, U, Pu
diluent I N ; __>~1 M HNO,
C) 0 G | " ~1 M NaNO,
' 14™M ~0.2 M SO,
N \J <:>HNO3

Waste

Fig. 6.2. Uranium and plutonium extraction with trialkyl-
phosphine oxide. Circled numbers represent relative flows.
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7.0 REAGENT LOSS AND CARRYOVER

7.1 Reagent Loss

The required makeup of extractant will depend on losses
by solubility in the aqueous streams, by entrainment in those
streams, and by degradation. Degradation due to irradiation
cannot be predicted at present beyond noting that irradiation
tests so far indicate no unusual susceptibility to damage.Z20
Chemical degradation should be negligible in comparison with
entrainment losses, even for hydrolysis of the ester linkages
of D2EHPA.Z21

Entrainment of as much as 1 ml of extractant per liter
of sulfate raffinate would result in loss, per liter of
raffinate, of 120 mg of TOPO from 0.3 M solution, 130 mg of
D2EHPA from 0.4 M, 90 mg of Primene JM from 0.3 M, and 140 mg
of NBHA from 0.4 M. On the basis of 4 liters of sulfate
waste solution per kilogram of uranium reprocessed, together
with not more than 1 liter of strip solution plus scrub or
regeneration solution carrying the same assumed entrainment
loss, these values correspond to entrainment losses of less
than 1 g of each reagent per kilogram of total uranium, or
<100 g per kilogram of scavenged uranium at 1% uranium dissolu-
tion.

Loss by solubility of prescrubbed Primene JM* in the
aqueous streams might approach the foregoing assumed entrain-
ment loss, but aqueous solubility of the other reagents named
is much lower. Prescrubbed Primene JM* is soluble in typical
sulfate ore leach liquors to the extent of 30-50 mg/liter.22’23
Amine salt solubility increases with acidity but decreases with
total ionic concentration, so that loss to the decladding solu-
tion will probably not be much greater and may be less than
50 mg/liter.

*Primene JM is a homologous mixture, averaging around 20 car-
bon atoms. The salts of the lighter amines in the mixture

" are lost relatively rapidly to dilute aqueous solutions.
Hence, for all the tests reported here the stock reagent
solution was prescrubbed with 25 vol of 0.2 M H, SO, in order
to approximate the steady-state composition of recycled
reagent. Such prescrubbing is not required in a process
application where reagent loss is the only consideration but
may be needed when reagent carryover is a matter of concern.
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7.2 Reagent Carryover

Potential carryover of reagent into the main cycle by
solubility and entrainment in the strip solution is a more
important consideration than the cost of lost reagent. It may
be necessary to scrub the product solution with barren hydro-
carbon diluent, at least as a precautionary safeguard, unless
a re-extraction or other coupling step is added to the flow-
sheets considered here. Of the reagents being considered,
tolerance limitations will probably be most strict on buildup
for D2EHPA, but on carryover for TOPO. DZEHPA could not be
permitted to build up the total dialkylphosphoric acid content
of the TBP stream significantly higher than the level already
reached by DBP from degradation of the TBP. DZEHPA should be
removed by an alkaline scrub nearly as effectively as is DBP
provided that a wash with water or sufficiently dilute alkaline
solution is used to give sufficient aqueous solubility of the -
higher weight organophosphate salt.

The first deleterious effect of phosphine oxide would
probably be interference with water stripping of the TBP.
Since ER(Pu) from 0.1 M nitrate solution by 0.1 M TOPO is less
than 501 and ER(U) is less than 50019 and is proportional to
the square of the TOPO concentration, buildup to 10-3 M TOPO
in the TBP might have some effect on stripping, but 10-4 M
should have no effect.

If the only effective bleed of contaminating TOPO from
the TBP stream is by entrainment loss of the latter in the
main cycle raffinate, and if that entrainment is similar in
degree to entrainment of the 0.3 M TOPO solution in the strip
solution, then, without scrubbing, the steady-state concentra-
tion of TOPO in the TBP stream would be 0.3 M times the ratio
of the TOPO strip solution volume to the main cycle aqueous
stream volume. If that ratio were as high as 1/10, then 99%
of the entrained TOPO would have to be scrubbed out of the
strip solution to prevent the buildup from approaching 10-3 M.

It is not obvious that some carryover of primary or
secondary amine would be dangerocus, since it would not be
expected to harm either selectivity or stripping. Appreciable
solubility in the large volume of nitrate raffinate should
prevent buildup of Primene JM.

7.3 Sulfate Carryover

Suifate is extracted as a part of the uranium complex and
as free acid by both amines and phosphine oxides, and it is
stripped along with the uranium. Without uranium, 0.3 M amine
contains between 0.15 and 0.3 M (SO; + HSO;), close to 0.3 M
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after equilibration with 3 M aqueous sulfuric acid. When
loaded with U(IV) sulfate to the limiting mole ratio of 1/8,
0.3 M primary amine contains 0.225 M sulfate. When loaded
with uranyl sulfate to the limiting mole ratio of 1/6, 0.4 M
secondary amine contains 0.27 M sulfate. Phosphine oxide
extracts sulfuric acid to about 1 H,S0,/2 R;PO from aqueous
solutions at high concentration and to about 1/4 from 3 M,19
or 0.05-0.1 M sulfate in 0.3 M phosphine oxide. When loaded
with uranyl suifate to the limiting mole ratio of 1/2, this
increases to 0.15 M sulfate. Dialkylphosphoric acid does not
extract sulfuric acid directly or with the extracted uranyl
ion. Some sulfuric acid will be extracted by phosphine oxide
or (to a lesser extent) by TBP when added as a modifier to
D2EHPA. These bases for estimating the sulfate extraction
were confirmed by sulfate determination after plutonium strip-
ping tests which followed extraction tests from 5 M H,SO, and
after the continuous countercurrent extractions:

Conc;
Extractant M Soilution Estimated Found
NBHA 0.3 HNO, 0.30 0.22

0.4 HNO, 0.42 0.47
TOPO 0.3 Na, CO, 0.16 0.15, 0.18
DZEHPA 0.4 a
+ TOPO 0.1 Na, CO, Q°03 0.02, 0,05
Primene JM 0.3 HNO, 2.40 2.4¢€
D2EHPA 0.3 b d
+ TBP 0.15 Na, CO, 0.02 <0.001

Estimated sulfate extraction by the TOPO only.
bEstimated sulfate extraction by the TBP only.
®From Table 4.8.
dFrom Table 5.5.

From the foregoing it is obvious that the amount of sul-
fate carried with the scavenged uranium to the main cycle by
a given extractant will depend more on the uranium capacity
provided for (i.e.,; the quantity of the extractant) than on
the amount of uranium actually scavenged. The tests and cal-
culations in this report are based on provision for scavenging
uranium at concentrations up to 3 g/liter in the decladding
solution, equivalent to dissolution of ~1% of the total ura-
nium. With the reagent concentrations and flow ratios in the
various flowsheets set to provide capacity for this much
uranium, and ~3 liters main cycle feed solution per kilogram
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of total uranium,1 sulfate introduced with the scavenged ura-
nium intoc the main cycle feed would be ~0.1-0.15 M after
extraction with amines; ~0.01-0.02 M after extraction with
TOPO, and <0.01 M after extraction with D2EHPA-TBP. These
would decrease proportionately if the flow ratios were set
for a lower quantity of uranium to be scavenged.

The sulfate carried by the TOPO or the DZEHPA-TBP ex-
tractant can be eliminated, if desired, by a dilute nitric
acid scrub of the loaded extractant before stripping. Sulfate
cannot be eliminated from the loaded amine extractants by a
simple scrub. Here sulfate elimination, if needed, will call
for an additional step, e.g., hydrolytic precipitation and
redissolution in nitric acid, or salting with aluminum nitrate
and re-extraction with TBP.

7.4 Sodium Ion and Product Solution Volume

The sodium ion introduced into the main cycle from the
sodium carbonate stripping of D2EHPA or TOPO will amount to
4 moles of sodium per mole of uranium [i.e., Na,U0,(CO;);
acidified to 4 NaNO; + UO;(NO;), ], plus the sodium from the
excess carbonate provided in stripping. With the concentra-
tions and flow rates shown in the DZEHPA and TOPO flowsheets
and ~3 liters of main cycle feed solution per kilogram of total
uranium, this would introduce 0.05 M sodium into the main cycle
feed stream after the TOPO extraction or 0.08 M sodium after
the D2EHPA-TBP extraction. If this is excessive for direct
introduction into the main cycle feed, a precipitation step or
re-extraction as suggested above for sulfate elimination is
indicated.

On the same basis; the volume of scavenged uranium-
plutonium product solution to be returned to the main cycle
would be of the order of 5% of the main cycle feed volume and
would decrease proportionately if the flow ratios were set
for a lower quantity of uranium to be scavenged. The effect
of this much volume increment, if it is important, might be
eliminated by using the acidic strip solution as a part of the
dissolver acid or a part of the centrifuge rinse. (The latter
is shown in the Sulfex flowsheetl as ~8% of the adjusted feed
volume.)

It should be noted that all discussion of material carry-
over in the foregoing paragraphs is based on the assumption
that the main cycle is operating on Sulfex feed only. 1If
other feeds also enter the main cycle, the tolerance for volume
and for reagent, sulfate, and sodium content of the Sulfex
decladding scavenger product stream should increase in direct
proportion to the blending ratio available.
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