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ABSTRACT

A method for stripping uranium from amines by contacting
the extract with an ammonium sulfate solution, while adjust-
ing the pH to 3.5-4.5 with ammonium hydroxide, was developed
through laboratory scale. Reagent.costs are low (~7¢/1b U,;04)
and the product is a high-assay. sodium-free (or low sodium)
concentrate. However, separations from molybdenum are rela-
tively poor,and somewhat more careful control is required than
in certain other available stripping methods.

Batch stripping tests demonstrated the strong dependence
of the stripping efficiency on pH, stripping of Alamine 336
being relatively difficult below pH 4. Two other tertiary
amines, tri(iso-octyl) and XE-204, were stripped better, and
a branched secondary amine, bis (l-nonyldecyl), poorer than
Alamine 336, Increasing the sulfate concentration of the
strip solution in the range 1-2 M improved the stripping
efficiency slightly.

In continuous runs with Alamine 336, some emulsion
troubles were encountered at pH ~4 although stripping was
effective. 1In the pH range 3.3-3.8, physical operation was
satisfactory but stripping was ineffective, relatively large
amounts of uranium reporting to the molybdenum stripping
circuit.
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1.0 INTRODUCTION

This report describes bench-scale studies on recovering
uranium from tertiary amine extracts with ammonium sulfate
solutions at a controlled pH. Studies at_ the Canadian v
Department of Mines and Technical Surveyslvz have demon-
strated the feasibility of stripping tri(iso-octyl)amine
with sodium sulfate solutions, while adjusting the pH to 4-5 ‘
with sodium hydroxide. Examination of this stripping method
was continued-” at Oak Ridge Wational Laboratory for several
reasons. First, the effectiveness of separation from molyb-
denum, which is a common constituent of western ores, had
not been studied. Second, investigation of the ammonium
rather than the sodium system was desirable since ammonia is
a cheaper base than caustic and since sodium-free concen-
trates are more amenable to the direct reduction-hydrofluori-
nation-fluorination flowsheet used in the new Allied Chemical
Company feed plant. Finally, it was desirable to investigate
the amenability of other available tertiary amines to this
stripping method.

In batch stripping tests; the performances of several
amines were compared and the effects of pH and sulfate con-
centration were evaluated. Several continuous runs were made '
with one tertiary amine to study the effect of pH variation
on chemical and physical operation of the circuit. Reagent
costs were estimated on the basis of the continuous tests.

The batch tests were performed by W. D. Arnold and the
continuous tests by R. S. Lowrie with C. H. Tipton and
F. G. Kilpatrick assisting.
2.0 BATCH STRIPPING TESTS

The basicities of the amine extractants vary with amine

class——primary > secondary > tertiary— and, wiﬁh%n each
class, decrease with increasing alkyl branching.*~ The
weaker-base compounds, i.e., the tertiaries and those secon-

daries with branching close to the nitrogen, are more amen-
able to the controlled pH stripping method than the primary
or the less-branched secondary amines. Hydrolysis of the
tertiary amines is >90% complete at pH 4 (Fig. 2.1). The
uranium transferred to the aqueous phase at this pH remains
in solution:

(R3NH)4UOZ (SO4 )3 + 4NH40H — UOZSO4 + 2 (NH4 )2804
+ 4R,N + 4H,0 (1)

and

(R;NH),SO, + 2NH,OH — (NH,},80, + 2R,N + 2H,0 (2)

aaaaaaa
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(The dotted underlines mark species in the organic phase.)
With the primary and less-branched secondary amines, the pH
must be raised to an appreciably higher level to obtain
sufficient hydrolysis of the amine salt. At these higher pH
levels, uranium is precipitated, usually resulting in phase
separation difficulties.

Curves for titration with ammonium hydroxide of two
uranium-loaded tertiary amines, Alamine 336 and XE-204, show
the former compound to be the stronger base (Fig. 2.2). For-
mation of precipitate and emulsions did not occur in these
tests until the pH was raised above ~4.7.

2.1 Effect of pH and Amine Choice

~ Stripping isotherms (Fig. 2.3) were obtained for Alamine
336 at four different pH's and for XE-204, tri(iso-octyl)-
amine, and bis (l-nonyldecyl)amine at a single pH. Phase
separation in all tests with the tertiary amines was rapid
(0.5-1.5 min}, but was relatively slow (2-3 min) with bis(1-
nonyldecyl)amine. Ammonium sulfate* (1.5 M) was added to
the strip solution to improve uranium distribution to the
aqueous phase. All the isotherms have a characteristic con-
cave shape, the slope of the isotherm decreasing as it
approaches the origin. In a countercurrent system, this low
slope in the dilute uranium region causes pinching between
the equilibrium and operating lines, making completex**
stripping of the solvent difficult. The data for Alamine 336
emphasizes the importance of pH. At pH 3.1-3.3, stripping
was too inefficient to be of interest. Increasing the pH
(by increasing the amount of ammonium hydroxide added to the
system) increased the isotherm slope, particularly in the
dilute uranium region. Using the isotherm data, stage re-
quirements for reducing the uranium content of the organic
to a given level were estimated by McCabe-Thiele diagrams,
assuming loading of the strip solution to 15 g of uranium
per liter (Fig. 2.4). The results show that only about 87%
of the uranium could be stripped from Alamine 336 at pH 3.5-
3.7 in three ideal stripping stages. Owing to severe pinch-

*Both the stripping and precipitation reactions produce
ammonium sulfate, which accumulates in the strip solution,
if it is recycled after uranium precipitation (Fig. 3.1).

xxComplete stripping of the solvent, although desirable, is
not necessary since uranium distribution coefficients in
the bottom extraction stage are usually sufficiently high
that appreciable recycle of uranium in the stripped sol-
vent can be tolerated without adversely affecting uranium
recoveries. Also, the flowsheet (Fig. 3.1) for treating
molybdenum-containing liquors provides additional strip-
ping of uranium in a carbonate strip cycle.
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Fig. 2.1 Extraction of sulfuric acid by 0.06 M Alamine
336 in 97% kerosene—3% tridecanol. Aqueous: (NH,),SO,-
H,S80,, total SO, 1.5 M.
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Fig. 2.2 Titration of amine extracts with ammonia.
Organic: 0.06 M amine in 97% kerosene—3% tridecanol loaded
with 2.8 g of uranium per liter. Procedure: extract contacted
with 1.5 M (NH,),SO, solution at organic/aqueous phase ratio

of 10/1; ammonium hydroxide added in increments; phases
recontacted and pH measured after each increment addition.
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Fig. 2.3. Uranium stripping isotherms. Organic: 0.06 M amine in
97% kerosene—3% tridecanol loaded to 2.8 g of uranium per liter.
Procedure: organic cascaded against fresh volumes of aqueous
NH,OH—1.5 M (NH,),S0O4 solution for first contact, 1.5 M (NH,),SO,
(initial pH 5.3) solution for subsequent contacts. In the pH range
shown for each test, the higher pH was obtained on the first
contact and the lower pH on subsequent contacts.

a) Alamine 336, pH 3.1-3.3

b) Alamine 336, pH 3.56-3.7
c) Alamine 336, pH 3.9-4.0
d) Alamine 336, pH 4.2-4.3

e) XE-204, pH 3.6-3.8

f) tri(iso-octyl), pH 3.3-3.4

g) bis(l-nonyldecyl) in 97% kerosene—1% tridecanol,
pH 3.9-4.0
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Fig. 2.4. Stage requirements for stripping uranium. Esti-
mated with McCabe-Thiele diagrams using isotherm data (Fig. 2.3)
and assuming solvent loading of 2.8 g of uranium per liter and
strip solution loading of 15 g of uranium per liter.

a) Alamine 336, pH 3.5-3.7

b) Alamine 336, pH 3.9-4.0

c) Alamine 336, pH 4.2-4.3

d) XE-204, pH 3.6-3.8

e) tri(iso-octyl)amine, pH 3.3-3.4

f) bis(l-nonyldecyl)amine, pH 3.9-4.0

g) Alamine 336, pH 3.5-3.7 (assuming strip solution
loading to 10 g of uranium per liter)
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ing between the equilibrium and operating lines, doubling
the number of stages would increase uranium recovery from
the solvent to only ~90%. Likewise, increasing the strip
solution flow, to reduce loading to 10 g of uranium per
liter, would increase the amount of uranium stripped in
three stages to only ~89%. However, >96% stripping would be
obtainable at pH 3.9-4.0 and >98% stripping at pH 4.2-4.3 in
only two ideal stripping stages. Both XE-204 and tri(iso-
octyl)amine were stripped more easily than Alamine 336. The
results with XE-204 at pH 3.6-3.8 were essentially equiva-
lent to those of Alamine- 336 at pH 4.2-4.3, and tri(iso-
octyl)amine was stripped more readily at pH 3.3-3.4 than was
Alamine 336 at pH 3.5-3.7. Bis(l-nonyldecyl)amine was more
difficult to strip than the tertiary amines.

2.2 Effect of Sulfate Concentration

Increasing the sulfate.concentration in the strip solu-
tion from 1 to 2 M increased the stripping efficiency
slightly (Fig. 2.5). Small differences in pH in the three
tests tended to mask the effect of sulfate concentration,
since pH is a much more important variable.

3.0 CONTINUOUS RUNS

Five continuous runs (Table 3.1), each of approximately
7 hr duration, were made with Alamine 336 to study the
effect of pH variation on the stripping efficiency and
physical operation of the stripping circuit. Uranium re-
covery was >99.8% in all runs, but operation of the strip-
ping circuit was not entirely satisfactory. When the pH was

Table 3.1 Summary of Operating Conditions for Continuous Runs

Organic: Alamine 336 in 97% kerosene—3% tridecanol

Aqueous feed flow rate: 800 ml/min; in Runs 2-4, aqueous
was recycled from the settler to the mixer of the first
stripping stage at the rate of 140 ml/min

Sodium carbonate flow rate: 50 ml/min

Scrub water flow rate: 40 ml/min

Flow Rate, ml/min

Amine Ammonium 3 M NH,OH
Run Conc., Sulfate To First
No. M Organic Recycle Stripping Stage To Precipitator
1 0.10 200 25 Varied Varied
2 0.10 200 40 4.8 2.4
3 0.06 330 40 5.0 3.2
4 0.06 330 50 4.7 3.3
5 0.06 330 50 5.7 2.7
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Fig. 2.5. Effect of sulfate concentration on stripping.
Organic: 0.06 M Alamine 336 in 97% kerosene—3% tridecanol,
loaded to 2.7 g of uranium per liter. Organic cascaded
against fresh volumes of aqueous ammonium hydroxide —ammonium
sulfate solution for first contact, ammonium sulfate solution
for subsequent contacts.

controlled at ~4.0, stripping was efficient but phase sepa-
ration was poor. In the pH range 3.6-3.8, physical opera-
tion was satisfactory but the stripping efficiency was poor,
relatively large amounts of uranium entering the secondary
stripping circuit. Also, separations from molybdenum during
stripping, particularly at the higher pH, were not efficient.

The total circuit (Fig. 3.1) included three extraction
stages, one scrub stage, three uranium stripping stages, one
molybdenum stripping stage, and equipment for continuous
precipitation and filtration of uranium from the loaded
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Fig. 3.1 Flow diagram for continuous runs. Organic: 0.06 M or

0.10 M Alamine 336 in 97% kerosene—3% tridecanol.
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strip liquor. Mixer-settlers.were,used for contacting the
phases. Uranium was extracted from a synthetic leach liquor
(pH 1.0) containing, in grams per liter: 1.23 U, 0.7 V(IV),
0.036 Mo, 1.0 Fe(1I), 2.3 Fe(III}, 2.3 Al, 0.9 PO,, and 45
SO,. The extract was scrubbed wita water, primarily to
remove entrained liquor. . The; water scrub had the additional
advantage of removing a small amount of extracted sulfuric
acid from the solvent, which sllghtly decreased base require-
ments for stripping. Uranium was stripped from the scrubbed
extract with 1.2-1.6 M ’NH4)200¢,solat10n while adjusting
the pH to the desired level with 3 M NH4OH which was pumped
to the first stripping stage. The pH was automatically
recorded on a Brown recorder but control of the pump was
manual. Uranium was pre01p1tated continuously, by adjusting
the strip solution pH to 7-7.5 with 3 M NH,OH, and filtered,
the filtrate being recycled to the strlpping operation.
Operation of the precipitator at §0-90°C gave a rapidly
filtering precipitate and a cléar filtrate, whereas a
colloidal pre01p1tateywas oktained at amblent temperatures.
The stripped solvent was contacted with sodium carbonate
solution to remove molybkdenum. Thig treatment,also stripped
residual uranium and prevented excessive uranium recycle to
the extraction system during periods when operation of the
uranium stripping system was inefficient. The sodium
carbonate supply was’ replenished on a batch basis. Solution
was recycled between one of two reservoirs {(initially filled
with 1 M Na,CQ;) and the molybdenum stripping system until
the solution pH fell to an arbiftrary value, e.g., ~8, at
which point the reservoir was cut out of the circuit in
favor of the second reservoir which contained fresh 1 M
Na,CO, .

Run 1. This was a preliminary shakedown run (with 0.10
M Alamine 336), in which the pH in the uranium stripping
system was varied from 3.3 to 4.5 by changing the rate of
ammonia flow to the first stripping stage. Initially, the
stripping and precipitation systems were filled with 1.2 M
(NH,),S0,. During the first part of the run, ammonium
hydroxide was fed to the: top of the firast stage mixer, but
efficiency in this stage was poor. The stage efficiency was
improved considerably by recycling agueous from the settler
to the mixer and by blending the ammonium hydroxide feed
with this recycle stream and with agueous coming from the
second stage. This caused copious precipitation of uranium
so that the aqueous feed to the first stage mixer was
actually a precipitate slurry. Essentially all this pre-
cipitate, however, dissolved on contact with the amine salt.

No data are presented for Run 1 since steady-state
operation was not attained.

Run 2 (Table 3.2): In this run (with 0.10 M Alamine
336), the pHK in the first stripping stage was controlled at
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Table 3.2 Data for Continuous Run 2

(System sampled at shutdown)

Analysis, g/liter

Stage Organic Aqueous
No. U Mo SO, U Mo SO, pH
' Extraction System
1 5.2 0.11 - 0.026 0.035 - -
2 1.28 0.10 - 0.006 0.017 - -
3 0.22 0.050 - <0.001 0.012 - -
Scrub

1 5.0 0.11 - 0.079 0.002 - -

Uranium Stripping

1 1.24 .0.079 - 17.4 0.15 - 3.8
2 0.98 0.081 - 2.7 0.008 - 3.6
3 0.66 0.082 - 1.37 0.006 - 3.5
Solution recycled
from filter 0.005 0.013 178 7.3
-Molybdenum Stripping?
1 0.078 0.010 - 13.6 1.43 - 8.6

2S5ince sodium carbonate addition to this circuit
was batchwise, these are not steady-state data.

~3.8, resulting in a pH of ~3.6 in the second stage and ~3.5
in the third stage. Physical operation throughout the run
was smooth but only 87% of the extracted uranium was stripped
in the uranium stripping section. However, most of the re-
maining uranium was removed, along with the molybdenum, by
the carbonate strip. A fresh supply of sodium carbonate
solution was cut into the circuit when the pH of the carbo-
nate recycle solution fell to ~9. This required frequent
changing of the reservoirs, and sodium carbonate consumption
(based on uranium recovered from the feed liquor) was rela-
tively high, i.e., ~0.9 1b per pound of U;0;5.

Run 3 (Table 3.3). In this and subsequent runs the
organic phase consisted of 0.06 M Alamine 336 in 97%
kerosene—3% tridecanol. The pH in the first stripping stage
was controlled at ~3.6. Physical operation of the system
was smooth but only ~80% of the uranium was stripped in the
uranium stripping section; the balance accumulated in the
carbonate strip liquor. The carbonate reservoirs were
changed when the carbonate recycle solution pH dropped to ~8.
Sodium carbonate consumption was ~0.5 1lb per pound of U;0;.
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Table 3.3 Data fof Continuous Run 3

(System sampled at shutdown)

Analysis, g/litér .-

Stage Organic Aqueous
No. U Mo S0, U Mo SO, pH
_Extraction Sygtem
1 2.8 0.057 -’ 0.40 0.035 - 1.1
2 1.2 0.056 - 0.008 0.024 - 1.1
3 0.20 0.037 - 0.002 0.016 - 1.1
Scrub
1 2.8 0.055 - 0.103 0.005 - 1.6
Uranium Stripping
1 0.87 0.041 1.2 16.5 0.098 140 3.6
2 0.75 0.043 1.2 3.2 '0.008 139 3.3
3 0.55 0.043 1.0 1.52 0.003 140 3.3
Solution
recycled
from
filter 0.02 0.007 146 6.8
Molybdenum Stripping?
1 0.004 0.014 <g.1 18.0 1.11

ASince sodium carbonate addition to this circuit was
batchwise, these are not steady-state data.

Run 4 (Table 3.4). The pH in the first stripping stage
was controlled at ~3.6 and the ammonium sulfate solution flow
was increased by ~25% over that used in runs 2 and 3.
Physical operation of the system was smooth throughout the
run but uranium removal in the stripping system was only 84%.
Consumption of sodium carbonate (reservoirs changed when pH
of recycle solution dropped to 7.5) was ~0.5 1b per pound of
U304 .

Run 5 (Table 3.5). The pH in the first stripping stage
was controlled at 4.0-4.1, resulting in pH's of 3.5-3.6 in
stages 2 and 3. About 98% of the uranium was stripped in the
uranium stripping section, but physical operation was not
satisfactory. Slow-breaking emulsions accumulated in all the
uranium stripping settlers, and near the end of the run the
settlers began flooding. Flooding was prevented and the
operation continued for some time by intermittent application
of a high-frequency electrical potential7 from a spark coil
to speed phase separation. Aqueous entrainment. in the sol-
vent leaving the third stripping stage was high, but most of
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Table 3.4 Data for Continuous Run 4

(System sampled at shutdown)

Analysis, g/liter

Stage Organic Aqueous - -

N No. U Mo SO, U Mo S0, DpH
Extraction System

1 3.0 0.062 - 0.30 0.038 - 1.0

2 0.72 0.063 - 0.021 0.023 - 1.2

3 0.11 0.034 - <0.001 0.017 - 1.2

Scrub

1 2.9 0.064 - 0.11 0.003 - 1.6
"Uranium Stripping

1 0.90 0.047 1.2 12.9 0.064 151 3.6

2 0.72 0.045 1.1 2.6 0.009 151 3.3

3 0.47 0.043 0.9 1.33 0.008 151 3.3

Solution recycled from filter 0.001 0.007 152 7.2

Molybdenum Strippingd
1 0.006 0.009 <0.1 16.9 1.7 - 8.0

aSince sodium carbonate addition to this circuit was
batchwise, these are not steady-state data.

Table 3.5 Data for Continuous Run 5

(System sampled at shutdown)

Analysis, g/liter

Stage Organic Agueous
No. U Mo SO, U Mo SO, pH
Extraction System
1 2.90 0.060 - 0.22 0.034 - 1.0
2 0.40 0.055 - 0.008 0.023 - 1.1
3 0.05 0.032 - <0.001 0.017 - 1.2
Scrub
1 2.9 0.057 - 0.055 0.002 - 1.6
Uranium Stripping
1 0.23 0.018 0.36 13.6 0.18 151 4.1
2 0.14 0.025 0.37 1.78 0.11 153 3.5
3 0.052 0.028 0.28 0.60 0.009 154 3.6
Solution recycled from filter 0.007 0.023 155 -
Molybdenum Stripping<
1 <0.001 <0.001 <0.1 5.1 1.14 - 8.1

aSince sodium carbonate addition to this circuit was
batchwise, these are not steady-state data.
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this entrainment was removed on contact with the carbonate
solution. The carbonate reservoirs were changed when the
carbonate recycle solution pH dropped to ~8. Sodium carbo-
nate consumption was ~90.35 1b per pound of U,;04.

Batch tests showed that the semipermanent emulsions
formed in the stripping system could ke readily broken by
adding a small amount (0,05-0.1 g per liter of aqueous) of a
surfactant, Victawet 12, suggesting that the emulsion diffi-
culties encountered in run 5 might have been avoided by
adding Victawet 12 to the ammonium sulfate recycle solution.

Control of Ammonium Sulfate Concentration and Solution
Volume Buildup. The ammonium sulfate solution was not
drained from the uranium stripping and precipitation systems
between runs. Since ammonium hydroxide was continuously
added, it was assumed that some btleed of the recycle solu-
tion would ke required to prevent buildup of the agqueous
volume. However, no bleed was necessary since agueous
losses, primarily by evaporation during uranium precipita-
tion and filtration but also by entrainment in solvent
leaving the stripping system and by occlusion in the uranium
filter cake, were approximately eguivalent to the ammonium
hydroxide input volume. Buildup of the ammonium sulfate
concentration was limited by the last two losses. The sul-
fate concentration increased from its original value of 1.2
M to ~1.8 M during runs 1 and 2 and then decreased and
stabilized at approximately 1.5 M for the remaining runs.

3.1 Preparation of Uranium Product.

Drying at 110°C of the unwashec filter cakes from the
continuous runs gave uranium products analyzing 70-77% U304,
4-5.5% NH;, and 13-16% SO, {(Table 3.6). Repulping the dried
cake briefly in 5% NH,OH was not highly effective in lower-
ing the sulfate or the molybdenum cortent. Calcination at
600°C eliminated ammonia from the product, and calcination
for 3 hr at 700°C or 1 hr at 800-900°C decreased the sulfate
content to 0.2% or less. The latter calcines contained
~98% U304, with the principal contaminant being molybdenum.
Molybdenum in the products increased from ~0.35% (based on
U303) for run 4 (lowest pH run) to 0.65% for run 5 (highest
pH run). The latter value exceeds the specification limit
of 0.6% for uranium concentrates.

3.2 Recovery of Uranium from Carbonate Strip Solutions

Uranium was recovered from the carbonate strip solu-
tions and separated effectively from molybdenum by precipi-
tation with sodium hydroxide. The carbonate strip solu-
tions (individual batches for each run were combined)
contained a much higher concentration of uranium than of
molybdenum:
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Table 3.6 Preparation of Uranium Products
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Unwashed uranium filter cakes from continuous

runs dried at 110°C;. portions of dried cake repulped for

~10 min in 5% NH,OH, filtered, and calcined

Calcination
Run Filter Cake Time, Teémp., Analysis,? %

No. Wash hr °C U, 0, Mo NH, SO0,
2 None 20 110 73.1 0.40 5.1 16.3
Repulped 20 110 75.2 0.41 4.6 13.1
Repulped 1 850 97.0 0.48 <0.01 <0.1
3 None 20 110 74.5 0.44 5.6 13.3

Repulped 20 110 84.7 0.44 3.2 -
Repulped 1 850. 99.0 0.46 <0.01 <0.1
4 None 20 110 77.6 0.30 3.9 12.8
Repulped 20 110 77.7  0.29 4.0 8.9
«Repulped 1. 850 98.2 0.33 <0.01 <0.1
5 None 20 110 70.6 0.65 5.6 16.5
Repulped 20 110 74.7 0.51 4,2 10.3
Repulped 1 600 84.1 0.58 <0.01 11.8
Repulped 2 600 83.7 0.58 <0.01 11.5
Repulped 3 600 86.5 0.56 <0.01 11.3
Repulped 1 650 87.6 0.57 <0.01 11.3
Repulped 2 650 87.7 0.58 «<0.01 10.7
Repulped 3 650 88.5 0.61 <0.,01 9.0
Repulped 1 700 88.2 0.59 <0.01 9.7
Repulped 2 700 89.7 0.62 <0.01 9.2
Repulped 3 700 97.8 0.60 <0.01 0.2
Repulped 1 800 97.6 0.66 <0.01 <0.1
Repulped 1 850 98.0 0.64 <0.01 <0.1
Repulped 1 900 98.0 0.62 <0.01 <0.1

dspectrographic analyses showed <0.1% vanadium and <0.1%

iron in all products.

Uranium was recovered >99.9% from the last two solutions by
heating to ~90°C and adding 5 M NaOH to pH 12.1-12.3.

tration was difficult. The washed and calcined (750°C for

Run No.

3
4
5

Analysis, g/liter
I

15.
18.
.2

2
1

0.66
1.55
0.96

Mo

Fil-

1 hr) products contained <0.06% Mo, amounting to less than
1% of the total molybdenum: ‘
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NaOH Consuﬁption, Analysis of
Run Precipitation g per liter of Calcined Product, %
No. pH strip solution U308 Mo Na
4 12.1 4z 82 0.055 8.8
5 12.3 54. 90 0.026 3.6

The volume of carbonate strip liguor which must be processed
is relatively small, being only 0.6-0.8% of the volume of
leach liquor processed in runs 4 and 5. Presumably, this
uranium product would be blended with the product from the
main precipitation circuit although this would have the dis-
advantage of adding some sodium to the total concentrate.
For this reason it might prove advantageous to use ammonium
carbonate rather than sodium carbonate for stripping molyb-
denum. Uranium could be precipitated® from this solution
and separated from molybdenum simply by boiling the solution,
to distill ammonia and carbon dioxide, until the pH dropped
to ~8.

4.0 ESTIMATED REAGENT COSTS

Based on data from continuous runs 4 and 5,* total
reagent costs (Table 4.1) for the extraction, stripping, and
precipitation steps are estimated at ~7¢ per pound of U304 .
These costs include ~2¢ for sodium carbonate and caustic for
stripping molybderum and for recovering uranium from the
carbonate strip solution. For treating molybdenum-free
liquors, where use of the carbonate stripping circuit should
not be necessary, reagent costs would be ~5¢ per pound of
U304 .

5.0 DISCUSSION

In comparison with other stripping methods,9 controlled
pH stripping has several advantages. Reagent costs are as
low as or lower than for other methods except possibly
sodium chloride stripping and magnesia stripping. The
uranium precipitate is filtered rapidly and does not require
washing prior to calcination (although a relatively high
calcination temperature is needed to eliminate sulfate). The
concentrate is of high assay and contains little or no sodium.

*Costs are presented for run 5 even though physical opera-
tion of the stripping circuit in this run was not satis-
factory. Presumably, comparable chemical results and
satisfactory physical operation could be obtained with a
more easily stripped tertiary amine, e.g., XE-204, or
possibly by adding Victawet 12 tq the system when using
Alamine 336.




Table 4.1 Estimated Reagent Costs

Assumes treatment of a liquor containing 1.25 g of U305 per liter

Cost, ¢/1b
lb/lb U308 . Unit COSt, of U308
Chemical Consumption Run 4 Run 5 £/1b Run 4 Run 4
NH, Uranium stripping and 0.35 0.37 5.9 2.1 2.2
precipitation
Na,CO,4 ' Molybdenum stripping 0.51 0.35 2.3 1.2 0.8
NaOH Uranium recovery from 0.20 0.30 '
carbonate strip solution -
Alamine 336 Distribution loss to <0.004 <0.004 125 . <0-:5 <0.5
raffinate (<5 ppm)
Organic -  Entrainment and 0.05 gal® 0.05 gal® 45¢/gal® 2.3 2.3
phase spillage
Total 7.0 7.2

2 Assumes loss of organic by entrainment and spillage is 0.05% of the raffinate volume.

bBased on kerosene cost of 14¢ per gallon and tridecanol‘cost of'23¢ per pound.
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This stripping method gives relatively poor separation
from molybdenum, however, which appears to be its most
important drawback. In treating liquors highly contaminated
with molybkdenum, it is doubtful *hat concentrate specifica-
tions (0.6% molybdenum based on U;0g) could ke met without
an auxiliary treatment* to obtain additional separation from
molybdenum. Even if the specification is met, the presence
of appreciable molybdenum in the concertrate detracts from
its attractiveness as feed for the direct reduction-
hydrofluorination-fluorination process. A second disadvan-
tage of the controlled pH stripping method is that it
requires more careful control thar, for example, sodium
chloride stripping. If the pH in the stripping system is
permitted to go too high, uranium precipitation and trouble-
some emulsions occur, whereas too low a pH results in
inefficient stripping. Although the pH must be controlled
within a relatively narrow range, it should be noted that,
in the continuous runs, this was not a particularly diffi-
cult task. Once steady-state conditions were obtained, the
pH was held fairly constant with orly a minimum of adjust-
ment. Results of .the continuous runs suggest that, in using
Alamine 336, it would be necessary to operate in the pH
range 3.6-3.8, where stripping is relatively inefficient but
phase separation is rapid, and allow 10-13% of the uranium
to enter the carbonate stripping <ircuit. It seems likely,
however, that some of the limitations im using this amine
might be eliminated either by adding Victawet 12 to the
ammonium sulfate recycle solution or by changing the method
of ammonium hydroxide addition. Adding the ammonium hydroxide
to the bottom of the first stage mixer, rather than blending
it with the other incoming aqueous streams, would avoid
uranium precipitation and might permit successful operation
at pH 4. This is supported by the fact that phase separation
with Alamine 336 was rapid (<1 min) in patch tests at a pH as
high as 4.3. Also, better control probably could be obtained
by feeding a portion, e.g., 10-20%, of the ammonium hydroxide
to the second stage mixer.

With the weaker-base tertiaries, XE-204 and tri(iso-
octyl)amine, operation in the pH range 3.6-3.8 should give
>95% uranium stripping in three stages and control of the
system should be simpler than with Alamine 336.

*Adsorption of molybdenum frog the ammonium sulfate strip
liquor onto activated carbon’s1° prior to uranium precipi-
tation may be possible.
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7.0 APPENDIX

7.1 Description of the Amine Reagents

Information on structure, source of supply, and present
availability of the amine compounds used in this study is
given in Table 7.1. Further information on compound purity,
losses to aqueous liquors, diluent compatibility, etc. was
reported previously (ORNL-1734, -1922, -1959, -2099, -2366,
-2380, -2466),

7.2 Equipment Design

The mixer-settlers used in the continuous runs were of
the type described in ORNL-2172, Appendix A. Information on
the size of the equipment is shown in Table 7.2.

Table 7.2 Size of Equipment Used in Continuous Runs

Uranium Stripping

Mixer volume, stage 1 800 ml

stages 2-3 350 ml
Settler volume 800 ml
Settler area 12 in.?

Molybdenum Stripping

Mixer volume 350 ml
Settler volume 800 ml
Settler area 12 in.?
Carbonate reservoirs, working volume 500 ml

Precipitator (two co-current
agitated beakers) total volume 1800 ml




Table 7.1 Description of Amine Reagents
Avail-
Amine Structure Supplier ability
Alamine 336 Mixture of straight-chain tertiary amines, General a
55% octyl—45% decyl Mills
CH, CH,
XE-204 ; :
(didodecenyl-n- CH, ~C—-CH, ~-C—CH, ~CH=CH—CH, — | -N~CH, ~CH, ~CH, —CH, gOhm and b
- - , ; aas
butylamine) : i
CH, CH, 2
Tri(iso-octyl) Branching reported to be no closer to the Carbide c
nitrogen than the third carbon
Armour b

CH,; -CH,-CH, -CH, -CH, -CH, ~-CH, -CH, -CH, ~CH-
? -NH

Bis (1-nonyldecyl)
CH, ~CH, ~CH, —CH, ~CH, —CH, ~CH, ~CH, ~CH,

aCommercially available.
Pavailable in pilot quantities.
Cobtained in experimental quantities; manufacturer should be contacted for informa-

tion on supply.
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