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ABSTRACT 

Ammonium Carbonate Stripping of Uranium from Amex Process 
Solvent 

An economical process was successfully demonstrated in 
bench-scale continuous equipment for stripping uranium from 
amines with ammonium carbonate solution. By recycling the 
strip solution to allow build-up of the concentration of 
ammonium sulfate (formed in the stripping reactions) to 1-2 
molar, the solubility of uranium in the aqueous phase was 
limited to <5 g per liter and ammonium uranyl tricarbonate 
(AUT) precipitated in the stripping system. The AUT, which 
settled and filtered rapidly, was readily converted to U308 by calcination for 2 hr at 500°C yielding a high assay (>98% 
U308) product virtually free of sodium, molybdenum, and vanadium. 

Technetium and Neptunium Recovery from Fluorination Plant 
Residues 

A continuous countercurrent mixer-settler extraction 
system has been set up for further testing of the process 
for recovery of Tc, Np, and U by tertiary amine extraction 
from uranium hexafluoride transfer cylinder wash solutions. 
Physical performance was good in startup with a commercial 
tertiary amine and simulated feed solution. In preparation 
for the continuous countercurrent testing, the effects of 
tridecanol addition and of uranium loading on the technetium 
extraction coefficient were measured. Preliminary tests of 
neptunium partition from the technetium with very dilute 
HN03 or HNO3 + H202 were promising, so that the use of sulfate can be avoided if desired. Continuation of a batch 
countercurrent extraction test to 9+ volume changes con
firmed the uranium profiles reported at 4 volume changes. 

Effect of Purex Aqueous Feed Adjustment Procedures on Pu 
Extraction by 1 M Di-sec-butyl Phenylphosphonate (DSBPP) in 
Solvesso 

Batch tests, simulating the feed plate conditions of 
the Purex codecontamination cycle, indicated that an aqueous 
feed nitrite concentration in the range of 0.025 and 0.05 M 
(with digestion at 50°C for 1 hr) was needed to insure com
plete plutonium (mostly Pu(IV)) extraction by 1 M DSBPP— 
Solvesso. Other preliminary scouting tests (without nitrite 
addition) of a similar nature indicated that acetone addi
tion (1% by volume), to either acid-deficient (-0.48-M HN03) or acidic (0.3 M HN03) aqueous feeds, was effective in con-
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verting plutonium to an inextractable state. It is believed 
that this is due to formation of Pu(III) rather than some 
inextractable polymeric species. 

Solubility of Di-sec-butyl Phenylphosphonate (DSBPP) Com
plexes of Uranyl and Thorium Nitrates in CC14 

Scouting tests with 0.7 M DSBPP—CC14 have indicated complete solubility of the uranium and thorium complexes 
with DSBPP, indicating physical feasibility of carbon tetra
chloride as a DSBPP diluent in process applications. 

Plutonium (IV) Nitrate Extraction with TBP and Phenylphos
phonate Esters 

Plutonium(IV) extraction coefficients with di-n-butyl 
phenylphosphonate (DnBPP), di-sec-butyl phenylphosphonate 
(DsBPP) , and tributyl phosphate ("TBP) in both direct and 
back extractions agreed with data previously reported from 
this laboratory, differing significantly from TBP data in 
the literature. The discrepancy has not been explained. 
Ea vs MJJNO log plots gave parallel lines for the three 
reagents, slope -2.5 from ~2 M down at least to 0.4 M HN03 but shifting toward slope ~1 at 4 M HN03. The coefficients 
with DsBPP were close to those with TBP, and those with 
DnBPP were higher by a factor of ~1.5. At acidities below 
0.4 M HN03 direct extraction equilibrations continued to decrease with about the same slope, but distribution co
efficients from back extractions rose, indicating formation 
of difficultly-strippable plutonium species in the organic 
phase. 

Ruthenium Extraction by TBP-Amsco 125-82 Solvent 
The response of Ru106 extraction (as the nitrato 

nitrosylruthenium complexes) to variations in the treatment 
of TBP-Amsco 125-82 solvent was tested in a manner similar 
to that used previously for Zr-Nb^5. In contrast to the 
Zr-Nb^5 results, the R u 1 ^ extraction properties of a fresh 
TBP-fresh Amsco solvent were not significantly altered by 
chemical degradation of the diluent, by simulated degrada
tion of the TBP (i.e., addition of its principal hydrolysis 
product), or by total solvent irradiation. Only in tests 
where the Ru10° was extracted into a degraded solvent and 
allowed to age for a period of several days was there evi
dence that simple scrubbing with acids or alkaline solu
tions would not effect essentially complete stripping. 
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Fission Product (Cesium) Recovery 

Two solvents, out of a number tested, have shown 
ability to extract cesium. With sodium tetraphenyl boron in 
hexone good extractions of cesium were obtained from ad
justed Purex 1-WW solutions. Thus far, however, no accept
able way has been found to strip this reagent without con
verting it to a form which is ineffective for reuse. With 
dinonyl naphthalene sulfonic acid in Amsco 125-82, the ex
traction of cesium from the Purex waste liquor was compara
tively weak. Process application of this reagent may be 
possible if future tests show a very high selectivity for 
cesium over other components of the liquor. 

Anomalous Equilibria in Solvent Extraction Systems 
Continued examination of solvent extraction systems 

for anomalous equilibria other than those reported pre
viously for uranium extraction by TOAS and DDAS has resulted 
in evidence of such behavior in three additional systems 
(thorium extraction by DDAS and uranium extraction by 
1,3-ethylpentyl-4-ethyloctylamine sulfate and Primene JMT 
sulfate). Several other systems (e.g., TBP, TOPO, D2EHPA, 
etc.) were examined, but none showed anomalous differences 
not attributable to experimental uncertainty. 
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1.0 RAW MATERIALS PROCESSING 

1.1 Ammonium Carbonate Stripping of Uranium from Amines 
(D. J. Crouse, F. J. Hurst) 
The ammonium carbonate stripping flowsheet previously! 

developed for use with the di(2-ethylhexyl)phosphoric acid 
extraction (Dapex) process has been applied successfully to 
the recovery of uranium from Amex solvent. Uranium is pre
cipitated in the stripping system as ammonium uranyl tricar-
bonate (AUT) by maintaining the ammonium salt (ammonium car
bonate plus ammonium sulfate) concentration in the range 1-2 
molar and recycling the strip solution. The crystalline AUT 
settles and filters rapidly and is readily converted to U 30 8 
by calcination at 500°C. Since the product is of high assay 
(>98%U308) and virtually free of sodium, molybdenum, and 
vanadium, it should be highly amenable to the direct reduc-
tion-hydrofluorination-fluorination process for producing UF6. 

1.1.1 Solubility of AUT in (NH4)2S04 — (NH4)2C03 Solu
tions. In stripping amines with ammonium carbonate solution, 
ammonium sulfate is formed (by reaction with amine sulfate-
uranyl sulfate) and accumulates in the stripping solution if 
it is recycled. The solubility of AUT is dependent on the 
total solute (ammonium carbonate plus ammonium sulfate) con
centration and thus effective salting out of AUT can be ob
tained using relatively low concentrations of ammonium car
bonate. In batch solubility studies, wherein the ammonium 
carbonate concentration was maintained constant at 0.5 molar, 
the solubility of uranium (Fig. 1) decreased from ~4.5 to ~1 
g per liter as the ammonium sulfate concentration was in
creased from 0.5 to 2 M. The dependence of the solubility on 
the total solute concentration was essentially identical to 
that reported previously-*- for the simple ammonium carbonate 
system. In other tests, in which the total solute concentra
tion was held constant at two molar, the uranium solubility 
was ~1.4 g per liter and varied <10% as the ammonium car-

-<»' bonate concentration was varied from 0.2 to 0.8 M: 
Concentration, molar Uranium Solubility, 
(NH4)2CQ3 (NH4)2S07 g/liter 

0.2 1:8 1.35 
0.4 1.6 1.39 
0.6 1.4 1.46 
0.8 1.2 1.47 

These tests were made by shaking an excess of solid AUT with 
ammonium carbonate-ammonium sulfate solutions. Equilibrium 
was reached fairly rapidly since analyses after 1, 7, and 10 
days were nearly identical. These solubility values are 
slightly lower than those obtained in continuous runs (Sec. 
1.1.2) indicating that equilibrium was not reached in the 
relatively short contact periods of the continuous tests. 



-8-

2. 0 
TOTAL SOLUTE CONCENTRATION, molar 

Fig. 1. Solubility of AUT in (NH4)2C03—(NH4)2S04 solutions. (NH4)2C03 concentration held constant at 0.5 M and (NH4)2S04 concentration varied from 0.5 to 2 M. 

1.1.2 Continuous Tests. A series of continuous tests 
were made in a mixer-settler test array using 0.06 M Alamine 
336 in 98% kerosene--2% tridecanol to study operational 
feasibility of the process and to establish reagent costs. 
The circuit (Fig. 2) included three extraction stages, one 
water scrub stage, two stripping stages, and a reservoir for 
decanting the recycle solution from the AUT product. Both 
the reservoir and the settler of the first stripping stage 
had conical bottoms to ensure proper discharge of solids. 
The bulk of the makeup stripping reagent was added by con
tinuously dissolving ammonia and carbon dioxide in the solu
tion contained in the reservoir. Approximately 0.5 M 
(NH4)2C03 was fed to the second stripping stage, the flow rate of this solution being adjusted to approximately bal
ance aqueous losses from the stripping system. There was a 
small bleed (2-4% of the organic flow) to prevent excessive 
accumulation of molybdenum and ammonium sulfate in the re
cycle solution. 

The ammonium sulfate concentration in the recycle solu
tion was controlled at the desired level by adjusting the 



0.06 M Alamine 336 in 98% kerosene—2% tridecanol 
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Fig. 2. Ammonium Carbonate Stripping Process 
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amount of bleed. Stoichiometric chemical requirements for 
stripping and precipitation are one mole of ammonia per mole 
of amine plus 6 moles of ammonia and 3 moles of carbon 
dioxide per mole of uranium recovered. For 0.06 M amine 
loaded to 2.8 g U per liter, this amounts to 0.67 pound of 
ammonia and 0.47 pound of carbon dioxide per pound of U308. In practice, requirements are ~10% higher than stoichio
metric to compensate for losses to the bleed solution and by 
entrainment of strip solution in the solvent. 

Extended runs with a synthetic leach liquor (pH 1) con
taining in grams per liter, 2.8 U, 1.0 V(IV), 0.1 Mo, 1 
Fe(II), 1.5 Fe(III), 3 Al, 1 P04, and 30 S04 showed that the composition of the recycle solution was not critical. Essen
tially complete stripping of uranium and molybdenum and 
favorable physical operation were obtained when the (NH4)2C03 + (NH4)2S04 concentration ranged 1-2 molar and the (NH4)2C03 concentration ranged 0.3-1.5 molar. Most of the time the 
(NH4)2C03 concentration was maintained at a relatively low level (~0.3 M) since this had advantage from the standpoint 
of reagent economy. With 0.3 M (NH4)2C03, the concentration of uranium in the recycle solution was 1-1.5 g per liter 
with the (NH4)2S04 concentration controlled at ~2 molar and 2-3 g per liter with (NH4)2S04 concentration controlled at -1 molar. 

In the early tests, one annoying problem was encount
ered. A small fraction (5-10%) of the uranium precipitate, 
unlike the normal rapid-settling AUT, was of extremely fine 
particle size and dispersed fairly uniformly in the organic 
phase. Analysis showed this precipitate contained uranium, 
ammonia, and sulfate, but <1% carbonate. Most of the pre
cipitate dissolved in the aqueous phase in the second 
stripping stage but a portion of it accumulated in the sol
vent recycle line or was carried back into the extraction 
system. Although this did not adversely affect physical 
operation of the stripping system or recoveries in the ex
traction system, it was considered undesirable and studies 
were made to eliminate the condition. It was found that 
essentially all of the precipitate could be redissolved by 
increasing the residence time in the second stage mixer from 
its original value of ~10 min to ~45 min but there was still 
a small accumulation of precipitate in the solvent recycle 
line. The problem was completely eliminated by changing the 
design of the first stripping stage mixer. Originally the 
line connecting the mixer and settler was close to the bottom 
of the mixer, allowing considerable recycle of organic (the 
interface in the settler was below the connecting line) from 
the settler to the mixer which decreased the aqueous/organic 
phase ratio and the aqueous residence time in the mixer. 
Change to an overflow type mixer, of approximately equivalent 
volume (-1200 ml), provided a residence time for both phases 
of -18 min and eliminated formation of the troublesome pre
cipitate. 
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Unlike the Dapex system, where slow accumulation of AUT 

as a tenacious scale on glass (but not Plexiglas) equipment 
was a problem, the AUT formed in the Amex system showed no 
tendency to adhere to either glass or plastic equipment. 

The crystalline AUT precipitate settled and filtered 
rapidly. After being washed on the filter with a small 
volume of 1 M NH40H, it was calcined for 2 hr at 500°C. Typical products (Table 1) analyzed >98% U308, <0.04%Mo, <0.005%V, <0.01%Fe, <0.3%NH3, <1.2%S04, and<1.5%C03. 

Table 1. Analysis of Uranium Products 
from Continuous Runs 

Product A"najysis, % 
Constituent I 2 J 

U 30 8 
Mo 
V 
Fe 
Al 
NH3 
co3 S04 
P04 HN03—insoluble uranium 
Loss on ignition (1000° C) 

98.5 
0.033 
0.003 
0; 002 
0.01 

<0.01 
0.25 
1.1 
0.034 
0.00084 

-

98.7 
0.002 
0.003 
0.004 

<0.01 
0.08 
1.4 
0.08 
0.033 
0.00019 
1.2 

98.0 
0.005 , 
0.002 
0.007 
0.06 
0.22 
0.35 
0.03 
0.023 
0.0016 

-

1.1.3 Recovery of Uranium from the Bleed Solution. The 
uranium in the bleed solution, which usually is 1-2% of the 
total uranium processed, must be recovered and separated 
from molybdenum. Boiling the bleed solution (1.05 g U and 
8.1 g Mo per liter, pH 9.5) for 30 min (final pH = 6.3) pre
cipitated >99% of the uranium and only 15% of the molybdenum. 
This precipitate, which settled and filtered rapidly, can be 
dissolved in the leach liquor and returned to the extraction 
circuit. 

Effective recovery of uranium and separation from molyb
denum was also obtained by acidifying (pH 1.5) the bleed 
solution with H2S04 and passing it through a column containing an 11 in. bed of 20x50 mesh Type OL activated carbon 
(Pittsburgh Coke and Chemical Co.). About 14 column volumes 
of acidified bleed solution (0.9 g U and 8.2 g Mo per liter) 
were passed through the column. The molybdenum concentra
tion in the effluent,, which was less than 0.6 g per liter for 
the first 8 column volumes, increased to 1.3 and 3.9 g per 
liter after passage of 10 and 14 column volumes, respectively. 
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The column, loaded to ~270 g Mo per kilogram of carbon, was 
washed with 2 column volumes of water. The total effluent 
(including the wash), which contained >96% of the uranium 
and only ~20% of the molybdenum, can be recycled to the ex
traction circuit. Molybdenum was eluted effectively from 
the column with 2 M NH40H. High-purity molybdic oxide can 
be recovered from this solution by evaporation and calcina
tion of the residue. 

1.1.4 Estimated Reagent Costs. Based on data from the 
continuous runs, total reagent costs for the extraction, 
stripping, and precipitation steps are estimated at 9.5^/lb 
U308 (Table 2). This estimate assumes use of commercial 
carbon dioxide (5<ẑ /lb). Use of flue gas as a source of car
bon dioxide offers a potential cost saving of ~2c//lb U308 . Recovery of the stripping reagent from the calciner off-
gases offers further potential for reducing reagent costs. 

Table 2. Estimated Reagent Costs for 
Ammonium Carbonate Stripping 

(Assumes treatment of a liquor containing 1.2 g 
U308 per liter) 

Chemical Consumption 
Consumption, 
lb/lb U308 

Unit 
Cost, 
<*/lb 

Cost, 
<*/lb 
U3O8 

NH3 

co2 
Alamine 
336 

Organic 
phase 

Stripping 
Stripping 
Distribution to 
raffinate (<5 ppm) 

Entrainment and 
spillage3-

0. 74 
0.52 

<0.004 

0.05 gal 

5.9 
5 

125 

39<*/gal 
Total 

4.4 
2.6 

<0.5 

2.0 
9.5 

aEntrainment and spillage estimated at 0.05% of raffinate 
volume. 

2.0 SOLVENT EXTRACTION TECHNOLOGY 
2.1 Technetium and Neptunium Recovery from Fluorination 

Plant Residues (C. F. Coleman, F. A. Kappelmann, B. 
Weaver, J. P. Eubanks) 
Solvent extraction methods are being studied to develop 

a process for recovery of the technetium that occurs in some 
fluorination plant residues. The process should either be 
compatible with or satisfactorily replace existing processes 
for recovery of neptunium and uranium from these residues. 
Studies leading to a tentative chemical flowsheet for recov-
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ery and separation of Tc, Np, and U by tertiary amine extrac
tion were reported previously, including a batch counter
current test of the extraction and partition steps.2>3 A 
continuous countercurrent mixersettler system has been set 
up for further testing of this process, and is in shakedown 
operation with simulated feed solution and a commercial 
amine. In preparation for the continuous countercurrent 
tests, further measurements were made of the behavior of 
different amines, on the effects of tridecanol (diluent modi
fier) and uranium loading on technetium extraction, and on 
dilute HN03 and HN03H202 as alternative neptunium stripping 
agents to avoid the use of sulfate. 

2.1.1 Continuous Extraction System. A series of 21 
small glass mixersettlers were set up so as to be divisible 
into any combination of coextraction, partition, and strip
ping banks. The mixersettlers have been described by 
Weaver and Kappelmann.4 Their holdup each is about 250 ml 
organic + aqueous. All feeds are metered by bellows pumps 
which are calibrated and continuously checked by using tubu
lated graduated cylinders for the feed reservoirs. The 
first system to be checked is as follows: 

Bank Stages Aq. Solution ml Aq/hr A/0 
Coextraction 6 Simulated feed 257 0.85/1 
U partition 6 I N HN03 150 1/2 
Np partition 7 0.05 N HN03 50 1/6 
Tc stripping 2 I N NH4OH 150 1/2 

The extractant is 0.3 M Alamine 336* (free base form) 
in 90% Amsco 12582—10% tridecanol, at a flow rate of 300 
ml/hr. The head solution contains (g/liter) 40 U, 2.5 Th. 
45 Al, 4 Fe, 2 Cr, 2 Ni, 0.25 Mn, 0.5 Cu; 0.5 M F , 1 M H+

, 
and 6.8 M total nitrate. These are approximately the con
centrations of the major constituents in the plant solution 
PCF (ORNL CF601119, Table 4). The feed solution is pre
pared by adding ferrous sulfamate to 0.1 M and then diluting 
to twice the original volume. No distribution analyses have 
yet been obtained from the startup of the system. Physical 
operation has been good, with sharp phase separation, clear 
aqueous phases, and cloudy to clear organic phases. 

After the uranium distribution has been checked, nep
tunium and technetium tracers are to be added in separate 
runs with the simulated feed, before actual plant solution 
is tested. 

♦Alamine 336 is a commercial tertiary amine with a random 
mixture of principally C8 and .Cj 0 straightchain alkyls. 
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2.1.2 Batch Countercurrent Extraction, A batch 

countercurrent test of the Tc-Np-U extraction was previously 
reported, in which 11 extraction stages were carried through 
42 cycles, or -4 volume changes (ORNL CF-60-1-119, p. 16 ff, 
Figs. 8-10). The same extraction bank was subsequently 
carried through 60 more cycles, primarily to furnish fresh 
solvent for uranium-neptunium partition tests.^ The uranium 
profiles across the extraction system after the 102nd cycle 
were in good agreement with those after the 42nd cycle (Figs. 
3 and 4). The first six stages reached close to saturation, 
with the aqueous uranium concentrations almost exactly as 
before and the organic uranium concentrations slightly high
er. Stages 7-11 showed increased uranium concentrations in 
both phases, falling along the same extraction isotherm as 
before. The raffinate was higher than at the 42nd cycle, 
but still <0.1% of the feed uranium concentrate. 

2.1.3 Effect of Tridecanol on Eg(Tc). The addition of 
5 v % tridecanol (TDA) to trilaurylamine (TLA) was previously 
observed to decrease the technetium extraction coefficient by 
about 1/2. In preparation for continuous countercurrent 
tests with Alamine 336, the effect of TDA on extraction with 
this amine was measured, and the effect on extraction with 

30 

10 
®=—©= 

u 
CD 

>n o.ir 

0.01 

0.001 

-©= :=^SCr-:r 

O 

Aqueous, 42nd Cycle 
Organic, 42nd Cycle 
Aqueous, 102nd Cycle 
Organic,"102nd Cycle 

Diluted PCF Solution 
PCF/water » 1/1 
0.3 | Trilaurylamine 
in 95% Amsco 125-82 

5% Tridecanol 

-L 5 6 7 
STAGE NUMBER 

10 11 

Fig. 3. Uranium Profiles (42 and 102 cycles), Coex
traction Batch Countercurrent Tc-Np-U Recovery Test 
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Diluted PCF Solution 
PCF/water « 1/1 
0.3 M Trilaurylamine 
in 95% Amsco 12582 

5% Tridecanol 
T3 

g U/liter Aqueous 
Fig. 4. Uranium Extraction Isotherm from Profiles (42 and 

102 cycles), Batch Countercurrent TcNpU Recovery Test. 

TLA was rechecked (Fig. 5). E°.(Tc) with 0.3 M TLA in Amsco 
12582 decreased by 4045% on addition of 5 v % TDA in ex
traction from 1 N and 0.5 N HN03. Alamine 336 could not be 
checked without TDA because of thirdphase formation. The 
decrease in Ea(Tc) in extraction from 1 N HN03 on increase 
of the TDA concentration from 5 to 12.5 v % was only 20%. 
These extractions used carrierfree Tc195m tracer. The 
agreement was good between direct extractions and back ex
tractions with barren 1 N HN03, showing that the distribu
tion coefficients were not affected by nonextractable or 
highlyextractable contaminant activities. 

2.1.4 Effect of Uranium Loading on Ea(Tc). The effect 
of uranium loading on the technetium extraction coefficient 
was checked with 0.3 M TLA in 95% Amsco 12582—5% TDA in 
extraction from 1 N HN03 (Fig. 6). The aqueous phases con
tained uranium initially at 25, 50, 75, 100, and 125 g/liter, 
which decreased to 24, 46, 68, 93, and 113 g/liter at equi
librium. ES(Tc) at the highest uranium (17 g/liter, 0.07 M 
in the organic phase) was 20% of its value at the lowest 
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uranium tested (4 g/liter, 0.017 M), and 16% of its value in 
the absence of uranium (Fig. 5). In contrast to this sharp 
decrease in Eg(Tc), E°,(U) was nearly constant. Although 
both Eg(Tc) and Eg(U) vary with the first power of the avail
able amine concentration, the depression of E§(U) by in
creased loading was partly compensated by increased uranyl 
nitrate self-salting, while the dropping Eg(Tc) was further 
depressed by increased nitrate competition. 

2.1.5 Neptunium Partitioning. In all the test work 
previously reported, neptunium was partitioned from the 
technetium with 0.1 N H2S04, which is a highly effective stripping agent for the neptunium and also is about optimum 
for the retention of technetium in the extract. However, 
the presence of sulfate might be objectionable in subsequent 
further concentration or purification of the neptunium. 
Other possibilities suggested for neptunium stripping in
clude oxalic acid, very dilute nitric acid,5 and nitric acid 
with hydrogen peroxide.6 The latter two were tested in batch 
equilibrations with 0.3 M Alamine 336 in 90% Amsco 125-82— 
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10% TDA, containing Np-238 tracer extracted from and scrubbed 
with 1 N HNO3• The stripping coefficient Sg(Np) with 0.05 M 
HNO3 w e r e 6 a t A/° = i/1 a n d 15 a t A/° = 2/1- W i t h !% a n d 10% H202 in 0.05 N HN03, A/0 = 1/1, the tracer Np left in the 
organic phase was indistinguishable from background, S§(Np) 
>5 0. 

These results suggest that neptunium stripping with 0.05 
N HNO3 alone may be operable and, if not, effective stripping 
can be assured by the addition of some peroxide to oxidize 
the Np(IV) to non-extractable Np(V). Neither 0.05 N HN03 alone nor with H202 should strip technetium significantly. The neptunium partitioning with dilute nitric acid alone is 
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still in question, in spite of the foregoing results, because 
previous experience has shown that trouble may be encountered 
from hydrolysis of the neptunium.5 

2.2 Effect of Purex Aqueous Feed Adjustment Procedures on Pu 
Extraction by 1 M Di-sec-butyl Phenylphosphonate (DSBPP) 
in Solvesso (A. T. Gresky, R. G. Mansfield) 
Studies of the Purex codecontamination cycle have been 

made previously to evaluate the use of DSBPP as the extract
ing agent, the behavior of various diluents, and the possible 
benefits that might be derived from pretreating the feed with 
acetone. During the course of this work unexplained diffi
culties have been experienced with Pu extraction. Conse
quently, further tests have been made to determine whether 
the erratic behavior of Pu might be due to such causes as (1) 
inadvertent addition of insufficient nitrite for complete 
conversion to Pu(IV), (2) insufficient digestion periods or 
temperature for complete oxidation to Pu(IV), or (3) the pro
duction of stable polymeric species during certain feed ad
justment steps involving acid-deficient conditions. 

To test the nitrite requirements, a plutonium spike 
(which had been stored in 2 N HN03) was added to an acidic feed solution which was adjusted to concentrations of 430 g 
U/liter, 2.03 N HN03, and 1.02xl05 Pu a c/m/ml. The solution 
was divided into five portions, to four of which solid NaN02 was added for adjustment to nitrite concentrations of 0.005, 
0.01, 0.025, and 0.05 M, and one of which was employed as a 
control or blank (no nitrite addition). The five solutions 
were then digested at 50°C for 1 hr, after which they were 
cooled to room temperature for the batch extraction tests. 
An aqueous scrub solution of 2 M HN03 and an organic extrac-tant of 1 M di-sec-butyl phenylphosphonate (DSBPP) in 
Solvesso-100 were prepared. The latter was treated by wash
ing twice with 0.2 M Na2C03 and by subsequent contact with chromatographic-grade alumina (100 g A1203/liter of solvent). In the batch extraction tests one volume of each of the five 
prepared feeds was combined with a 0.75 volume of the aqueous 
scrub solution and then contacted once with 4.75 volumes of 
the organic extractant. Plutonium a analyses were obtained 
for determination of distribution coefficients. The aqueous 
solutions from the first test were then contacted with a 
second pass of the extractant, and Pu distribution coeffi
cients were again determined. Data from the two series of 
tests were recorded in Tables 3 and 4. 

The total % Pu extracted in the 0.025 and 0.05 M NaN02 cases appeared to be nearly equal at about 95.4%, suggesting 
that this range of nitrite concentrations should provide 
nearly complete conversion of plutonium to the Pu(IV) state. 
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Table 3. Pu Distribution Coefficients and 

Extraction Factors as Functions 
of Nitrite Addition to Aqueous Feed 

Batch test conditions: Organic extractant: 1 M DSBPP in 
Solvesso-100; Aqueous feed: 430 g U/liter, 2.03 N HN03, 1.02xl05 Pu a c/m/ml; (NaN02 as indicated was added to aqueous feeds, which were subsequently heated to 50°C for 
1 hr); Aqueous scrub: 2 N HN03; F/S/0 = 1.0/0.75/4.75; A/0 ratio after contact = 3.6; aqueous phase was contacted 
with two successive passes of organic extractant. 

Pass 
1E-0 
-A 

(DCg) 
(EFg) 
2E-0 

-A 
(DCg) 
(EFg) 

Pu 
0.0 
0.51 
5.2 
(0.1) 
(0.35) 
0.57 
4.2 
(0.14) 
(0.49) 

{a c/m/ml 
(M NaN02 
0.005 
0.79 
4.4 
(0.18) 
(0.65) 
0.38 
3.8 
(0.10) 
(0.36) 

x 10-4) After Extract: 
Added to Aqueous Feed) 

0.01 
1.53 
1.78 
(0.86) 
(3.1) 
0.35 
1.42 
(0.25) 
(0.89) 

0.025 
1.76 
1.17 
(1.51) 
(5.42) 
0.29 
0.42 
(0.69) 
(2.49) 

Lon 
0.05 
1.83 
1.05 
(1.74) 
(6.27) 
0.22 
0.38 
(0.58) 
(2.09) 

Table 4. Calculated Percent of Aqueous 
Feed Pu in Organic Extracts and 

Aqueous Raffinates 
(See data and conditions in Table 3) 
% Pu in Organic Extracts and Aqueous Raffinate 

(M NaN02 Added to Aqueous Feed) 
Stage 
1E-0 
2E-0 
2E-A 
(Total) 

0.0 
23.7 
26.5 
50. 3 

(100.5) 

0.005 
36.8 
17.7 
45.5 

(100.0)a 

0.01 
71.0 
16.3 
16.9 

(104.2) 

0.025 
81.8 
13.5 
5.0 

(100.3) 

0.05 
85.1 
10.3 
4.5 

(99.9) 
TIaterial balances normalized on the basis of this test, 

The empirical tests were not extensive enough to permit 
determination of 100% Pu extractability. The observed ex
traction factors in the second passes of the two cases 
suggest that additional Pu extraction could have been ex
pected on a third pass; however, the lower Pu distribution 
coefficient may indicate the presence of some Pu(VI). A 
plot of the data is shown in Fig. 7. 
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Two additional batch scouting tests (without nitrite 

additions) were performed to ascertain the magnitude of the 
effects on plutonium extractability of (1) ageing the plu
tonium tracer in acid-deficient uranyl nitrate solutions, 
and (2) treating the feed with acetone. In one test an acid-
deficient aqueous nitrate solution containing 470 g U/liter, 
l.lxlO5 Pu a c/m/ml, and adjusted (by U03 addition) to -0.48 N HN03, was permitted to stand for two weeks at room temperature. After subsequent adjustment to +0.37 M HN03, 1% (by volume) acetone was added and the solution was heated at 90°C 
for 1 hr. Subsequently this feed solution was employed in 
batch extraction tests similar to those described above. Low 
Pu DCg's of 0.02 7 and 0.007, and Pu extractions of 7.9 and 
2.3%, were observed in the two successive steps of the batch 
tests. The Pu DCs were observed to be about 3.7 and 20 
times less than observed in the abovementioned control test 
where no nitrite addition was made. In another test, an 
acidic aqueous nitrate solution containing 580 g U/liter, 
0.3 N HN03 , 1.28xl05 Pu a .c/m/ml was adjusted (without ageing) to 1% by volume acetone then heated for 1 hr at 90°C. Sub
sequent extraction tests similar to those described above 
revealed low Pu DCg's of 0.039 and 0.009, and Pu extractions 
of 12 and 3%, in the two successive extraction steps. The 
Pu DCs were about 2,6 and 15.6 times less than observed in 
the above control test where no nitrite addition was made. 
These two tests permit the qualitative conclusions that the 
acetone converts most of the plutonium either to the less 
extractable Pu(III) or to a less extractable polymeric state, 
the effect being more marked in the HN03-deficient feed solutions, Of these two possibilities, it is believed that 
reduction to Pu(III) is more likely than the formation of 
highly significant quantities of stable Pu polymers. For 
instance, some earlier tests have indicated that subsequent 
addition of nitrite ion will readily convert greater than 
99% of the plutonium to the extractable Pu(IV) state. Since 
previous studies of the acetone pretreatment method have 
demonstrated marked advantages in Pu and Zr-Nb decontamina
tion in the Purex codecontamination cycle, further studies 
are planned to afford assurance that deleterious effects on 
plutonium extraction are not created. 

2.3 Solubility of Di-sec-butyl Phenylphosphonate (DSBPP) 
Complexes of Uranyl and Thorium Nitrates in CC14 
(A. T. Gresky, R. G. Mansfield) 
Organic phases of 0.7 M DSBPP-CC14 were contacted and equilibrated with crystalline (1) U02(N03)2•6H20 in one case, and (2) Th (N03 ) 4 ° 4H20 in the other, to effect uranium and thorium saturation of the DSBPP reagent. After centrifuga-

tion the two organic phases were found to contain uranium 
and thorium concentrations of 0.314 M U02(N03)2 and 0.288 M Th(N03)4, respectively. Assuming an organic volume increase 
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of 11.3%, the values correspond to complexes of 
2DSBPPU02(N03)2 and 2.18 DSBPPTh(N03)4. There was no 
evidence of precipitation, crystallization or twophase 
formation in either of the saturated reagent solutions. 

These brief scouting tests indicate that carbon tetra
chloride is a feasible DSBPP diluent for uranium and thorium 
process applications insofar as the complex solubility and 
stability are concerned. The tests also suggest the proba
bility that DSBPP0Pu(N03)4 complexes are soluble in CC14 and 
that the DSBPPCC14 system is worthy of investigation as a 
substitute for the TBPCC14 systems presently employed in 
plutonium purification cycles. 
2.4 Plutonium(IV) Nitrate Extraction with TBP and Phenyl

phosphonate Esters (C. F. Coleman, D. E. Horner) 
Plutonium(IV) extraction coefficients with dinbutyl 

phenylphosphonate (DnBPP), disecbutyl phenylphospEonate 
(DsBPP), and tributyl phosphate! (TBP) were previously 
reported

7 for which the E§ vs MHJJO* curves were closely 
parallel for all three reagents, but were steeper and 
reached lower values of Eg than was shown by TBP data from 
the literature.^ Continued measurements in these systems 
corroborated the steep slopes at least down to ~0.4 M HN03, 
leaving unexplained the discrepancy between these and" the 
literature data. 

Between 0.4 and 2 M HN03 the slopes log Eg vs log MHNO3 
were close to 2.5 (Fig. 8, from Fig. 9, AC). The coeffi
cients with DsBPP were close to those with TBP, while those 
with DnBPP were higher by a factor of about 1.5. More ex
tensive equilibrations are shown separately for each of the 
three reagents in Fig. 9. Here the solid black points all 
represent independent direct extraction equilibrations at 
the equilibrium aqueous nitric acid concentrations shown.* 
While there was noticeable scatter, especially with TBP, 
these data definitely show parallel nearlystraight lines of 
slope ~2.5 from ~0.1 to ~2 M HN03, shifting toward slope ~1 
at ~4 M HN03. For TBP, these extraction coefficients agree 
fairly well with those of Best et al.^ at 4 M HN03, but not 
at concentrations below 1 M HN03. (For this comparison, 
Best's coefficients were normalized from 19% TBP to 1 M TBP 
using Egoc Mijigp, Fig. 9D. ) The slope of a smooth curve 
through Best's data shifts from ~1.7 above 2.5 M toward 
~1.0 at 0.2 M HN03. 
*For some of the equilibrations in Fig. 9 (marked ▲, A, 0) 
the equilibrium aqueous nitric acid was calculated from the 
initial concentration by means of independentlymeasured 
acid extraction coefficients.!0 For the others the reagent 
was preequilibrated to avoid acid extraction, or the final 
acidity was measured by titration. 



23

100 

10

> 
M 
I 

Ort 
W 

0.1 

A DnBPP 
▼ DsBPP 
• TBP 

diluent, xylene 

Pu initially 
in Aqueous 

A v o Pu initially 
in Organic 

0.1 10 
M HN03 (equilibrium) 

Fig. 8. Plutonium(IV) Extraction from Nitric Acid Solu
tions by 1 M Dinbutyl phenylphosphonate, Disecbutyl 
phenylphosphonate, and Tributyl phosphate. 



- 2 4 -
60 

10 

0 . 1 

> 
l O . O l h s 

oa w 
40 

C. 

104-

0 . 1 -

0 . 0 1 -

F i g . 9 

O D 

DnBPP 
1 M, i n 
x y l e n e 

A 
e 

1 1 
TBP, 1 M, / 
in xylene except^ 
^ in Amsco 
125-* 

2.4 

X 

"OTT J_ 10 

D. TBP 
Points: Best et al, 

19% TBP 
Line: Same, 
normalized 
to 1 M TBP 

Weaver 
ES(Np-IV) 
with 1 M TBP 

0.1 10 
M HN03 (equilibrium) 

Anomalous Stripping of Plutonium(IV) 
Direct extraction of Pu initially in aqueous phase 

A Stripping of extracted Pu; arrows show successive 
equilibrations. 

Reagents scrubbed with (A) 2% NaOH or (0,O) 2% NaxC03 and alumina, 2 M HN03, and water. 



25

One possibility considered in attempting to resolve this 
discrepancy was that the extraction coefficients in the pres
ent work might be erroneously low at the low acidities 
because of polymerization or other hydrolysis reaction ren
dering a large fraction of the plutonium inextractable.* If 
that explanation were correct, back extractions by barren 
nitric acid solutions should involve less or none of the in
extractable species, and hence should show higher distribu
tion coefficients. Instead, the back extractions corrobora
ted the direct extractions down to 0.4 M HN03 (Figs. 9A9C). 
At lower acidities the back extractions neither confirmed nor 
contradicted the direct extractions (see below). 

At the same time, it is difficult to suggest that Best's 
extraction coefficients might be high by more than a small 
amount, i.e., by a factor of 2 at the lowest acidity and 
less at the higher acidities. The basis for this statement 
is that the most likely cause for erroneously high extraction 
coefficients in the direct extraction of trace plutonium 
would be the presence of a trace contaminant of much higher 
extraction power than TBP, whose effect would be swamped out 
in extraction of plutonium at macro concentrations. Best's 
macro extractions are in fairly good agreement** with the 
dashed line in Fig. 9D, which is the extension of the upper 
portion of the trace extraction curve, slope 1.7, and is only 
a little closer than that curve to the slope 2.5 line found 
in the present measurements. This internal evidence does not 
exclude the possibility of high coefficients due to a large 
amount of contaminant of only moderately higher extraction 
power than TBP, but this seems considerably less likely than 
trace contamination. Thus, as stated above, the discrepancy 
between this and the present work remains unresolved. 

♦From measurements at macro piutonium concentrations,9 the 
plutonium at these low concentrations would not be expected 
to polymerize at acidities above 0.1 M. However, the possi
bility was still considered that hydrolysis short of actual 
polymerization might impair extraction at acidities somewhat 
higher than was indicated by the polymerization studies. 

**The macro extraction coefficients actually measured were 
somewhat higher than the trace extraction coefficients, 
which Best et al„ attributed to the significant contribu
tions of plutonium nitrate to the total nitrate salting 
concentration. They state that normalization using Eg cc 
M|JO makes the macro extraction coefficients agree with the 
trace extraction coefficients. However, a plot of all of 
their reported macro extractions (Fig. 10) shows that 
normalization using either EaOC MJJQ3 o r Eacx MN03 makes the 
macro data, within considerable scatter, agree better with 
the extended slope 1.7 line than with the trace extraction 
curve. 
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The solid line is the smoothed curve fitted to the trace 
plutonium extractions of Best et al., cf. Fig. 9-D. 

Extraction coefficients for trace neptunium(IV) with 1 
M TBP in xylene5 are also included in Fig. 9D. Neptunium(IV) 
extractions generally parallel plutonium(IV) extractions 
closely. Here the slope between 0.1 and 1 M HN03 is -2.0, in between the slopes from the two plutonium studies. 

Returning now to the back-extraction series in Figs. 
9A-9C, their behavior changed abruptly when the acidity fell 
much below 0.4 M. Instead of continuing to decrease with 
decreasing acidity, the distribution coefficients leveled 
off and then rose, eventually exceeding unity in the one case 
of five successive scrubs with 0.1 M HN03 (Fig. 9C,a). In 
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each of the other three series the last scrub was with 1 M 
HN03, which gave coefficients almost back in line with the 
other highacid equilibrations. The tentative explanation 
offered for this behavior is that significant hydrolysis did 
indeed occur at acidities not much below 0.4 M, at least in 
the organic phase, to produce a difficultlystripped plu
tonium species that was probably nontransferable rather 
than highlyextractable. It is tempting to suggest that it 
was nontransferable because it had polymerized. However, 
if polymer were involved it differed from that studied in 
the aqueous phase*? in at least two respects: in being formed 
at acidities above 0.3 M, and in rather readily reverting to 
transferable species at acidity <1 M.* The initial scrub 
acidities, equilibrium acidities, and initial plutonium con
centrations for these series are summarized with the distri
bution coefficients in Table 5. Both phases were analyzed 
after each equilibration, with good material balances. 

The plutonium(IV) was prepared at 1 g/liter in 2 M 
HN03 solution by reduction with hydroxylamine nitrate (0.1 M 
>2 hr at room temperature) followed by oxidation with sodium 
nitrite (0.5 M, 10 min at 50°C). Aliquots of this solution 
were pipetted into solutions of the required initial acidity 
to give the indicated plutonium concentrations (86 to 170 mg 
Pu/liter) for the extractions listed in Table 5, and to give 
515 mg Pu/liter for all the other extractions. 

2.5 Ruthenium Extraction by TBPAmsco 12582 Solvent: Ex

traction Properties of the Nitrosylruthenium Nitrate 
Complexes by Degraded Solvent and Response to Solvent 
Cleanup Procedures (C. A. Blake, J. M. Schmitt) 
Extraction of ruthenium, zirconium and niobium can con

tribute to poor decontamination in chemical processing of 
reactor fuel solutions. Zirconiumniobium extraction by 
chemically and radiation degraded TBPAmsco 12582 solvents 
and the effectiveness of certain solvent cleanup methods 
were studied previously.1'2 Recently similar studies have 
been made of the extraction of Ru1^". 

As might be expected from known differences in chemis
try, the test results with ruthenium were considerably 
different from those obtained previously with zirconium
niobium. Thus, the ruthenium extraction properties of a 
fresh TBPfresh Amsco mixture were not significantly altered 

♦The extraction coefficients after the 1 M HN03 scrubs are 
higher than the indicated straight lines by factors of 1.1 
to 1.5, suggesting 10 to 30% unstrippable plutonium still 
present. 



-28-
Table 5. Acid and Plutonium Concentrations in 

Extraction and 

Extractant 
DnBPP 

DSBPP 

TBP 

Stripping Equilibrations 
1 M Extractants1 in xylene 
Phase ratio A/0 =1/1 
Nitric Acid, M Initial Pu 

Initial 
2.0 
0.5 
0.5 
0.3 
0.3 
0.1 
0.1 
1.0 
2.0 
0.5 
0.5 
0.3 
0.3 
0.1 
0.1 
1.0 
1.7 
0.50 
0.5 0 
0.10 
0.10 
1.0 
2.0 
4.0a 
H2Oa>c 

0.1 
0.1 
0.1 
0.1 
0.1 

Equilibrium mg/liter 
1.9 170 
0.87 
0.60 
0. 37 
0.33 
0.14 
0.12 
0.90 
2.0 170 
0.88 
0.61 
0.38 
0.33 
0.14 
0.12 
0.88 
1.4 100 
0.73 
0.55 
0.19 
0.12 
0.88 
(1.6)? 86 
(3.6)b 
0.16 | 
0.13 
0.12 
0.11 
0.11 
0.08 

Dg(Pu) 
25 
3.5 
1.3 
0.40 
0.39 
0.43 
1.4 
6.6 

16 
2.2 
0.90 
0.25 
0.27 
0.27 
0.51 
3.6 
8.0 
1.2 
0.59 
0.06 
0.22 
2.4 
8.3 

24 
0.03 
0.58 
1.1 
1.6 
1.7 
1.4 

aOrganic from initial extraction split: one portion 
scrubbed with 4 M HNO3 only, the other scrubbed 
with water and then 0.1 M HN03. 
Equilibrium acidity calculated from independently 
measured nitric acid extraction coefficients.1^ 

cPhase ratio A/0 = 2/1 instead of 1/1. 
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by severe chemical degradation of the diluent, by simulated 
degradation of the TBP (addition of its principal hydrolysis 
product), or by irradiation of the TBP-Amsco mixture. Only 
in tests where the ruthenium was extracted into a degraded 
solvent and allowed to age for a period of several days was 
there evidence that normal scrubbing with acids or alkaline 
solutions would not effect essentially complete stripping, 

2.5.1 Preparation of Aqueous Ruthenium Solutions. The 
nitrate complexes of nitrosylruthenium [Ru(N0)+3] were 
selected for study utilizing the work of J. M. Fletcher et 
al.j11*12 which describes methods for preparing reproducible 
solutions and identifies and discusses the properties of a 
series of complexes, cationic, anionic, and neutral, con
taining from 1 to 5 nitrate groups. In their work it is 
recognized that other species can be formed, but it is 
stated that "it is likely that batch or continuous dissolu
tion (of irradiated fuels) in boiling nitric acid will pro
duce feed solutions containing a substantial fraction of the 
ruthenium in the form of nitrato nitrosylruthenium com
plexes." Following the suggested method,12 the Ru10° stock 
solution used in the current ORNL tests was prepared by 
adding concentrated nitric acid to Ru1^6ci3 in 6 M HC1, evaporating to near dryness and repeating twice. The 
nitrate was then refluxed for 2 hr in 10 M nitric acid and 
stored in a dark bottle. 

The calculated relative amounts of the individual com
plexes which should exist at equilibrium in nitric acid 
systems are shown in Fig. 11. At 2 M nitric acid the 
mono, di, tri, and higher complexes constitute 47%, 28%, 
20%, and 5% of the total, respectively. Equilibrium is 
reached rather slowly (e.g., 1/2 time for disappearance of 
the tetra and pentanitrato species is 30 min in 3 M nitric 
acid), so that the solutions prepared by dilution of the 
10 M stock solution were aged for several days before use. 

A few extraction tests with TBP were sufficient to 
establish that the aqueous ruthenium solutions used in the 
present work were equivalent to those used in the work of 
Fletcher and Brown, et al.11'12 Their experiments were made 
with TBP dissolved in "odorless kerosene." The present 
tests used Amsco 125-82 (primarily saturated aliphatic 
hydrocarbon), and Solvesso-100 (primarily aromatic hydro
carbons). The 1.1 M TBP odorless kerosene data coincide 
with the 1.0 M TBP-Amsco 125-82 data in the 2-4 M nitric 
acid range (Fig. 12), with only a slight deviation below 
2 M. Extraction coefficients with TBP in Solvesso-100 are 
lower by factors of 2-3. 

The tetranitrato and pentanitrato complexes, 
H[RuNO(N03)4] and H2[RuNO(N03)5], are preferentially extracted by TBP. The extraction of these acids depends 
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first on the coordination of TBP to hydrogen atoms in the 
undissociated acids, the same mechanism as that which deter
mines the extraction by TBP of nitric acid itself. The 
ruthenium extraction coefficient is very low at high acidi
ties because the extractable species, though predominant, 
are in competition with nitric acid for the TBP. The co
efficient increases as acidity decreases, but then falls 
away as the other, less extractable, species begin to pre
dominate and finally, at 1.5-2.0 M nitric acid, goes through 
a maximum. 

Equilibrium extraction coefficients for the individual 
tetra- and pentanitrato species would, of course, be higher 
than the ones shown which were calculated from the final 
organic and aqueous total ruthenium concentrations, making 
no allowance for the large quantity of relatively inextract-
able ruthenium involved in the lower nitrato complexes. 
Previous12 estimates of the distribution coefficient of the 
most extractable species were approximately 50x greater (Eg 
-5) than the observed gross coefficient from 2 M nitric 
acid. 

2.5.2 Comparison of Ru, Zr-Nb and Eu Extraction. The 
decrease with increasing nitric acid concentration of the 
extraction coefficient of the nitrosylruthenium complexes 
contrasts with the increases shown by zirconium and niobium 
(Fig. 13). This behavior can be a factor in limiting decon
tamination of solutions containing fission products and in 
reagent cleanup. For example, at about 2 M nitric acid, 
the gross extraction coefficients for ruthenium and zircon
ium are about equal. However, as noted above, the coeffi
cient for the particular species of ruthenium that are 
extracted can be considerably higher and this effect will 
be evident during scrubbing. Conversely, a more concen
trated nitric acid solution, effective for scrubbing 
ruthenium, becomes less so for zirconium and niobium. From 
previous work7 it is known that the extraction coefficients 
of europium, typifying the rare earths, are low and are not 
nearly as sensitive to nitric acid concentration. 

2.5.3 Extraction by Degraded Solvents. Ruthenium 
(solutions prepared as described above) was extracted from 
2 M nitric acid by solvents comprised of 1 M TBP in Amsco 
125-82 which were initially (1) untreated, (2) prepared 
from Amsco which had been severely degraded by refluxing 
for 4 hr at 107°C with 2 M nitric acid, (3) irradiated to 
318 watt hr/liter (cobalt^0 source), or (4) spiked with 0.1 
M dibutylphosphoric acid, a hydrolysis product of TBP. In 
addition, the reagents of tests 1 and 2 were subjected in 
parallel testing to cleanup treatment before ruthenium ex
traction. All of the organic extracts were scrubbed 3 times 
with 2 M nitric acid. The data from the 4 test sequences 
are summarized in Fig. 14, following the conventions used 
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Test 1 
TBP-Fresh 
Amsco Fresh 

Test 2 
TBP Fresh 

Amsco Degraded 

As Is 
Activity 

347 
203 
148 
110 

Efc-
0.09 
1.4 
2.7 
2.3 

NaOH 

^ ^ ^ ^ S N \ ' 

As Is 
Activity 

343 
200 
137 
103 

Eg 
0.09 
1.4 
2.2 
3.0 

Activity 
HNO 

285 
172 
119 
'86 

Eg 
0.08 
1.5 
2.3 
2.6 

A12Q3 
Activity 

356 
205 
136 
97 

E! t 
0.09 
1.4 
2.0 
2.5 

Activity 
352 
207 
138 
98 

Eg 
0.09 
1.4 
2.0 
2.5 

Activity 
345 
200 
134 
96 

Eg 
09 
4 
0 
5 

Test 3 
TBP-Amsco 
Irradiated 

Test 4 
TBP Fresh 
Amsco Fresh 
0.1 M DBP 

As Is 
Activity 

202 
121 
83 
60 

"Eg" 
0.06 
1.5 
2.1 
2.6 

Activity 
As Is 

402 
227 
121 

"Elf 
0.10 
1.3 

Key: Boxed data show results 
of Rulu6 extraction tests 

Treatment 
Activity 

Treatment 

Extract 
Scrub 1 
Scrub 2 
Scrub 3 

Ca(OH) 

"Eg; 

71 

i 
OJ 
4N-
I 

hr 
A1203 S contact 

with 200 g solid reagent per 
liter of organic phase 

Activity: Ru10° c/s/ml 
Extract: Activity extracted 

from equal volume 2 M HN03 
(initial), 10 min, gross v 
in head ~4xl03 c/s/ml, 
~25% counting efficiency 

Scrub: Activity remaining in 
organic phase after 10 min 
scrub with an equal volume 
of 2 M HN03 

Eg: Extraction coefficients 
corresponding to various 
extractions and scrubs 

Fig. 14. Ru 1 0 6 Extraction with 1 M TBP—Amsco 125-82 Solutions, 
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previously.1»2 Thus, the numbers in the "Activity" column 
of each block in Fig. 14 represent (see key), first, the 
total activity extracted and, then, the activity remaining 
in the organic phase after each of the 3 successive scrubs. 
Also included are the corresponding extraction coefficients. 

The data show nearly identical behavior in fresh and 
degraded Amsco 125-82 (tests 1 and 2), which is in sharp 
contrast with similar tests with Zr-Nb Y tracer.1'2 Degra
dation products which were strong Zr-Nb extractants, which 
resisted scrubbing with sodium hydroxide or carbonate solu
tions, which sorbed on activated alumina, or which responded 
to calcium hydroxide treatment by becoming even stronger ex
tractants are apparently very weak ruthenium extractants in 
the present aqueous tracer solution. 

The irradiated solvent of test 3 (318 watt hr/liter, 
cobalt°0 source, no aqueous phase present) had, if anything, 
less tendency to extract ruthenium. 

Although TBP was not degraded in these tests, 0.1 M 
dibutylphosphoric acid was added in the 4th test to simulate 
a degraded TBP. The extraction and scrubbing data deviate 
only slightly from the fresh TBP-fresh Amsco data, denying, 
at least under these conditions, synergistic extraction of 
ruthenium or appreciable extraction of cationic ruthenium 
species. 

In another test series, Ru was extracted from 2 M 
nitric acid into the fresh and degraded Amsco - 1 M TBP sol
vents and allowed to age. At elapsed times up to 54 days 
essentially no change was observed in the fresh Amsco solu
tion when scrubbed with 2 M nitric acid (Table 6). The 
activity became more difficult to strip from the degraded 
solution, however, possibly going through a maximum. Use of 
4 M and 8 M acid led to more efficient scrubbing, as ex
pected, but the effect of aging was still apparent. Scrub
bing with sodium carbonate (0.2 M) removed essentially all 
of the activity from the fresh Amsco solution, and was 
effective on the freshly degraded sample, but again signifi
cant activity remained in the aged samples. 

3.0 FISSION PRODUCT RECOVERY 
3.1 Solvent Extraction of Cesium (R. P. Wischow, D. E. 

Horner, M. J. Debnam, W. B. Howerton) 
Studies on the solvent extraction of cesium with 

mono-13,14 an(j dialkylphosphoric acids15-1' were reported 
previously. Recently these studies have been extended to a 
number of other possible extractants. In preliminary 
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Table 6. Ru10" Y Activity (c/s/ml) Remaining in 

TBP-Amsco 125-82 Extracts After 
Aging and Scrubbing 

1 M TBP* in 
Scrubc Fresh Amsco Degraded Amsco0 
Concentration Days Aged Days Aged Reagent 

HN03 
HNO3 
HNO3 
Na2C03 

HNO3 
HNO3 
HNO3 
Na2C03 

HNO3 
HNO3 
HNO3 
Na2 C03 

(M) 
2 
2 
2 
0.2 
3.7 
4 
4 
0.2 
7.4 
8 
8 
0.2 

0 
200 
145 
108 

11 
134 
71 
56 

46 
15 
8 
2 

-50 
126 
100 
88 
3 

55 
15 
8 
1 

17 
8 
7 
2 

0 
200 
137 
100 

11 
220 
170 
143 

130 
95 
85 
27 

-50 
185 
156 
126 

8 
117 
77 
66 
11 
76 
55 
44 
12 

aInitially containing 340 c/s/ml, extracted at phase ratio 
A/0 = 1 from 2 M nitric acid containing 4000 c/s/ml Ru1^6j 
Amsco 125-82 degraded by refluxing (at 107°C) with 2 M 
nitric acid for 4 hr. 

cHN03 - 3 successive 10-min contacts at phase ratio A/0 = 1; Na2C03 - 1 10-min contact at phase ratio A/0 = 1. 

screening tests (Table 7) it was found that significant ex
tractions of cesium from sodium nitrate solution could be 
obtained with dinonyl naphthalene sulfonic acid (DNNSA) in 
Amsco 125-82 or with sodium tetraphenyl boron (Na04B) in hexone. Insignificant extractions were obtained with a 
variety of amines, phenols, fatty acids, organophosphorus 
acids or dodecyl boric acid. 

The preliminary results with DNNSA and Na04B encouraged further studies of these extractants for possible process 
application. In tests described below, it was found that 
effective cesium extractions could be obtained with Na04B from simulated Purex 1-WW liquor. Thus far, however, no 
acceptable way has been found to strip this reagent without 
converting it to a form which is ineffective for reuse. 
With DNNSA the extractions of cesium from the Purex waste 
liquor were comparatively weak. Process application of this 



Table 7. Reagent Screening for Cesium Extraction 
Organic phase: 
Aqueous phase: 
Phase ratio, 0/A: 1.0 

0.1 M reagent in diluent 
0.5 M NaN03; 0.5 M NaCl, or 0.25 M Na2S04, Cs-134 tracer 

Cs E^ 
Reagent Diluent 

Equil. 
Aqueous 
pH 

0.5 M 
NaNQ3 

0. 5 M 
NaCl 

0.5 M 
Na2S04 

Sodium tetraphenyl boron 
Dinonyl naphthalene sulfonic acid 
Amines 

Primene JMT 
(S-24); Bis(l-isobutyl-
3,5-dimethylhexyl)amine 

N-Benzylheptadecylamine 
Trilaurylamine 

Phenols 
p-Benzylaminophenol 
2,4,6-Tris(dimethylaminoethyl)phenol 
Dinonyl phenol 

Acids 
Di (2-ethylhexyl)phosphoric acid 
Di(n-hexyl)phosphinic acid 
Hexamethylene diphosphonic acid 
Di(2-ethylhexyl)dithio phosphoric acid 
Dodecyl boric acida 
Palmitic acid 
Oleic acid 
Stearic acid 

Hexone 
Amsco 125-82 

Xylene 

0-11 

7-8 

2.3, 
0.5 

<10 -2 <10- <10 -2 

Xylene 
Xylene 
Amsco 125-82 

Butylacetate 
Amsco 
Amsco 

Amsco 
Amsco 
Amsco 
Amsco 
Amsco 
Amsco 
Amsco 

125-82 
125-82 

125-82 
125-82 
125-82 
125-82 
125-82 
125-82 
125-82 

5-6 
4-6 
4-6 

12 
10-11 
11 

6 
3 
2 
3 
3 
3 
3 
3 

<10~2 

<10~2 
<10"2 

<10~2 

<10~2 

0.057 

0.03 
<10~2 

<10"2 

<10~2 

<10~2 

<10~2 

<10~2 

<10~2 

<10" 
<10" 
<io-

<10" 
<io-

-
-
— 
-
-
-
— 

-2 
-2 
-2 

-2 
-2 

<10"2 
<10~2 

<10"2 

<10-2 

<10"2 

— 
— 
— 
— 
— 
— 
— 

i 

l 

0.4 M reagent. 
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reagent would be possible only if future tests show a very 
high selectivity for cesium over other components of the 
liquor. 

3.1.1 Cesium Extraction from NaN03 Solution with Sodium Tetraphenyl Boron (Na«/>4B). Cesium extractions by 
Na04B from solutions of different NaN03 concentrations and pH are shown in Tables 8, 9, and 10. Little influence on 
the extraction was noted by pH variation between 3 and 12. 
At a low pH (0.1), the extraction was severely depressed 
(Table 8). Increased NaN03 concentration also inhibited the extractions. However, useful coefficients were obtained 
even from 3 M NaN03 when the Na04B concentration was 0.2 M or above (Table 9). Increasing the Na04B concentration increased the cesium extraction coefficient according to the 
approximate relationship Eg cC [Na$4B]2°9-3.5, Thus, an ex
traction coefficient of 29 was obtained from 3 M NaN03 with 0.5 M Na04B in hexone (Table 10 and Fig. 15). 

Table 8. Cesium Extraction with Na04B-Hexone 
from 2 M NaNQ3 

Organic: 0,1 M Na04B-hexone Aqueous: 2 M NaN03, 0.13 g Cs+/liter, Cs-134, pH varied with NaOH 
Phase ratio, 0/A = 1 
Aqueous Equilibrium pH Cs Eg 

0, 
3, 
3, 
3, 
3, 

12 
13 
13 

0.003 
0.50 
0.47 
0.46 
0.63 
0.49 
0.47 
0.44 

Table 9. Effect of Na+ upon Cesium Extraction 
with Na04B 

0.1 M Na04B in hexone 
0.5 M, 2 M, and 3 M NaN03, Cs-134, pH 3.5-4.0 

Organic: 
Aqueous: 
Phase ratio, 0/A = 1 
NaNO,, M CS Eg 3 > SL Aqueous Equilibrium pH 

0.5 2.3 4.0 
2.0 0.63 3.5 
3.0 0.25 4.0 
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T a b l e 10 . Cesium E x t r a c t i o n from 0 .5 M and 3 M NaN03 

a s a F u n c t i o n of Na<ft4B C o n c e n t r a t i o n 
O r g a n i c : 0 . 1 - 0 . 5 M Na</>4B in hexone 
Aqueous: 0.5 M NaN03 and 3 M NaN03, Cs-134, pH adjusted with NaOH 
Phase ratio, 0/A = 1 

Naft4B, M Aqueous Equil. pH 0.5 M NaNQ3 3 M XaM] 

0.1 4 2.3 
0.2 4 7.1 1.2 
0.3 4 26 3.2 
0.4 4 54 9.4 
0.5 4 220 29 

3.1.2 Cesium Extraction with Na04B from Simulated Purex Waste. Extractions of cesium from simulated Purex 
wastes as compared to those from 3 M NaN03 solutions are shown in Table 11. In these tests TEhe 1-WW (composition 
given in Table 11) was adjusted initially to 1 M tartrate 
and then to pH 6 with NaOH. The overall dilution factor was 
3 and the final sodium ion concentration was 2.8 M. It may 
be noted from the table that cesium was extracted as effec
tively from the adjusted 1-WW solution as from the pure 3 M 
NaN03. Evidently, the presence of iron, sulfate, phosphate, 
etc. in the waste liquor had little effect on the extraction 
process. 

In other tests (not shown) it was found that neither 
zirconium-niobium nor europium is extracted by Nac/>4B from the adjusted Purex 1-WW. For example, with 0.5 M Na04B in hexone (phase ratio, 0/A = 1) the zirconium-niobium and 
europium extraction coefficients were <10~4 and <10~5, 
respectively. 

3.1.3 Stability of Na04B-Hexone Solvent. Aqueous 
solutions of Na04B are reported to decompose upon standing.1** As a cursory check on stability of Na</>4B in hexone tests were made in which cesium was extracted from adjusted Purex 
1-WW by G.5 M Na04B in hexone, which had been aged for periods of one and two weeks. Cesium extraction coefficients 
of 36, 38, and 36 were obtained with fresh solvent, solvent 
aged for one week, and solvent aged for two weeks, respec
tively. The Na04B-hexone solutions obviously had not decomposed appreciably within the time period studied. 

3.1.4 Cesium Stripping from Na(ft4B-Hexone. A number of 
reagents have been tested for their ability to strip cesium 
from the Na04B-hexone solvent (Table 12). Attempts to re-
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100 

OerJ W 
CO O 

0.5 M NaN03, pH 4, slope 2, 

3 M NaN03, pH 4, 
slope 3.5 

_L 
1.0 

Nac/»4B, M, in hexone 
Fig. 15. Cesium Extraction from NaN03 as a Function of 

Na04B Concentration. 

place cesium in the organic phase by Na+, Li+, NH4 or Al + 3 

were not successful. Precipitates formed with NHt salts 
were probably due to insolubility of NH404B in hexone. The 
type of anion had little effect on the stripping results. 

Effective stripping was obtained by dilute solutions 
of mineral acids. Unfortunately, however, the Na04B was 
converted by the acids to a form (possibly tetraphenyl 
boron) which upon recycle was an ineffective cesium extract. 
It was found impossible to regenerate the stripped solvent 
to its original form by treating with caustic. 

NaNO 
3.1.5 Cesium Extraction by DNNSA in Amsco 125-82 from 
Na2C4H406 and Purex 1-WW Solutions. Lindenbaum and 3 > B,oydl9 have noted that dinonyl naphthalene sulfonic acid 
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Table 11. Na04B Extraction of Cesium from Adjusted 

Synthetic Purex 1-WW and 3 M NaN03 
Organic: Na04B in hexone 
Aqueous: (1) 3 M NaN03, Cs-134 (2) Synthetic Purex 1-WW, 4 M H+, 0.5 ML Fe+3 0.6 

M Na+, 0.1 M Al+3, 0.01 M Cr+3, Ni+2, UOI+, 
POf, 0.02 M Si, 1 M SOJ, 0.17 g Sr+2/liter, 
0.47 g Ce+7/liter, 0.83 g RE+3/liter, 0.37 g 
Cs+/liter, 0.29 g Ru+4/liter, 0.6 g Zr/liter, 
Cs-134, initially 1 M tartrate, adjusted to pH 
6 with NaOH; dilution factor 3, Na+ = 2.8 M Phase ratio: 1 ~ 

Na04B, M 
0.2 
0.3 
0.4 
0.5 

3 M NaN03 
Equilibrium pH 

4 
4 
4 
4 

Cs Eg 
1.2 
3.2 
9.4 

29 

Adjusted 1-WW 
2.8 M Na+ 

Equilibrium pH Cs Eg 
5 1.9 
5 5.9 
5 
5 36 

Table 12. Stripping of Cesium from Na04B in Hexone 
Organic: Na04B in hexone, Cs-134 tracer Aqueous: Stripping solutions as tabulated 
Phase ratio, 0/A = 1 

Stripping 
Na04B, Aqueous Phase, Coefficient, 

M in hexone M Reagent Ea Remarks 
0.3 
0. 3 
0.5 
0.3 
0.5 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 

0.1 
0.2 
2.0 
0.2 
3.0 
3.0 
0.1 
0.2 
H20 
1.0 
2.0 
2.0 

HN03 
HN03 
HN03 
HC1 
HC1 
HC1 
H 2S0 4 
HF 

(NH 4) 2 
NH 4N0 3 
NH4C1 

0.2 5 NaOH 
0.2 
0.2 
0.2 
0.2 
1.0 

LiN03 
HC1 + 
NaF 
NaF + 
Al2(SC 

S04 

0.2 
0.2 
>4>3 

NaCl 
HF 

0.014 
0.11 

420 
0.12 

1300 
1000 

0.12 
0.02 

-
-
— 
0.01 
0.016 
0.23 
0.012 
0.02 
0.65 

Emulsion 
Precipitated 
Precipitated 
Precipitated 



-42-
(DNNSA) in benzene extracts Zn(II), Cs, Fe(III), and Ce(III) 
from HC1 and HC104. Further studies reported here were made 
to test the performance of this reagent under conditions 
more closely allied with those expected in process applica
tion. As shown in Tables 13-16 and Fig. 16, most effective 
extractions of cesium from sodium nitrate solutions were ob
tained when the DNNSA concentration was relatively high and 
the sodium nitrate concentration was low. From adjusted 
Purex 1-WW solutions, the extraction coefficient was only 
-0.4 when the DNNSA concentration in the organic phase was 
0.5 M. Changing the diluent failed to improve the cesium 
extractability. 

The low cesium extraction power of the DNNSA detracts 
from the potential utility of this reagent as a process ex
tractant. On the other hand, application may still be 
possible if the extraction of cesium is sizeably greater 
than that of other components of the Purex waste. Further 
studies of the selectivity of DNNSA for cesium are being 
made. 

Table 13. DNNSA Extraction of Cesium from 
0.5 M NaNQ3 as a Function of pH 

Organic: 0.1 M DNNSA in Amsco 125-82 
Aqueous: 0.5 M NaN03, Cs-134 tracer, pH varied 

with NaOH 
Phase ratio, 0/A = 1 
Aqueous Equilibrium pH Cs Eg ~ 

<0 
0 
0. 
1, 
1. 

10. 
10, 
10, 
10.8 
11.1 

0, 
0. 
0< 
0, 
0. 
0, 
0, 
0, 

45 
52 
46 
45 
48 
50 
50 
49 

0.49 
0.48 

4.0 FUNDAMENTAL CHEMISTRY 

4.1 Anomalous Equilibria in Solvent Extraction Systems 
(K. A. Allen, W. J. McDowell, G. N. Case) 

In continued search for anomalous equilibria in systems 
other than those already reported,?0 the extraction coeffi
cient dependences on reagent concentration by vigorous and 
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Table 14. DNNSA Extraction of Cesium from Na2C4H406 

Organic: 0.5 M DNNSA—Amsco 125-82 
Aqueous: 0.4 M Na2C4H406, Cs-134, pH varied with NaOH 
Phase ratio, 0/A = 1 
Aqueous Equilibrium pH Cs Eg 

1.0 1.3 
3.0 3.4 
3.5 3.6 
3.9 2.5 

13 0.70 

Table 15. DNNSA Extraction of Cesium from 
Tartrate-Complexed, Synthetic Purex 1-WW 

Organic: 0.5 M DNNSA - diluent 
Aqueous: Synthetic Purex 1-WW, initially 1 M tartrate, 

adjusted to pH 6 with NaOH, dilution factor 
= 3 

Phase ratio, 0/A = 1 
Organic Phase Diluent Aqueous Equilibrium pH Cs Eg 
Amsco 125-82 2.2 0.37 
Xylene 2.2 0.44 
Hexone 2.2 0.26 
Carbon tetrachloride 2.2 0.39 
Butyl acetate 2.2 0.24 

'..Table 16. Variation ofJCs :Eg as a Function of NaNO3 
Organic: 0.5 M DNNSA—Amsco 125-82 
Aqueous: 0.2-3.0 M NaN03, Cs-134, pH varied with NaOH 
Phase ratio, O/A = 1 

Aqueous Phase" 
M NaNO3 Equilibrium pH Cs Eg 

0.2 1.2 2.7 
0.2 13 2.0 
0.5 13 1.4 
1.0 13 ' 0.74 
3.0 0.6 0.22 
3.0 2.5 0.37 
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Fig. 16. Cesium Extraction with 0.5 M DNNSA—Amsco 125-82 
as a Function of NaN03 Concentration. 
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by gentle equilibration have been determined for the systems 
shown in Table 17. Thorium extraction by di-n-decylamine 
sulfate (DDAS) and uranium extraction by 1,3-ethylpentyl-4-
ethyloctylamine sulfate (EPOS) both showed definite evidence 
of anomalous behavior. In the former, severe scatter of the 
experimental points precluded interpretation of the slopes 
per se; nevertheless, the differences between the two modes 
of equilibration were consistent and reproducible. The 
latter system was the first so far examined which has shown 
anomalous behavior over the entire concentration range of 
interest. Whereas in the case of TOAS the results from the 
two equilibrations coincided at low concentrations, while 
with DDAS there was agreement at high concentrations, it is 
apparent from Fig. 17.that in the case of EPOS, since the 
lines cross, the disparities between the two methods con
tinue to become even more pronounced at both ends of the 
concentration range. 

In summary, it is to be pointed out that while anoma
lous solvent extraction equilibria due to vigorous agitation 
during equilibration still are apparently not widespread, 
it has been definitely established in a sufficient number of 
cases so that its presence in any extractant system must be 
considered a real possibility until proven otherwise. 

4000-

2000-

w 1000_ 

400-

200 
[EPOS] 

Fig. 17. Extraction of Uranium from 0.01 N H2S04 by EPOS 
in Benzene: Reagent dependence, comparison of vigorous, , 
and gentle, , equilibration. 



Table 17. Comparison of Reagent Dependence of Extraction Coefficient 
by Vigorous and Gentle Equilibration for Various Systems 

Metal Extractant Aqueous Systems 
Power Dependence 

Eg on R 
Vigorous Gentle Degree of Difference 

u 
u 
Th 

TOAS 

DDAS 

DDAS 

u 
u 

u 

u 

u 

u 

EPOSa 

Primene 
JMT 

TOPO" 

DDAS 

DDAS-HS' 

0 . 0 1 N H 2 S 0 4 

0 . 0 1 N H 2 S 0 4 

0 . 0 1 N H 2 S 0 4 

0 . 0 1 N H 2 S 0 4 

0 . 0 1 N H 2 S 0 4 

0 . 0 1 N H 2 S 0 4 

D2EHPAC 0.01 N H2S04 

0 . 9 9 5 M N a 2 S 0 4 , 
0 . 0 0 5 M H 2 S 0 4 

0.75 1 Na2S04, 
0.25 M H2S04 

3 to 1 3 to 2 Marked. 
1 to 1/2 -0 Marked. 
ca. 1/2 <l/2 

0.28 
0.5 

2+ 

1.85 

0.2 

0.61 
0.5 

2-

1.78 

0.2 

1/2 t o 1/2 t o 
2 / 3 2 / 3 

Definite difference, but scatter 
makes it impossible to make positive 
statement about slope. 
Marked. 
No difference in initial equilibra
tion but large differences on re-
extracting the final aqueous phases 
with chloroform. 
Differences were within experimental 
error but all points by gentle 
equilibration were higher. 
Differences were within experimental 
error; however, all but one of the 
points by vigorous equilibration 
were higher 
No difference. 

No difference in slope but 
difference in absolute value, 

i 
ON 
I 



Table 17 (Cont'd.) 

Power Dependence Eg on R 
Metal Extractant Aqueous Systems Vigorous Gentle Degree of Difference 

U TOAHS-HS* 1.0 M H2S04 1.0 1.0 No difference except possibly 
at very low concentrations. 

U TBP 0.1 N HN03 2.7 to 2.7 to None outside experimental error. 
3.0 3.0 

u 
Th 

Th 

Th 

Sr 

Sr 

TBP 
TOAS 

TOAS 

DDAS 

NaD2EHPf 

NaD2EHP 

4 M HNO3 
0.01 N H2S04 

0.995 M Na2S04 0.005 M H2S04 

0.995 M Na2S04 0.005 M H2S04 

1 M Na2S04 at pH 10.0 
1 M Na2S04 at pH 5.0 

1.8 1.8 None outside experimental error. 
3 + to 3+ to None outside experimental error. 
1.5 1.8 
2.35 2.35 None outside experimental error, 

ca. 1/2 ca. 1/2 None outside experimental error. 

None outside experimental error. 

None outside experimental error, 

1 
4N. 
-J 
I 

al,3-Ethylpentyl-4-ethyloctylamine sulfate, 
^Tri-n-octyl phosphine oxide. 
cDi(2-ethylhexyl)phosphoric acid. 
^Di-n-decylamine sulfate + bisulfate. 
©Tri-n-octylamine sulfate + bisulfate. 
^Sodium di(2-ethylhexyl)phosphate. 
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