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ASSESSMENT OF PUREX SOLVENT CLEANUP METHODS U8ING 

A MIXER-SETTLER SYSTEM 

J. C. Mailen and 0. K. Tallent 

ABSTRACT 

A test system consisting of three mixer-settlers In 
series has been used to determine the usefulness of several 
possible aqueous scrub solutions for cleanup of TBP solvent 
in fuel reprocessing plants* The simulated solvent that was 
treated was nominally 0.1 nM zirconium, 0.2 mM uranium, 0.4 mM 
dlbutyl phosphate, and 0.3 nil HNOj. FJLve aqueous scrub solu-~ 
tlons — sodium carbonate/tarTrate, hydroxylamlne/tartarlc 
acid, hydroxylamlne/citric acid, hydrazlne/oxallc acid, and 
LlOH/sucrose — were evaluated. The order of effectiveness 
of these solutions for removal of contaminants was: sodium 
carbonate/tartrate, hydrazlne/oxallc add, LlOH/sucrose, and 
the two hydroxylamlne solutions. Interfaclal crud, which was 
related to the presence of zirconium and DBP, was observed In 
all cases except the LlOH/sucrose solution. 

The recommended system would use sodium 
carbonate/tartrate. If sodium usage must be minimized, 
a hydroxylamlne-contalnlng scrub followed by a sodium 
carbonate/tartrate scrub Is recommended. 

1. INTRODUCTION 

Scrub solutions containing about 0.25 to 0.5H sodium carbonate 
have generally been used for solvent cleanup In Purex plants. While 
this method is generally effective, it is deficient In three respects: 
1. It generates large quantities of stable (permanent) salts, 

largely sodium nitrate. 
2. It is not completely effective for removing all the contaminants 

from degraded solvent; specifically, it does not remove the secon-
dary complexants. These complexants are not dibutyl phosphate (DBP) 
or monobutyl phosphate (MBP) but are possibly derived from the 
diluent degradation products, probably by reactions with trlbutyl 
phosphate (TBP) or DBP.1 



2 

3. Purex plants raport occasional failure of a solvent scrubbing unit, 
described as large releases of zirconium, etc., by the formation of 
emulsions or the entrainment of interfaclal solids, which are so 
severe that they overwhelm the settler.2 This has normally been 
prevented by Inserting an acid scrub between the two basic scrubbers 
to break the emulsion. 
Several approaches are feasible for addressing these perceived 

problems in the standard solvent scrubbing method. The flowsheet that 
has been proposed for the Breeder Reactor Engineering Test (BRET) uses a 
two-stage, countercurrent flow of the contaminated organic and the 
aqueous scrub solution to decrease the quantity of permanent salts pro-
duced. This method allows more effective utilization of sodium car-
bonate, decreasing the permanent salt production and providing more 
complete removal of DBP. The BRET flowsheet also incorporates tartrate 
into the sodium carbonate scrubber to minimize precipitation of hydrolyz-
able metals (e.g., zirconium). Other methods for decreasing the for-
mation of permanent salts are to use hydrazine^or hydroxylamine salts 
In the scrub solutions; the latter are subsequently decomposed into 
gaseous products. Based on other studies,'-long-chain organic acids 
(e.g., 1auric acid) may be Involved in both the generation of secondary 
complexants and the formation of emulsions in sodium carbonate scrubbers 
(long-chain acids react with bases to form soaps). The BRET flowsheet 
uses sodium carbonate/tartrate scrubbers to form the sodium salts of the 
long-chain adds, which are then removed by a subsequent water scrub. 
Water scrubbing in a third mixer-settler was used in most of the tests 
reported here. 

Certain secondary complexants, such as butyllauryl phosphate, are 
also removed by this sequence of treatmentsThe presence of sodium 
salts of laurlc acid can cause the organic phase to gel if the tem-
perature Is less than 35°C. If laurlc acid is present at concentrations 
greater than ~3 nM, the interfacial tension of the organic phase vs a 
sodium carbonate scrub solution is so low that phase separation after 
mixing.Is very difficult.^ Based on analyses of both Savannah River 
Plant (SRP) and Barnwell solvents, this concentration level should not be 
reached, especially if efforts to remove long-chain organic acids are 
Incorporated In the solvent scrubbing procedure. 
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Two mixer-settlers containing the scrub solution were used in the 
tests reported here. Four scrub solutions — sodium carbonate/tartrate, 
hydrazlne/oxallc acid, hydroxylamine/tartaric acid, hydroxylamlne/cltrlc 
add, and LlOH/sucrose — were evaluated. Simulated solvents were for-
mulated to approximate the expected composition of degraded plant 
solvents. Laurie acid at a concentration of 0.5 nM was used to simulate 
the highest anticipated level of long-chain acids. The concentrations of 
uranium and nitric acid were set by the preliminary BRET flowsheet con-
ditions; the concentration of zirconium was assumed to be half that of 
uranium. The DBP was assumed to be present as 2 mol per mol of zirconium 
and 1 mol per mol of uranium. Although some variations around these 
levels were made in brief studies, the main trials of the candidate 
systems used the conditions specified. The overall experimental plan 
Included simple shakeouts^to evaluate the usefulness of proposed solu-
tions, brief countercurrent runs without solution analyses to develop 
operating techniques and to define Important effects (herein called 
"scouting tests"), and a series of more comprehensive countercurrent 
tests with complete solution analyses to compare the various alter-
natives. 

2. EXPERIMENTAL 

2.1 DESCRIPTION OF EQUIPMENT 
The bank of three mixer-settlers (Fig. 1) was constructed of glass, 

stainless steel, and Teflon with the exception of sintered carbon liners 
in the pumps (FMI Metering, Inc., Oyster Bay, New York). This construc-
tion guaranteed that no impurities were leached from the structural 
materials into either the aqueous or organic streams. The mixers and 
settlers were baffled, jacketed for temperature control, and had volumes 
of 194 and 250 mL, respectively. The mixets were 5.25 cm dlam x 9.5 cm 
high and had four baffles at 90° angles aroir 1 the circumference, 
extending the entire height of the mixing chamber and protruding about 
0.6 cm into the chamber. The settlers were 5.25 cm dlam x 11.75 cm high 
without baffles. Mixing was provided by glass rods with three rectangular 
glass paddles; the top and bottom paddles were 2.5 cm x 0.9 cm, while the 
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Fig. 1. Solvent scrubbing system with three mixer-settlers. 
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center paddle was 2.5 cm x J. 6 cm. The stirrers were rotated at 440 to 
880 rpm by controlled-speed motors. The contaminated organic phase was 
contained In a 50-L glass carboy; the cleaned organic phase WBB collected 
In another 50-L carboy. The organic feed was pumped at the rate of 50 to 
80 mL/mln by an FMI pump to the first mixer-settler and flowed by gravity 
through the remainder of the system. The aqueous solutions In the first 
two mixer-settlers were used In a captive (batch) fashion and exited from 
the bottom of the settlers through a jackleg to return to their respective 
pump pots* The water scrubber had a continuous water makeup and overflow 
of 10 ml/mln. Bach aqueous phase was recirculated to its respective mixer 
by an FMI pump at ~50 mL/min. The mixers had operated in the aqueous-
phase continuous mode in those cases where the phase separation was exam-
ined after the mixing ceased. Temperature was controlled by circulation 
of warm water through the jackets of the mixers and settlers. The tem-
perature of the solutions in the first settler was ~37°C and ~40°C in the 
remainder of the equipment. The total organic-phase volume processed 
during a run varied from 34 to 40 L. A two-valve system in the organic 
exit line from each of the first two settlers allowed operation with one 
to three mixer-settlers without disassembly of the system; however, this 
option was not used. Instead, the valve system was used to obtain 
flowing-stream samples of the organic phase. 

2.2 PREPARATION OF LCRUB SOLUTIONS 
2.2.1 Sodium Carbonate/Tartrate Solution 

Sodium carbonate and sodium tartrate (both CP grade) were used to 
prepare 0.25 M sodium carbonate-0.02 M sodium tartrate solutions. 
2.2.2 tydroxylamine/Tartarlc Acid Solution 

About 82 g of hydroxylamlne sulfate dissolved in ~500 mL of water was 
reacted with 158 g of finely powdered barium hydroxide with constant 
stirring. After 20 mln, the slurry was filtered to remove barium sulfate 
and then centrifuged to achieve final clarification. Addition of a small 
portion of the mixed solution to a barium chloride solution gave no pre-
cipitate, indicating low sulfate. The clear solution was then sparged 
with carbon dioxide for h to precipitate excess barium hydroxide as 
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barium carbonate and to convert the hydroxylamlne hydrate to hydroxyla-
mlne carbonate, which Increases the stability of the solution. Again, no 
additional precipitate waB observed, indicating low barium concentration. 
Later analyses of the solution Indicated the presence of low levels (-1 
to 2 nM) of both barium and sulfate in the solution. Approximately 
855 mL of the solution was then mixed with 25 mL of mixed-bed ion 
exchange resin to remove the residual barium and sulfate before being 
used in tests. At this point, the solution contained 0.66 M hydroxyla-
mlne carbonate with 9 pM barium and <0.5 mM sulfate; its pH was ~7. The 
solution was then diluted with water to 1160 mL to yield 0.48 M hydroxy-
lamlne carbonate, and 25.7 g of tartaric acid was added to give -0.14 M 
free hydroxylamlne hydrate and 0.17 M hydroxylamlne tartrate. The pH of 
the final solution was *-6. 

2.2.3 Hydroxylamlne/Citrlc Acid Solution 
This solution was prepared identically to the hydroxylamlne/tartarlc 

acid solution except that 30 g of citric acid monohydrate (instead of the 
tartaric acid) was added per liter of 0.48 M hydroxylamine hydrate. This 
procedure gave a solution containing ~0.05 M free hydroxylamine and 0.14 M 
hydroxylamlne citrate with a pH of ~6.1. 
2.2.4 Hydrazine/Oxallc Acid Solution 

The hydrazine/oxallc acid solution was prepared by the addition of 
oxalic acid to hydrazine hydrate and contained 0.047 M free hydrazine 
hydrate-0.16 M hydrazine oxalate. Its pH was 7.6. 
2.2.5 L10H/Sucrose Solution 

Lithium hydroxide and sucrose were separately dissolved to double 
concentrations (1 M and 400 g/L, respectively) and then mixed to give the 
final 0.5 M L10H-200 g sucrose/L solution. 

2.3 PREPARATION OF SIMULATED DEGRADED SOLVENT 
The simulated, degraded solvent was a solution of 30Z tributyl 

phosphate (TBP) in normal paraffin hydrocarbon (NPH) diluent, which had 
beien scrubbed with sodium carbonate solution and water to remove HDBP and 
then spiked with known amounts of HDBP and zirconium or uranium, or both, 
as described below. 
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2.3.1 Preparation of HDBP Solution 
A mixture of HDBP and H2MBP (Eastman Kodak Company, Rochester, 

New York) was extensively scrubbed with water to remove the H2MBP. The 
final material was titrated with standard NaOH solution and found to con-
tain A.14 M HDBP and 0.18 M H2MBP. 
2.3.2 Preparation of Zirconium Solution 

Chloride- and nitrate-free zirconium hydroxide was prepared by 
dissolving 100 g of zirconium dlnltrate oxide (Alfa Products, Danvers, 
Massachusetts) in ~500 mL of water, precipitating the hydroxide with 
excess ammonium hydroxide, and washing with water until the ammonia odor 
was absent. The damp precipitate was then dissolved In 500 mL of 15.8 M 
HNO3 and allowed to stand overnight to give a solution with a zirconium 
concentration of 22 g/L in ~5 M HNO3. An organic feed solution of zir-
conium and DBP was prepared by equilibrating the following two solutions 
and subsequently scrubbing the organic phase once with 100 mL of water: 
1. 25 mL of 15.8 M HNO3, plus 75 mL of water plus 50 mL of the zirconium 

stock solution described above. 
2. 1.4 mL of the ~4.1 M HDBP solution plus 50 mL of 30% TBP-NPH. 

The final solution was about 0.1 M In both zirconium and DBP and was 
stable for several days. 
2.3.3 Preparation of Uranium Solution 

The uranium stock solution was prepared by dissolving 4.0 g of uranyl 
nitrate hexahydrate (Alfa Products) in 50 mL of 30% TBP-NPH. 
2.3.4 Mixing Technique 

The uranium solution was added to 35 to 40 L of damp (preequillbrated 
with water) 30% TBP-NPH. The solution was mixed by an air sparge, which 
was continued during all subsequent additions. A 0.75-mL volume of 
15.8 M HNO3 was then added, followed by the zirconium stock solution. 
Finally, 2.2 mL of the ~4.1 M HDBP stock solution was slowly added. At 
this point, the solution contained about 0.1 nM zirconium, 0.2 nM uranium, 
0.4 oM DBP, and 0.03 oM HNO3. Solution prepared by this procedure is nor-
mally clear, free of precipitate, and does not produce a precipltatefor 
at least 24 h. In one test about half the zirconium precipitated; this 
behavior is, as yet, unexplained. 
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2.4 OPERATION 
The various steps of the operational procedure can be described as 

follows: 
1. Before an experiment started, the settlers were filled by adding 

">100 mL of scrub solution to each of the first two and ~100 mL of 
water to the last one. 

2. Either 200 or 300 mL of scrub solution was added to the pump-pot of 
the first two mixer-settler stages; the pump-pot of the third stage 
was filled with distilled water. 

3. The mixer motors were adjusted to give the desired stirring rates for 
the particular test. 

4. The organic feed pump, adjusted to give 50 to 80 mL/min, and the 
first aqueous scrub pump, adjusted to give ~50 mL/min, were started 
and then cut on and off to achieve simultaneous arrival of the two 
streams at the tee where they mix. As the mixture left the first 
mixer, the jackleg of the first settler was adjusted to give the 
proper interface level of the settler. 

5. Interface levels were normally set to give approximately one-third 
of the volume as aqueous phase and two-thirds as organic phase. 
When the organic solvent began to flow from the first settler and 
feed Into the second mixer, the flow of scrub solution to this mixer 
was started. Subsequently, mixers and settlers were activated and 
adjusted similarly. 
The makeup rate of water to the water scrubber was set and maintained 

at M O mL/min. Early in a test, particular attention was necessary to 
prevent air locks In the lines. After air was expelled from the drain 
lines from one settler to the next mixer, further problems were seldom 
encountered. Small volumes of fresh scrub solution were usually added to 
the pump-pots during a run to replace that lost to samples or entrainment 
and to maintain sufficient liquid in the pump-pots. A volume equivalent 
to the ~-50 mL removed for samples was normally added. During the test 
using LiOH/sucrose, the dispersion of the two phases in the first mixer 
Increased with time; therefore, the mixer speed was decreased to obtaiii a 
smaller emulsion bandin the settler; Shutdown ̂ as accomplished by 
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turning off all pumps and mixers. After shutdown, all solutions were 
sampled, their volumes were determined, and the various vessels were 
drained. The mixers and settlers were cleaned by rinsing with water, 
soaking in -0.5 M HNO3, and rinsing again with water. The jug that held 
the simulated contaminated solvent was rinsed three times with small 
amounts of NPH (total of ~200 mL) to remove the residue of contaminated 
solvent, and it was then interchanged with the clean-solvent receiver jug 
for use In the next test. 

Samples of the feed were gotten at the beginning and the end of each 
run and submitted for uranium and zirconium analyses. Samples of the 
organic effluents and aqueous scrub solutions were removed from each stage 
at ~2-h intervals and a last sample (if this did not occur near a 2-h 
period) after the system was shut down. The samples of the organic 
effluent were taken from auxiliary valves in the exit lines of the 
settlers from the first two mixer-settlers and from the line delivering 
the cleaned solvent to the receiver jug at the exit of the third mixer-
settler. Scrub solution samples were taken from the scrub solution pump-
pots. In all cases, both gravity-filtered (Whatman No. 40 paper) and 
unfiltered, sa.iples of the organic phases were submitted for analyses. 
Filtration through paper removed the bulk of the particulate matter >8 vim 
in diameter and most of any entrained aqueous drops. These filtered 
samples probably more closely represent the solvent that would result 
from high-efficiency gravity settlers or centrifugal separation. 

Analysis of the samples for zirconium was by inductively coupled 
plasma (ICP) spectrometry and the uranium was by uv fluorescence. The 
zirconium analyses were generally complete within 1 d; however, the uranium 
analyses were often performed after a lapse of several days. Thus, par-
ticulate material likely had partially settled before uranium analyses of 
unfiltered samples were completed. Nitric acid was present In very low 
concentration and, therefore, was assumed to be quantitatively removed. 
DBP was too low for direct analysis and was generally assumed to be 
removed to the same degree as the metal Ions since any DBP remaining in -
the scrubbed organic phase should retain metal ions. DBP in the filteredr 
products was estimated by extraction of plutonlum from a nitric acid- solu-
tion followed by three equal-volume water strips. Each mole of DBP was ; 
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assumed to retain a mole of Plutonium. All analyse* were performed by the 
Analytical Chemistry Division of ORNL. 

3. RESULTS AND DISCUSSION 

3.1 SCOUTING STUDIES 
The initial scouting studies using the three mixer-settler system 

were designed to develop operating procedures, in particular a method for 
preparing a contaminated organic feed which was usually stable, did not 
contain suspended solids, and did not precipitate In the feed tank during 
a run. The studies also served as guidelines for the necessary procedures 
to be used in more definitive tests (Sect. 3.4). Analytical data from the 
early tests with feeds containing metal ions are not presented (with one 
exception) since good methods for formulation of the feed had not been 
developed and the presence of suspended solids In the organic feed may 
have led to erroneous interpretation of the details of the experiments. 
The one exception is a test where a scrub with hydroxylamlne/cltrlc acid 
was followed by a scrub with sodium carbonate/tartrate. The results 
obtained with this system are described in detail in Sect. 3.4 since they 
bear on one desirable scrubbing option. 

In the first scouting test, the system was used to scrub the TBP-NPH 
solvent (without any additives) to remove any HDBP present in the TBP 
received from the manufacturer. This experiment also provided an oppor-
tunity to examine the hydrodynamlc behavior of the system and to look for 
operational problems. A suitable mixing speed for the first two mixers 
when used with sodium carbonate/tartrate solutions was found to be ~600 to 
800 rpm. This trial and all subsequent scouting tests used aqueous and 
organic flow rates (to the mixers) of 50 mL/mln each. The total aqueous 
volume In all three mixer-settlers was *-400 mL. A makeup water stream of 
~10 mL/mln entered the third aqueous scrub solution, matched by an 
overflow to waste. The only operational difficulty encountered was air 
locks In the valves in the lines transferring the organic phase from one 
settler to the next mixer. A vent line was installed above this line to 
help 'remove air and to allow access to the valve by a thin Teflon tube, 

-̂"fn the event of an air lock, the thin tube was inserted through the valve 
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several times to dislodge the air bubbles. Aftsr steady operation was 
achieved, this problem did not arise again. 

Sodium carbonate/tartrate scrub solution was used In the second 
scouting test with solvent spiked only with 1.6 nM HDBP. In this test, a 
batch-continuous mode was evaluated for the two sodium carbonate/tartrate 
scrubbers. In this mode, 50 mL of the scrub solution from the second 
scrubber was transferred to the first scrubber snd 50 mL of the solution 
in the first scrubber was discarded each hour to simulate a continuous 
countercurrent mode of operation. The total volume of scrub solution 
originally in the first scrubber pot (350 mL) and the volume passed 
through the ilrst scrubber pot (50 mL/h for nine additions, or 450 mL) 
give a treated organic/aqueous ratio of "-47. This is so far below the 
desired ratio (>100) that the batch-continuous approach was abandoned in 
favor of a strictly batch mode to attain a greater volume ratio of treated 
solvent to scrub solution In the HDBP removal test, the HDBP was reduced 
to an undetectable level (<80 pH) by passsage through the first mixer-
settler. This is as expected since the distribution coefficient of the 
NaDBP salt from 0.25 M sodium carbonate solution to the solvent can be 
estimated to be ">0.001.7 The expected level of NaDBP dissolved in the 
organic leaving the first scrubber would be "-75 uM» which is too low to be 
easily detected by the titration method that was used. 

In the third scouting test, we studied the removal of 0.5 nM laurlc 
add from the solvent by two sodium carbonate/tartrate scrubbers followed 
by a water scrubber. The presence of laurlc acid, as expected, resulted 
in some lnterfaclal emulsion in the settlers due to the formation of 
sodium soaps, but this situation was not serious. The mixing speed In the 
first mixer was reduced to 600 rpm (from the 800 rpm used in the HDBP run) 
to maintain an ~3.8-cm-deep emulsion layer in the first settler. The same 
depth of emulsion was maintained in the second settler with a 700-rpm 
mixing speed. The water scrubber used a mixer speed of 500 rpm in each 
run and had an emulsion layer ">0.6 cm thick. Laurie acid was at least 90% 
converted to the sodium salt by passage through the two sodium 
carbonate/tartrate scrubbers and was >97Z removed by the water scrubber, 
which had an organic/makeup water flow ratio of 5/1. The distribution 
coefficient of sodium laurate to 30X TBP-NPH from 0.25 M sodium carbonate 



12 

la estimated^ to be -0.25, which, with the relatively large organic—to— 
aqueous volume ratios used in solvent cleanup, results in most of the 
sodium laurate being present in the organic leaving the first scrubber. 
The second scrubber would also be relatively Ineffective in removing 
sodium laurate. The distribution coefficient expected for the water 
scrubber would be "-0.6,3 which would lead to an expected removal of 
approximately two-thirds of the sodium laurate. The removal actually 
found indicates that the distribution coefficient must be about ten times 
lower than that expected, based on earlier data. 

In three other scouting tests, various organic feeds with 
DBP/zlrconlum ratios of 1, 3, and 9 were cleaned using sodium 
carbonate/tartrate. The zirconium concentration was ~0.1 nM in each case. 
Based on these tests, It was observed that the higher the DBP/zlrconlum 
ratio, the lower the zirconium solubility In the aqueous scrub solution 
and the greater the lnterfaclal crud formation. Large quantities of 
lnterfaclal crud were seen in the first two settlers when the 
DBP/zlrconlum ratio was 3 or 9. In earlier tests where zirconium was 
absent, no interfaclal crud was formed; and in the test with a 
DBP/zlrconlum ratio of 1, the interfacial crud problem was minimal. 
Portions of the crud were allowed to exit with the aqueous underflow, and 
the Interface was not adjusted to allow more space for the crud layer. 
The crud then floated as a thin film on top of the aqueous phase in the 
pump-pot, which appears to be the best operational method available to 
cope with this problem. In other tests, it was shown that 
hydroxylamlne/cltrlc add was an acceptable scrubbing agent, although not 
as effective as sodium carbonate/tartrate (Sect. 3.4). Subsequent batch 
shakeout tests showed that hydroxylaolne/tartaric acid should be more 
effective than the citric add formulation (Sect. 3.2). 

In each scouting test and in all subsequent definitive tests, some 
entrainment of aqueous drops in the organic phase was observed. In one 
case using sodium carbonate/tartrete scrub solutions, the water scrub 
solution was found to contain 1 nM Na2C03. This result is consistent with 
0.08X entrainment of aqueous In the organic. The water scrub was, in 
reality, a very dilute aqueous solution of sodium carbonate/tartrate, 
which^provides better phase separation than pure water. 
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These early scabbing tests demonstrated that the removal of uranium, 
DBP, nitric acid, and laurlc add at the test levels caused no dif-
ficulties. In contrast, serious Interfacial crud problems were encoun-
tered when zirconium and relatively large concentrations of DBP were 
present In the feed solvent. The crud built up continuously as the mixer-
settlers were operated, and small amounts of the Insoluble material were 
entrained into the treated organic. With this background experience, we 
planned and executed four runs with careful preparation of feed and 
complete sampling throughout the runs. 

3.2 EQUILIBRIUM TESTS 
After the Initial scouting tests of the mixer-settler system were 

completed, a series of batch equilibrations was performed to determine 
which organic anions could be most effectively combined with hydroxylamine 
for complexlng the uranium and zirconium in contaminated solvent. The 
equilibrations used our standard organic feed containing about 0.2 nM ura-
nium, 0.1 mM zirconium, 0.4 mM DBP, and 0.3 mM HNO3. In these tests, a 
small quantity of a candidate scrubbing solution was shaken vigorously for 
about 1 mln with a larger quantity (usually 20 times as much) of the con-
taminated organic. After being allowed to settle for several hours, 
samples of the organic phases were taken for analysis. The separation 
behavior and appearance of each was then noted. The compositions of the 
hydroxylamine solutions tested are given in Table 1. In each case, the 
scrub solution was formulated using a hydroxylamine carbonate solution 
prepared by sparging a hydroxylamlne hydrate solution with carbon dioxide. 
The sodium carbonate/tartrate solution was 0.25 M in sodium carbonate and 
0.02 M in sodium tartrate. The results of the equilibrations are given In 
Table 2, where candidate solutions are listed in order of increasing zir-
conium remaining in the organic phase. It is interesting to note that the 
only one of these systems that gave good physical separation with little 
crud was also the poorest for removing metal ions. The tartrate systems, 
sodium carbonate/tartrate and hydroxylamine/tartarlc add, gave by far the 
best results for both uranium and zirconium removal. For these reasons, 
they are the most likely candidates in this list. These two solutions, 
along with hydrazlne/oxallc acid and the LlOH/sucrose scrub systems, were 
chosen for complete tests in the mixer-settler system. 
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Table 1. Composition of hydroxylamlne solutions for 
equilibration tests 

Solution Composition PH 

Hydroxylamine/ 
tartaric add 

50 mL 0.684 M hydroxylamine 
carbonate + 1.55 g tartaric aclda 

6.05 

Hydroxylamine/ 
citric acid 

50 mL 0.684 M hydroxylamine 
carbonate +1.5 g citric acid 
monohydrate® 

5.7 

Hydroxylamine/ 
oxalic acid 
No. 1 

5 mL 0.684 M hydroxylamlne 
carbonate +"0.5 g oxalic acidb 

* 

Hydroxylamine/ 
lactic add 

50 mL 0.684 M hydroxylamlne 
carbonate + T.66 g lactic acida 

6.1 

Hydroxylamine/ 
oxalic acid 
No. 2 

5 mL 0.682 M hydroxylamlne 
carbonate +~0.05 g oxalic acidb 

Hydroxylamine/ 
glycollc acid 

50 mL 0.684 M hydroxylamlne 
carbonate -1- T . 636 g of 62% 
glycollc acid solutlona 

6.1 

aTest solutions were prepared by adding 1 mL of water to 4 mL of the 
listed solution to give ~0.5 M scrub solutions. 

brhese solutions were us<Td without further dilution. 
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Table 2. Results of equilibration tests 

Organic analyses (ug/miL) 
Solution 0/Aa ratio Uranium Zirconium Remarks 

Sodium carbonate/ 
tartrate 

20 0.14 0.43 b 

Hydroxylamlne/ 
tartaric add 

20 0.19 0.48 b 

Hydroxylamlne/ 
citric acid 

20 3.22 1.6 b 

Hydroxylamlne/ 
ox*11c acid 
No. 1 

20 4.04 6.9 b 

Hydroxylamlne/ 
carbonate 

20 3.3 5.3 c 

Hydroxylamlne/ 
lactic add 

20 1.97 6.0 d 

Hydroxylamlne/ 
oxalic acid 
No. 2 

40 3.01 3.8 e 

Hydroxylamine/ 
glycollc add 

20 2.98 7.0 f 

a0rganlc/aqueou8 ratio. 
^Intermediate separation time and clarity; some crud. 
cRelatively poor separation time and clarity; some crud. 
^Poorest separation time and clarity; stringy crud. 
eGood separation time and clarity; some crystalline material in the 

aqueous phase. 
^Best separation time and clarity; little crud. 
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3.3 TITRATION OF HYDROXYLAMINB/ORGANIC ACID SOLUTIONS 
Hydroxylamine, which Is a weak base, is known to be oxidized by air 

in basic solutions.8 In the hydroxylamine solutions used in the current 
tests, either tartaric or citric acid was added both to decreae the pH 
(which Improves the stability of hydroxylamlne) and to act as a complexing 
agent for the metal ions scrubbed from the solvent. The prepared solu-
tions had fairly low free hydroxylamlne concentrations, assuming that the 
neutralization reaction between the hydroxylamine and each carboxyllc acid 
goes to completion. However, since both nitric acid and HDBP are stronger 
adds than tartaric acid or citric acid, the resulting solutions have 
significant capability for absorbing either of these strong acids. 
Figure 2 shows a titration curve for 0.48 M hydroxylamlne hydrate-0.17 M 
tartaric acid solution. The free hydroxylamlne hydrate in this solution 
is ~0.14 H. Even after this volume of strong acid haa been added to the 
solution, the pH drops relatively slowly as additional strong acid is 
added. Figure 2 also shows a titration of the same solution in 95X etha-
nol, which is useful as an assay method. The total amount of hydroxyl-
amlne can be determined even in the presence of tartaric acid. Figure 3 
shows a titration curve for 0,48 M hydroxylamine hydrate-0.14 M citric 
acid. This solution has a free hydroxylamlne concentration of only 
^0.05 H and shows a large capacity for strong acids without a major change 
in pH. 

3.4 DEFINITIVE TESTS 
After the scouting and shakeout tests had been completed, four 

detailed experiments were performed with periodic aqueous and organic 
samples taken as described in Sect. 2.4. The solvent feed for each of 
these tests had the following nominal composition: 0.1 mM zirconium, 
0.2 sM uranium, 0.4 nM DBP, and 0.3 nM HNO3. Actual analytical values for 
zirconium and uranium in the feed solvents are given with the results from 
the experiments. Filtering samples of the organic streams is necessary to 
distinguish between entrained material and material still dissolved in the 
organic. Visual observations from the four testB will be discussed first; 
then the detailed results from individual tests will be presented. 
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O R N L 0 W 6 8 4 - 4 0 6 

0.1 M HCI ADDED (mL) 

Fig. 2. Titration of 1 mL of 0.48 M hydroxylamine hydrate-0.17 H 
tartaric add In -100 mL water or In 95%~ethanol. "" 
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ORNL 0W6 8 4 - 4 0 6 

Fig. 3. Change of pH of 0.48 M hydroxylamlne hydrate solution con-
taining 0.14 M citric acid as nitriĉ  add is added. 
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3.4.1 Visual Observations 
In all cases where lnterfacial crud was observed, the crud appeared 

to consist of aqueous drops surrounded by a film-like skin. This skin Is 
thought to be a hydrous zlrconium-DBP material since no such crud was 
observed in the absence of zirconium, and since thin sheets or films were 
observed when these aqueous drops broke. The skin is probably similar to 
the layered structure compounds of zirconium that have been descriued 
p r e v i o u s l y . 1 0 in a n situations, It was possible to operate with the 
entire aqueous space of the settler filled with this crud by allowing the 
crud to exit with the aqueous underflow from the mixer. In these 
discussions, the presence of this interfacial crud makes it necessary to 
distinguish between crud problems and phase separation problems. The crud 
was present only on the aqueous-phase side of the interfaces and, while It 
would largely collapse if given time, It was not the type of interfacial 
emulsion commonly seen in solvent extraction systems. In some cases, nor-
mal interfacial emulsions were observed as layers of droplets on the organ-
ic side of the interface. This problem is relatively easily addressed by 
increasing the settling time or by decreasing the degree of mixing in the 
mixer. The Interfacial crud was so slow to collapse that Increasing the 
settling time is not a practical approach to a solution. 

In the test using sodium carbonate/tartrate, the Interfacial crud 
became substantial (>3.8 cm thick) In the first settler after ~1 h and 
remained substantial until ~4 h. During this time, small amounts of crud 
exited with the aqueous underflow. Then, rather suddenly, the total crud 
layer In the settler began to decrease until it was only -1.3 cm thick. 
Interfacial crud appeared at a later time in the second settler and 
substantial quantities were evident throughout the run; however, very 
little, if any, ever exited in the aqueoua underflow. Although some for-
mation was observed in the water settler, it did not represent a signifi-
cant problem. Entralnment of aqueous drops was observed in all organic 
streams leaving the settlers. 

In the run using hydroxylamine/tartaric acid, the Interfacial crud in 
the first settler became substantial within -1 h and remained substantial 
during the entire run. A small amount exited with the aqueous underflow 
but did not cause significant problems in the operation of the settler. 
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Interfacial crud was never a problem In Che second hydroxylamlne/tartarlc 
acid settler or In the water settler* Entralnment of small aqueous drops 
was observed In the exit organic streams from all the settlers. 

In the run using hydrazine/oxalic add, some white precipitate was 
observed In the bottom of the feed pot. (The precipitation of zirconium 
occurred only In this definitive test and may have affected the operation 
of the system.) The Interfaclal crud in the first settler initially 
increased for h, to the point where portions of the crud were exiting 
with the aqueous underflow, and then decreased steadily until It became 
relatively Insignificant (*1.3 cm) by 4 h into the run. The period where 
the crud began decreasing corresponds roughly with the time when the 
hydrazlne/oxallc acid solution started to become acidic. 

No significant crud layer was ever observed in the second settler. 
In contrast, the water settler suffered severe crud problems and was 
completely filled with emulsion. The system was shut down ~30 min into 
the run, and the water scrubber was switched to 5 nM HN03, This treat-
ment quickly resolved the emulsion problem, and the 5 nM HNO3 scrub solu-
tion was then continued for the duration of the test. The problem of 
severe emulsions in the water scrubber was not observed in the two 
earlier tests or in any of the scouting tests. Therefore, It appears to 
be unique to the hydrazine/oxallc acid system and may have resulted from 
a lack of ionic materials in the water scrubber* The use of a slightly 
acidic final scrub appeared to significantly decrease the entralnment of 
aqueous drops in the exit organic. 

The run using LlOH/sucrose scrub solutions was unique In that no evi-
dence of Interfaclal crud was seen In either of the LlOH/sucrose mixer-
settlers. Aqueous entrainment was not evident in the exit organic Stream 
from the first settler but was observed in the stream from the second 
settler. Approximately 2.5 cm of lumpy, white interfacial crud was seen 
in the water scrubber, and this scrub flow was then switched to 5 nM HNO3. 
The slightly acidic scrub ameliorated the crud problem and again resulted 
in very low aqueous entralnment from the final settler. The white crud is 
consistent with Incomplete removal of zirconium in the first two scrub-
bers. As the teit progressed, the dispersion of the aqueous and organic 
phases in'the first mixer increased, allowing a thicker emulsion band to 
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build up In the firBt settler. During the run, the mixer speed for the 
first mixer was first decreased from 600 rpm (Initial) to ~500 rpm at h 
into the run. Then, at ~3.5 h into the run, it was again decreased to 
440 rpm. These adjustments held the lnterfacial emulsion to less than, or 
equal to, 2.5 cm. It appears that one of the components of the con-
taminated solvent forms a surface-active ingredient to decrease the inter-
facial tension and more easily produce a dispersion. At the lowest mixing 
rate, the holdup of organic phase decreased to about 25 mL in the first 
mixer so that the residence time of the organic phase was reduced from 
~1.5 mln to only ~0.5 min. This increased dispersion, although not a 
serious problem, would require a somewhat different operation of the first 
mixer to Increase the contact time without creating a slow-settling 
emulsion. A similar increase in dispersion with tint was not seen in the 
second mixer, probably because little material was scrubbed from the 
solvent into that scrub solution. At the end of the test, the Interfaces 
of the first two mixers were absolutely clean with no evidence of any 
lnterfacial crud. However, a small amount of white crud was present in 
the third mixer. 

3.4.2 Sodium Carbonate/Tartrate Scrubbing 
The data from the sodium carbonate/tartrate experiment are shown in 

Tables 3 and 4. This test gave, by far, the best cleanup of the organic 
phase; uranium and zirconium removals from the filtered product were 
99.99% and >99.8%, respectively. These percentages are very high, con-
sidering the relatively short residence times and relatively low tem-
peratures used. Good separation of entrained material is very beneficial, 
as confirmed by the improvement in the removals after filtration. 
Figures 4 and 5 show, respectively, the zirconium and uranium remaining In 
filtered, Interstage organic samples as a function of time. Of particular 
Interest are the relatively high levels of both zirconium and uranium at 
the 2-h period for all samples, and at 4 h for the zirconium, in samples 
after the second and third mixer-settlers. A likely explanation of this 
anomaly is that, in startup, the suspended material that was generated 
persisted for long periods somewhere in the system. After the system had 
stabilized, the zirconium and uranium levels of all samples were low at 
6 h into the experiment. After 6 h, the system was shut down overnight 
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Table 3. Run data using sodium carbonate/tartrate scrubbing 

Stage number 
i B Y 1 3 

Mixer rate, rpm 720 720 600 

Stream flow rate, mL/min 

Organic 80 80 80 

Aqueous (recirculation) 50 50 50 

Hater makeup 10 10 10 

Total volume, mL 

Organic 38,000 38,000 38,000 

Aqueous 450 400 5,165 

Residence time, mln 

Mixers 1.5 1.5 1.5 

Settlers 2.0 2.0 2.0 



Table 4. Analytical data for eodlua carbonate/tartrate scrubbing 

Concentration (un/nL) 
Pranlua Z l r c o n l u . 

type of Average Average 
aaaple Initial 2 h 4 h 6 h 7.9 h feed Initial 2 h 4 h 6 h 7.9 h feed 

Fead* 42.1 _ __ 39.0 40.4 10.0 _ 11.0 10.8 
Feedb 41.1 — 39.3 11.0 — — 10.0 

Organic if 0.13 0.009 0.002 0.13 0.37 <0.018 <0.018 0.65 _ 
Organic 1 - 0.45 0.10 0.13 0.29 - - 14.0 0.10 0.61 1.5 -

Aqueous 1 1140. 1400. 2170. 3310. — • 180. 230. 280. 400. 

Organic 2? 
Organic 2° 

_ 0.2 0.015 0.014 0.025 _ _ 0.45 0.27 <0.018 0.37 Organic 2? 
Organic 2° - 0.36 0.042 0.026 0.026 - - 3.3 0.62 0. 0.74 — 

Aqueous 2 SO. 112. 241. 372. • — 10. 19. 35. 33. 

Organic 3* 
Organic 3 

_ 0.15 0.005 0.005 0.009 0.66 0.23 <0.018 0.28 Organic 3* 
Organic 3 - 0.46 0.38 0.008 0.012 - - 1.25 0.57 0.36 0.52 -

Aqueous 3 • 0.68 1.63 2.92 3.45 1.3 0.97 0.76 0.72 

Mixed product* _ _ 0.003 _ _ <0.018 _ 
Mixed product 0.062 0.39-

'Filtered, 
ttaflltered. 
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and than restarted the next day. Again, the zirconium levels, and to some 
extent the uranium levels, were elevated. These results suggest that 
startup operations can lead to low decontamination (undesirable) factors. 
Operation at steady states, as would normally be the case in a plant, 
appears to give excellent cleanup. The ratio of the total organic volume 
to the total aqueous volume treated over the 7.9-h run in the two IBdiUtt 
carbonate/tartrate scrubbing stages was 43. 

Table 5 gives the location of the uranium and zirconium at the end of 
the run. Nearly all the soluble zirconium and almost 90% of the uranium 
were found in the first aqueous. The zirconium material balance (52%) 
indicates some insoluble zirconium, most of which was undoubtedly present 
in the first scrubber as interfsclal crud. The uranium was all accounted 
for (107%) in solution and, therefore, must be en Insignificant constit-
uent of the crud. 
3,4.3 Hydroxylamlne/Tartarlc Acid Test 

Detailed data for the hydroxylamine/tartaric acid test are given In 
Tables 6 and 7. The overall cleanup in this test was not nearly as good 
as that obtained with sodium carbonate/sodium tartrate scrubbing. The 
final uranium and zirconium contents of the filtered product showed remov-
als of 96.8 and 92.7%, respectively. Removals for filtered samples In 
this test were not significantly lower than those for unfiltered samples, 
as contrasted with the sodium carbonate/sodium tartrate test. This pre-
sumably means that entralnment is less of a problem when the hydroxylamine 
system is used. The increases of both uranium and zirconium contents in 
the organic effluent from the stages with time indicate that the effec-
tiveness of the hydroxylamine system declines as the aqueous scrub is 
loaded. Another, perhaps related, problem observed during this run was 
the lose of hydroxylamine. By the end of the run, the hydroxylamine pres-
ent in the first aqueous (by titration in 95% ethanol with standard HC1) 
had declined from 0.48 to 0.22 M. Only - 25% of the loss can be accounted 
for by reaction with the contaminants in the organic feed. The hydroxyl-
aalne in the second aqueous was only 18 M; thus, very little of the loss 
can occur by reaction with materials scrubbed from the organic phase. 
Scouting testa found that hydroxylamlne is slowly oxidized by oxygen, even 
in'the allghtly acidic scrub solutions. The half-time for oxidation by 
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Table 5. Location of uranium and zirconium8 at end of 
•odium carbonate/tartrate test 

Total (mg) 
Location Cranium • Zirconium 

Aqueous 1 1407 170 
Aqueous 2 140 12 

Aqueous 3 11 5 

Product 2 15 

Sum 1560 202 

In feed 1537 408 

In crud^ -0 206 

'Material balances: uranium • 101%; zirconium « 
50%. . 

By difference. 
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Table 6. Run data using hydroxylamine/tartarlc acid scrubbing 

Stage number 

Mixer rate, rpm 880 

Stream flow rate, mL/mln 

Organic 70 

Aqueous 50 

Water makeup 10 

Total volume, mL 

Organic 37,000 

Aqueous 350 

Aqueous scrub 

Initial pH 6.0 

Final pH 4.5 

Final hydroxylamlne conc., M 0.22 

Residence time, mln 

Mixers 1.6 

Settlers 2.1 

840 

70 

50 

10 

37,000 

300 

6.0 
4.1 

0.18 

1.6 
2 . 1 

520 

70 

50 

10 

37,000 

5,660 

1.6 
2.1 



Table 7. Analytical data for hydroxylaalne/tartarlc add scrubbing 

Concentration ( m M ) 
Btnlai Zlrcoolua 

Type of 
M » l t Initial 2 b 4 h 6 h 8.8 h 

Average 
feed Initial 2 7 4 h 6 h 8.8 h 

Average 
feed 

?MJ* 39.7 46.4 _ 41.2 10.0 _ 11. 10.8 
r«*db 40.2 38.4 — 

— 11.0 11. — — 

Organic if 0.29 4.04 14.7 11.8 _ _ 0.37 0.97 1.2 1.3 
Organic 1° - 0.32 4.54 8.38 9.07 - - 0.36 1.3 5.3 1.6 -

Aqoeoos 1 • 1600. 3080. 4330. 4090. 210. 430. 590. 670. 

Organic 2* 0.33 1.21 3.89 3.86 _ 0.43 0.71 1.2 0.73 _ 
Organic 2 - 0.13 0.S1 1.44 3.27 - - 0.36 0.39 0.79 0.64 — 

Aqoeoua 2 • 42.3 257. 443. 625. 22. 54. 150. 120. 

Organic 37 8.73 1.20 2.20 3.45 _ _ 0.96 0.73 0.85 0.77 
Organic 3d - 48.2 1.47 3.15 4.91 - - 10. 0.38 0.67 0.58 -

Aqueous 3 — 1.22 4.29 15.2 21.7 1.1 4.9 5.8 5.3 

Mind product? _ _ — 1.33 _ _ _ _ _ 0.78 
Mixed product • 1.36 0.82 

^Filtered. 
TJnflltered. 
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air at 45°0 In an unmixed, sealed vessel Is ~70 h — a rate too slow to be 
the source of the hydroxylamlne loss observed here. Volatilization of the 
hydroxylamine is, of course, a possibility. In any case, the loss in the 
BRET system would be much lower than we observed since the cover gas in 
BRET will be low in oxygen and the system could be operated with less 
interchange of gas. 

Figures 6 and 7 show, respectively, the zirconium and uranium 
remaining in filtered interstage organic samples as a function of time. 
It Is reasonable to assume that some sort of upset may have occurred at 
the beginning of the run since the water scrubber is apparently adding 
both uranium and zirconium to the organic phase. Note that the unflltered 
sample of organic leaving the water scrubber at 2 h shows very high ura-
nium and zirconium concentrations and that most of the material was 
filtered out. Both of these results suggest the presence of particulate 
material. An alternate explanation might be contamination of the sample; 
however, it is difficult to determine where such a high level of con-
taminants could have originated. The figures show deterioration of the 
removals of uranium as a function of time; overall zirconium removals were 
relatively constant. 

Table 8 gives the final locations of the uranium and zirconium in 
this test. As before, the bulk of the soluble uranium and zirconium was 
found in the first aqueous. The uranium material balance was 114%, indi-
cating that very little, if any, uranium was present in the crud. The 
zirconium material balance (81%) was higher than that observed in the 
sodium carbonate/sodium tartrate test, indicating less insoluble zir-
conium. The increased zirconium solubility is probably due to the higher 
concentration of tartrate in the hydroxylamlne run. 
3.4.4 Hydroxylamlne/Cltric Acid Teat 

In this scouting test, scrubbing was done with one hydroxylamlne/ 
citric add solution followed by a sodium carbonate/tartrate solution and, 
finally, water. This system would allow'the hydroxylamlne scrubber to 
remove the bulk of the material. The better scrubbing ability of the 
sodium carbonate/tartrate scrubber would ensure more efficient removal of 
contaminants and provide conversion of the long-chain acids to sodium salts 
so they could be removed in the water scrubber. This experiment was not 
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Table 8. Location of uranium and zirconium8 at end of 
hydroxylamlne/tartarlc acid 

Uranium Zirconium 
Location (m«) (ma) 

Aqueous 1 1330 217 

Aqueous 2 172 33 

Aqueous 3 60 24 

Product 50 30 

Sum 1612 304 

In feed 1524 398 

In crud^ -0 94 

aMaterlal balances: uranium - 106%; zirconium -
76%. . 

By difference. 
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completely satisfactory since the zirconium was largely present as 
suspended precipitate; however, the results do serve to Illustrate the 
potential value of the combined system* An additional drawback to proper 
Interpretation of the data obtained In this run Is the lack of filtered 
samples, except for filtered samples of the feed and product, which were 
taken and analyzed several months after completion of the test* Detailed 
data for this test, given In Tables 9 and 10, show good overall perfor-
mance of the system with uranium and zirconium removals of 99.9 and 
>99.8%, respectively. This system is nearly as effective as the system 
consisting of two sodium carbonate/tartrate scrubbers. Table 11 gives the 
final locations of the uranium and zirconium. Most of the material was 
found In the first aqueous scrub solution; however, almost half of each 
element was unaccounted for, probably due to the precipitation noted at 
the beginning of the test. 
3.4.5 Hydrazlne/Oxalic Acid Test 

The hydrazine/oxalic acid test was included to give a parallel eval-
uation of the performance of this system, which has been proposed pre-
viously.^ Detailed data are presented in Tables 12 and 13. The 
analytical data for the filtered and unflltered samples are In disagree-
ment since, for many cases, the former contain more uranium and/or zir-
conium than do the latter. This problem has not been resolved; therefore, 
results for the filtered samples should be used for comparison with the 
other tests since analytical difficulties with them are less likely. The 
free hydrazine hydrate was <50% of that recommended for a high-capacity 
scrub solution. Thus, it is not surprising that the interstage organic 
samples began to show Increased uranium and zirconium levels relatively 
early in the run. Figures 8 and 9 show, respectively, the zirconium and 
uranium concentrations in the filtered Interstage samples as a function of 
time. No evidence of an initial upset condition is seen. Both uranium 
and zirconium were significantly removed by the water scrubber at early 
times. This early removal, which was not observed in the other tests, can 
probably be attributed to the fact that DBP is more rapidly scrubbed from 
such solutions by hydrazine oxalate than is uranium.1* The overall remo-
vals of uranium and zirconium in the test, 99.9 and 93.5%, respectively, 
were quite good, considering that the system had become relatively acidic 
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Table 9. Run data using hydroxylamlne/cltrlc acid followed 
by sodium carbonate/tartrate scubblng 

number 
1 2 3 

Mixer rate, rpm 600a 640 600 
Stream flow rate, mL/min 

Organic 50 50 50 
Aqueous (recirculation) 50 50 50 

Water makeup 12 12 12 
Total volume, mL 

Organic 40,000 40,000 40,000 

Aqueous 500 450 9,987 
Aqueous scrub 

Initial pH 6.1 - -

Final pH 4.9 - -

Final hydroxylamlne conc., M 0.23 - -

Residence time, min 

Mixers 1.9 1.9 1.9 
Settlers 2.5 2.5 2.5 

aIncreased to 900 rpm at 1 h. 
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Table 10. Analytical data using a hydroxylamlne/citrlc acid 
scrubber followed by a sodium carbonate/tartrate scrubber 

Feedf 
Feed0 

Organic ll 
Aqueous 1 

v 
Organic 2 
Aqueous 2 

Concentration (u*/mL) 
Uranium Zirconium 

Type of sample Initial 2 h 13.3 h Initial 2 h 13.3 h 

18.2 

0.18 
tm 

0.073 

20. 

1.03 
665. 

0.23 
146. 

191 

<0.018 

0 .11 

2.2 
8.4 

2.1 
210. 

0.47 
160. 

Organic 3 
Aqueous 3 

Mixed product* 
Mixed product 

0.062 0.16 
1.49 

0.016 
0.02 

<0.018 1.1 
1.10 

<0.018 
0.094 

'Filtered. 
Unfiltered. 
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Table 11. Location of uranium and zirconium at end of test 
using hydroxylamlne/cltric acid followed by 

sodium carbonate/tartrate 

Total (jmfi?a 
Location Uranium Zirconium 
Aqueous 1 332 105 

Aqueous 2 66 72 

Aqueous 3 15 11 
Product 0.8 4 

Sum 414 192 
In feed 764 336 
In crudb 350 144 

^Material balances: uranium - 54%; zirconium - 57%. 
By difference. 
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Table 12. Run data using hydraeine/oxallc add scrubbing 

1 2 3 

Mlxar rate, rpm 650 650 500 
Stream flow rata, mL/mln 

Organic 80 80 80 

Aqueous (recirculation) 50 50 50 

0.005 M HNO makeup® 10 10 10 

Total volume, mL 

Organic 36,000 36,000 36,000 

Aqueous 350 300 4,865 

Aqueous scrub 

Initial pH 7.57 7.57 -

Final pH 3.4 > 4.6 3.5 

Residence time, mln 

Mixers 1.5 1.5 1.5 

Settlers 1.9 1.9 1.9 

"Water makeup for first hour. 



Table 13. Analytical data for hydraslne/oxallc add scrubbing 

Concentration (iig/«L) 
Branlaa Zirconium 

Type of Average Average 
SMPl* Initial 2 h 4 h 7.5 h feed Initial 2 7 4 h 7.5 h feed 

Feed* 40.2 _ 49.6 45.5 5.1 4.4 4.4 
Feedb 46.8 • 45.4 4.8 • • 3.5 • 

Organic 1? 0.59 2.83 6.51 0.53 1.6 1.8 
Organic 1 - 0.015 0.12 1.89 - • <0.018 1.4 2.5 -

Aqueous 1 • 1510. 4360. 5000. 200. 580. 640. 

Organic 2? 
Organic 2 

0.39 0.030 0.085 0.25 0.8 1.1 Organic 2? 
Organic 2 - 0.11 0.097 0.065 - - 0.61 l . l 1.2 -

Aqueous 2 • 374. 59.2 625. 130. 26. 150. 

Organic 3* 
Organic 3 

0.058 0.30 0.36 <0.018 0.82 0.87 Organic 3* 
Organic 3 - 0.019 0.12 0.94 - <0.018 0.88 1.1 -

Aqueous 3 • 12.4 14.4 3.14 — 
— 5.3 5.3 1.2 • 

Mixed product? — — - 0.062 - — — _ 0.29 — 

Mixed product 0.45 0.20 

^Filtered. 
Hlnflltered. 
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Fig. 8. Zirconium found in filtered solvent samples after scrubbing 
with hydrasine/oxallc add solutions. 
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Fig. 9. Uranium found In filtered solvent samples after scrubbing 
with hydraslne/oxallc acid solutions. 
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by the end of the run. The pH values of the first and second aqueous 
phases were 3.4 and 3.5, respectively. 

Table 14 gives the final locations of the uranium and zirconium* As 
before, the bulk of each element is in the first aqueous stage* The 
material balance of zirconium is based on the approximate amount of zir-
conium added to Che feed since significant precipitation of zirconium 
occurred In this organic preparation. The uranium material balance is 
122%, Indicating essentially no uranium in the lnterfaclal crud. The 
relatively high uranium material balance probably reflects inaccuracy in 
the initial feed concentration, and the relatively small discrepancy in 
zirconium found vs that added Indicates a relatively small amount of zir-
conium in the lnterfaclal crud. 

Table 14. Location of uranium and zirconium at 
hydrazine oxalic acid test 

end of 

Location 
Total (mg) 

Uranium Zirconium 

Aqueous 1 1625 208 

Aqueous 2 172 41 

Aqueous 3 49 19 

Product 16 7 

Sum 1862 275 

In feed 1638 360 

In crudb -0 85 

^Material balances: uranium - 114%; zirconium • 76%. 
By difference. 
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3.4.6 L10H/Sucrose Test 
The LiOH/sucrose test wss included to determine whether this system 

(discovered in recent laboratory tests) has any advantages over more tra-
ditional systems. Detailed data are given in Tables 15 and 16. The zir-
conium concentration in the feed organic was about twice that intended, 
but that fact should not have seriously affected the results. Figures 10 
and 11 show the zirconium and uranium concentrations, respectively, In the 
filtered interstage samples as a function of time. There is no evidence 
of an initial upset condition. The uranium and zirconium removals by the 
first two scrubbers showed a rather rapid decline, followed by a fairly 
constant performance during the last 3 h of the test. The fairly large 
removal of uranium in the water scrubber Indicates that this system 
affords more effective removal of DBP than metal Ions in the first two 
scrubbers. The overall removals of uranium and zirconium were 98.6 and 
81.6%, respectively. The low zirconium removal is consistent with the 
white interfaclal precipitate observed in the water scrubber. 

Table 17 gives the final locations of uranium and zirconium. These 
results indicate that the bulk of the uranium was found in the first 
aqueous scrubber, but the fraction of zirconium there is considerably 
less. All of the uranium was accounted for (119%), but only 47% of the 
zirconium was found. The remaining zirconium must have been present in 
the interfacial crud In the water scrubber since no interfacial crud was 
formed in either of the first two scrubbers. 
3.4.7 Comparison of Tests 

Table 18 gives a comparison of the removals of uranium and zirconium 
for the various tests, based on the average cation contents of the 
filtered organic entering the stage. The first stage of the sodium 
carbonate/tartrate test removed virtually all of the uranium and zirconium 
fed to it. The subsequent sodium carbonate/tartrate stage was apparently 
much less effective, although this may be an artifact because of the small 
amount of material feeding Into the second stage. The water scrubber 
apparently removed a small amount of uranium. The hydroxylamlne/tartaric 
add scrub stages were much less effective, but a second stage did remove 
a significant additional amount of uranium and zirconium; water scrubbing 
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Table 15. Run data using LlOH/sucrose scrubbing 

Stage number 
1 J 

Mixer rate, rpm 500 600 480® 

Stream flow rate, mL/mln 

Organic 80 80 80 

Aqueous (recirculation) 50 50 50 

0.005 M HN03 makeups 10 10 10 

Total volume, mL 
Organic 35,000 35,000 35,000 

Aqueous 400 350 4,745 
Residence time, min 

Mixers 1.5 1.5 1.5 

Settlers 1.9 1.9 1.9 

^Reduced to 440 rpm at 3.5 h. 
Water makeup for first h. 



Table 16. Analytical data for LlOH/sucrose scrubbing test 

Concentration (pg/aL) 
Uranium Zirconium 

Type of Average Average 
sasple Initial 2h 4_h 7.2 h feed Initial 2 7 4_h 7.2 h feed 

Feed* 
Feedb 

36.8 
44.8 

39.2 
40.7 

40.4 18.0 
20.0 

18.0 
18.0 

18. 5 

Organic 
Organic i 
Aqueous 1 

1.85 
1.87 

1660. 

9.43 
10.0 

2960. 

17.4 
7.53 

3700. 

2.4 
2.3 

128. 

6.9 
7.3 

530. 

6.1 6.0 
320. 

Organic 
Organic 2 
Aqueous 2 

2.21 
4.05 
55.5 

6.11 
10.7 
90. 

5.69 
10.5 
312. 

2.3 
2.3 
19. 

3.7 
3.2 
53. 

3.8 
2.9 

99. 

Organic 
Organic 3 
Aqueous 3 

1.01 
2.01 
4.19 

2.41 
4.04 
1.47 

0.75 
0.45 
29. 

2.0 
1.8 
0.25 

2.2 
1.7 2.6 

2.0 
1.8 
2.1 

Mixed product. 
Mixed product 

0.56 
2.39 

3.4 
3 .8 

^Filtered, 
f̂ofiltered. 
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Table 17. Location of uranium and zirconium at end of 
LlOH/sucrose test 

Total (mg)a 
Location Uronlum Zirconium 

Aqueous 1 1388 120 

Aqueous 2 109 32 

Aqueous 3 3.6 9.5 

Product 84 133 

Sum 1577 306 

In feed 1414 648 

In crud^ -0 354 

^Material balances: uranium • 111%; zirconium • 45%. 
By difference. 



Table 18. Effectiveness of individual stages 

Uranium (Z removed from stage feed) Zirconium (Z removed from stage feed) 
Type of scrub Stage 1 Stage 2 Stage 3 Overall Stage 1 Stage 2 Stage 3 Overall 

Na2C03/tartrate 99.8 6.3 33 99.99 97.5 - - >99.8 

Hydrazine/oxalic acid 92.7 84.5 53.2 99.9 70.6 45 20.8 93.5 

Hydroxylamine/tartaric 81.3 70 - 96.8 91.1 20 - 92.7 
acid 

Hydroxylamine/citric 97 75 26,7 99.9 87.4 72.6 - >99.8 
acid 

LlOH/sucrose 76.3 51.1 70.2 98.6 72.2 36.3 36.7 81.6 
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was Ineffective in additional removal. Hydrazine/oxalic acid scrub 
stages were of intermediate effectiveness; they would have performed 
better If the concentration of hydrazine hydrate had been higher. Hater 
scrubbing was significantly effective, probably due to a greater propor-
tion of DBP than metal ions being removed by the hydrazine scrubbers.8 
The combination of hydroxylamlne/citric acid followed by sodium 
carbonate/tartrate was relatively effective, with both scrub systems 
giving large fractional removals of metal ions. This system again 
demonstrates the superior performance of sodium carbonate/tartrate scrub-
bers. The first stage of the LlOH/sucrose test removed only 76 and 72% 
of the uranium and zirconium, respectively. This case gave the poorest 
performance of any of the systems tested and Is somewhat surprising, con-
sidering the highly basic nature of the scrub solution. The second 
scrubber removed a substantial amount of the remaining uranium and zir-
conium, as would be expected considering the amounts remaining in the 
organic phase. The water scrubber also removed a considerable amount of 
the remaining cations, particularly the uranium* The large percentage 
uranium removal may be chemically significant in suggesting that the 
fraction of the DBP removed by the first two scrubbers was greater than 
the fraction of the cations removed* 

The final, filtered product organics were examined for plutonium 
retention by extracting plutonium and a nitric acid solution followed by 
three equal-volume water scrubs. The DBP remaining in the organic phases 
was estimated to be equal to 1 mol of DBP per mol of retained plutonium. 
These estimates of DBP were used to calculate the overall removals of DBP, 
and the latter values vera then compared with the overall removals of ura-
nium and zirconium (Table 19). In most cases the three fractional remov-
als were comparable, indicating that all contaminants are removed to about 
the same degree. A notable exception is the large differences found for 
the LlOH/sucrose system. Apparently, this system does not remove zirconium 
as effectively as it removes uranium or DBP. This conclusion is in agree-
ment with the observed precipitation of zirconium In the water scrubber 
when this system was used. In addition, It suggests that an improved final 
scrub solution for this particular system would have a higher nitric acid 
concentration to allow zirconium stripping without precipitation. 
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Table 19. Overall removals 

Percent removed 
Scrub solution Uranium Zirconium DBP 

Sodium carbonate/tartrate 99.99 >99.8 99.5 

Hydrazlne/oxallc aclda 99.9 93.5 99.6 

Hydroxylamlne/tartaric 
acid 

96.8 92.7 94.5 

Hydroxylamine/citric 
acid® 

99.9 98.9 99.3 

LlOH/sucrose 98.6 81.8 98.2 

aPreclpltate In feed. 

Table 20 gives the overall material balance for the metal Ions. All 
systems, except the hydroxylamlne/cltrlc acid, showed a complete account-
ing for uranium, indicating no precipitation. The hydroxylamine/citric 
acid system was tested before difficulties with preparation of the organic 
feed had been resolved and was found to show significant precipitation 
before feeding to the first mixer-settler. In contrast, a complete 
accounting for zirconium was not possible in any case. The systems using 
hydrazine/oxalic acid or hydroxylamine/tartaric acid gave the best 
material balances for zirconium. In these systems, a fairly large con-
centration of oxalate or tartrate was present to complex and solubillze 
the zirconium. The sodium carbonate/tartrate was not as successful In 
solublllzing zirconium, probably because of the low concentration of 
tartrate. It may be possible to improve this latter system by increasing 
the concentration of sodium tartrate. 

Table 21 gives the percentages and quantities of zirconium removed 
from product samples by filtration. Note that the run with hydrazine/ 
oxalic acid showed a gain in zirconium after filtration; it is likely 
that some of the analyses are inaccurate. The fraction of zirconium 
removed by filtration is large each time a sodium carbonate/tartrate 
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Table 20. Metal-Ion material balances 

Percent found 
Scrub solution Uranium Zirconium 

Sodium carbonate/tartrate 107 52 

Hydrazine/oxalic aclda 122 82 

Hydroxylamine/tartarlc acid 114 81 

Hydroxylamlne/cltrlc acid8 54 57 

LiOH/sucrose 119 47 

aPreclpltate In feed. 

scrubber was used, suggesting generation of particulate material or 
aqueous-phase entrainment. This conclusion 1s consistent with the 
earlier observation that during startup this system is prone to upsets, 
primarily appearing as high levels of entrained material. 

4. RECOMMENDATIONS 

The best solvent cleanup results were obtained using sodium 
carbonate/tartrate solutions, and this system should be used if the quan-
tity of sodium generated by it does not present a waste management 
problem. The fact that the hydroxylamlne hydrate/tartarlc acid system 
showed a greater zirconium solubility may suggest that a tartrate con-
centration >0.02 M would be beneficial to the sodium carbonate/tartrate 
system. Even though interfaclal crud was present in the sodium carbonate/ 
tartrate system, it did not cause difficulties. In fact, when the 
aqueous scrub solution was loaded to a reasonable extent, less inter-
facial crud was present in the first sodium carbonate/tartrate scrubber 
than in any other system except LiOH/sucrose. The use of a basic sodium 
system has, the additional advantage of converting long-chain organic 
acids and some secondary complexants to sodium salts, which can then be 
removed by a water scrub. No emulsions were observed when a water scrub 
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Table 21. Fraction of filterable zirconium in product 

System 

Sodium carbonate/tartrate 

Hydrazine/oxallc acid 

Hydroxylamlne/tartarlc acid 

Hydroxylamlne/cltric acid® 

LlOH/sucrose 

Zirconium removed by filtering 
w 

>95.4 

gain 

4.9 

80.9 

10.5 

0.37 

0.04 

0.076 

0.4 

aSecond scrubber used sodium carbonate/tartrate. 

was used In combination with sodium carbonate/tartrate scrubbing, but 
this may have been because a small amount of sodium carbonate/tartrate 
(-0.001 M) was present by entrainment. The effluent organic stream from 
scrubbing with sodium carbonate/tartrate should be filtered, since the 
results of the tests described here indicate that this scrub solution is 
prone to the generation of entrained material. 

The only reason to consider use of any scrub system besides the 
sodium carbonate/tartrate (or similar ones) would be avoidance of sodium 
In the waste. If this requirement must be taken into consideration, the 
best alternative would be one of the hydroxylamlne systems followed by a 
sodium carbonate/tartrate scrubber. The hydroxylamlne system would remove 
the bulk of the contaminants and greatly decrease the need for makeup 
sodium carbonate/tartrate. With the use of a single sodium carbonate/ 
tartrate scrubber, one would still have the option of using a final water 
or very dilute salt-containing scrubber to remove the long-chain acids. 

The hydrazlne/oxalic add scrubber performed approximately es 
expected and should give good scrubbing performance in a reprocessing 
plant. However, the volatility, toxic, and carcinogenic properties of 
hydrazine,12 and, in particular, its possible conversion into hydrazolc 
acid1^ would make the adoption of this system very difficult. 
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The LlOH/sucrose system is Interesting since it is highly capable of 
•olublllclng cations in basic media and does not generate any lnterfaclal 
crud* However, its overall performance, which was intermediate between 
the best scrubbers (sodium carbonate/tartrate and hydrazine/oxalic acid) 
and the hydroxylamine-containing systems, and its current state of devel-
opment make this system unsatisfactory for BRET solvent cleanup. 
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