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SEPARATION SCIENCE AND TECHNOLOGY, 27(1 l), pp. 1389-1405, 1992 

Partitioning of Polymeric Plutonium(1V) in Winsor II 
Microemulsion Systems 

D. J .  CHAIKO 
CHEMICAL TECHNOLOGY DIVISION 
ARGONNE NATIONAL LABORATORY 
ARGONNE. ILLINOIS 60439 

Abstract 
The hydrolysis and polymerization of Pu( IV) can cause serious problems during 

the aqueous processing of spent fuel and nuclear wastes. Several studies describing 
the liquidlliquid extraction behavior of polymeric Pu(1V) have been reported in 
the literature. In many cases, poor plutonium extraction was accompanied by the 
appearance of an interfacial crud or third phase. Invariably, poor mass balances 
were observed during the extraction of aged, colloidal Pu(1V). Extraction of col- 
loidal Pu( IV) by microemulsion-based solvent extraction systems, however, is 
capable of attaining bulk phase mass balances for Pu of 100%. The Winsor I1 
microemulsions discussed in this paper consisted of sodium bis(2-ethylhexyl) 
sulfosuccinate in hexane with either octylphenyl-N,N-diisobutylcarbamoylmethyl- 
phosphine oxide or tributyl phosphate as coextractant. fiackextraction of plutonium 
from microemulsion phases was achieved by Pu encapsulation in silica particles 
that were produced by the acid-catalyzed hydrolysis and polymerization of tetra- 
ethoxysilane within the aqueous microdroplets of the microemulsion. 

INTRODUCTION 
The hydrolysis and polymerization of Pu(IV) can cause serious problems 

during the aqueous processing of spent fuel and nuclear wastes. The poly- 
mer is resistant to extraction by ion exchange and leads to emulsification 
and interfacial crud formation during solvent extraction (1). In aqueous 
solutions, the polymeric Pu(IV) species is easily distinguished from the 
monomeric Pu(IV) species by the intense green color of the polymer. The 
polymer exhibits a marked resistance toward depolymerization, which in- 
creases with aging at high temperatures or for extended periods of time at 
room temperature. The aging process is believed to involve the replacement 
of hydroxy bridges between Pu atoms by 0x0 bridges (2). The polymer 
carries a net positive charge and is readily adsorbed onto a wide variety 

1389 

Copyright 0 1992 by Marcel Dekker, Inc. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
3
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1390 CHAIKO 

of surfaces (3). The reported molecular weight of polymeric Pu(1V) varies 
widely-from a low of about 4000 to a maximum of 10'" (I). Polymer 
formation is highly dependent on temperature, the concentrations of 
Pu(1V) and hydrogen ion, and the presence of other metal ions in solution 

The ability of Pu(1V) to form hydrous polymers is not unique. Other 
tetravalent ions (such as Zr, Hf, Ce, Th, and U) also form polymeric 
species. With the exception of U and Pu, however, the polymeric species 
are in equilibrium with low molecular weight intermediates. In the case of 
U and Pu, hydrolysis leads to very rapid polymerization, producing par- 
ticles of colloidal dimensions that appear not to be in equilibrium with 
each other or with the monomeric species (5 ) .  The existence of hydrolyzed 
Pu dimers, trimers, and other such low molecular weight species has never 
been demonstrated experimentally (I, 5 ) .  

Several studies concerning the partitioning of polymeric Pu(IV) in liquid/ 
liquid extraction systems have been reported in the literature. Ockenden 
and Welch (3) found only negligible extractability of the polymer by di- 
butylcarbitol, trifluorothiophenoxylacetone, and tributyl phosphate (TBP). 
Each of these solvents is known to be effective for monomeric Pu(1V) 
extraction. Only dibutyl phosphate was able to promote reasonably high 
partition coefficients for polymeric Pu(1V). The authors also noted the 
formation of an interfacial crud during all of the partition experiments. 

In a more recent study, Muscatello et al. (6) reported that the extraction 
of polymeric Pu(1V) could be achieved with the neutral extractant T O P 0  
(trioctylphosphine oxide) and the bifunctional extractants DHDECMP 
(dihexyl-N,N-diethylcarbamoylmethyl phosphonate) and CMPO (octyl- 
phenyl-N,N-diisobutylcarbamoylmethylphosphine oxide). However, poor 
Pu mass balances were observed during all extractions of aged Pu polymer, 
and extractions by DHDECMP were accompanied by severe emulsion and 
interfacial crud formation. The appearance of interfacial cruds has also 
been reported during the extraction of aged polymeric Pu(IV) with 
HDHoEP (bis(hexoxyethy1) hydrogen phosphate) and H,MEHP (2-ethyl- 
hexyl dihydrogen phosphate) (7). 

The use of water-in-oil microemulsion systems for the separation and 
recovery of metal ions (8-lo), amino acids ( I I - I 4 ) ,  and proteins (15-18) 
from aqueous solutions has received considerable attention over the past 
10 years. And while the successful extraction of a hydrolyzed metal species 
(FeOH*+) from weakly acidic solutions by a microemulsion system con- 
sisting of dinonylnaphthalene sulfonic acid (HDNNS) and 53-diethyl-7- 
hydroxy-6-dodecanone oxime has been reported (I 9, 20), microemulsion- 
based solvent extraction systems have not previously been examined for 
possible applications in the separation and recovery of hydrous, polymeric 
species. 

( 1 ,  4 ) .  
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PARTITIONING OF POLYMERIC PLUTONIUM(IV) 1391 

Because of the dynamic nature of reversed micelles, the interior aqueous 
phase and the surfactants are rapidly exchanged between interacting mi- 
celles and the macro oil/water interface (21,22). Thus, a mechanism exists 
for the direct transfer of hydrated species from the bulk aqueous phase to 
the aqueous micelle core. This feature permits protein extraction and sep- 
aration while retaining the primary hydration shell surrounding the protein 
and thus preserving enzyme activity. Hydrous metal polymers represent 
yet another type of macromolecule for which microemulsion-based ex- 
traction systems may provide enhanced extraction performance. 

In the present work, the partitioning behavior of polymeric Pu(IV) be- 
tween aqueous H N 0 3  solutions and organic phases containing the extrac- 
tants CMPO and TBP was studied. The performance of these conventional 
solvent systems is compared with microemulsion formulations containing 
these extractants in combination with the surfactant sodium bis(2-ethyl- 
hexyl) sulfosuccinate (AOT). Plutonium partitioning data are discussed in 
terms of an extraction mechanism that involves the competitive adsorption 
of the Pu-extractant complex between the macro liquid /liquid interface 
and the micro liquid/liquid interface of reversed micellar aggregrates. A 
novel approach to backextraction from loaded microemulsion solvents is 
presented, which involves the encapsulation of the extracted metal species 
in an SiOz network. The encapsulation network is generated in situ by the 
hydrolysis of tetraethoxysilane (TEOS). 

EXPERIMENTAL SECTION 

Materials 
TEOS (tetraethoxysilane, 99+ %) and gold-labeled TBP were purchased 

from Aldrich. CMPO (99+%) was supplied by the Separation Science and 
Technology Section, Chemical Technology Division, Argonne National 
Laboratory (ANL). The aged, polymeric plutonium(1V) was supplied by 
H. Diamond, Chemistry Division (ANL). The details of its preparation 
are given elsewhere (7). All other chemicals were reagent grade or better. 

Methods 
Distribution ratios of polymeric Pu(IV) between aqueous HN03 solu- 

tions and organic solvents containing either CMPO, TBP or CMPOIAOT, 
TBP/AOT mixtures were measured at an aqueoidorganic phase ratio of 
1 and a total liquid volume of either 1 or 2 mL. All equilibrations were 
carried out at 25°C using a thermostated water bath. With the exception 
of the TBP/AOT system, extraction equilibrium was reached after 1 min 
of contact using a vortex mixer. The phases were separated by centrifu- 
gation for a period of 10 min to produce two clear phases. For the TBP/ 
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AOT systems, the two phases were vortexed for 1 min and then placed in 
a thermostated bath at  25°C where the two phases were allowed to remain 
in contact overnight (>12 h). All 239Pu distribution ratios, Dpu, were de- 
termined by measuring the alpha activity in appropriate aliquot sizes from 
each phase with a liquid scintillation counter (Packard TriCarb). Extraction 
equilibrium was considered to have been reached when the Pu distribution 
ratios were the same regardless of whether the Pu polymer was added first 
to the organic phase or to the aqueous phase. Organic phase water con- 
centrations were measured by Karl Fischer titration using a Metrohm 652 
KF-Coulometer. The organic phase hydrogen ion concentrations were mea- 
sured by direct titration of organic phase aliquots with standardized iso- 
propanol solutions of tetrabutylammonium hydroxide. 

Plutonium partitioning between bulk aqueous and organic phases and 
the liquid/liquid interface was measured using the following procedure. 
The organic and aqueous phases were equilibrated, and portions of the 
top and bottom phases were removed and placed in separate vials for 
sampling. The remaining interphase region and the bulk phase samples 
were then recombined, and a sufficient volume of a 1 : 1 acetone:Triton 
X-100 solution was added to produce a homogeneous, optically transparent 
emulsion. The amount of Pu adsorbed at the liquid/liquid interface was 
determined from a mass balance of the alpha activity present in the indi- 
vidual bulk phases and the recombined-emulsified sample. The amount of 
Pu adsorbed at the liquid/solid interface in the test tube was determined 
from a mass balance of the alpha activity originally put into the system 
and the amount recovered from the bulk phases and the liquid/liquid 
interface. 

Samples for transmission electron microscopy (TEM) were prepared by 
depositing 8 pL droplets of the particle suspensions on Formvar-coated 
copper grids and drying on filter paper at room temperture. Before dep- 
osition, the particle suspensions were diluted 1 : 100 with n-hexane and 
sonicated for 15-30 s. 

RESULTS AND DISCUSSION 

Polymeric Pu(IV) Structure 
In past studies of polymeric Pu(IV) extraction, detailed information on 

the size and shape of the polymeric species was not available. Questions 
regarding the effect of polymer molecular weight and structure on extract- 
ability, therefore, remain unanswered. In the present study, the polymeric 
Pu(IV) was previously characterized by small angle neutron scattering 
(SANS) (7). It is identified as Sample 4 from Table 1 in the publication 
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by Thiyagarajan et  al. (7). The SANS data indicated that in aqueous so- 
lutions the polymer is an elongated particle having a diameter of 22 ? 3 A 
and a length of 120 ? 10 A. The x-ray diffraction lines agreed with those 
of crystalline Pu02,  indicating a crystal structure that is of the fluorite-type 
with eight oxygen atoms surrounding each plutonium atom. The crystal 
structure of PuOz is known to be isomorphous with U 0 2 ,  Tho2 ,  and Ce02 

We are attempting to further characterize the polymer by photon cor- 
relation spectroscopy and have recently succeeded in obtaining crystals of 
the polymer to be used in structural determination by single-crystal x-ray 
diffraction. These results will be reported in future publications. 

(23). 

Extraction by TBP and CMPO 
TBP extracts a variety of tetravalent metal ions, including Pu, from acidic 

nitrate solutions as M(N03)4(TBP)2. Under low acid conditions, the hy- 
drolyzed species M(OH)(NO,),(TBP), have also been detected in hydrated 
TBP solvents (24-27). CMPO is a selective extractant for actinides in their 
111, IV, and VI oxidation states and is capable of removing Am and Pu(1V) 
from acidic nitrate and chloride wastes, producing very high decontami- 
nation factors (28, 29). Unlike TBP, however, the ability of CMPO to 
complex monomeric hydrolyzed metal species has not been reported. 

In an attempt to gain further insight into the reasons for the poor ex- 
tractability of polymeric Pu in solvent extraction systems, we carried out 
a series of extractions using 1.4 M TBP, 0.2 M CMPO, and the TRUEX 
solvent consisting of 1.4 M TBP and 0.2 M CMPO in combination. The 
aqueous phases contained an initial plutonium concentration of 0.03 mM 
and either 1 M H N 0 3  or 1 M HNo3/4.4 M NaN03. 

The partitioning data in Table 1 show that a significant fraction of the 
Pu polymer adsorbs at the liquid/liquid (L/L) and liquid/solid (L/S) in- 
terfaces. The amount of Pu adsorbed to the glass surface of the test tube 
and at  the oil/water interface is calculated relative to the total Pu present 
in the system. The remaining Pu was distributed between the bulk aqueous 
and organic phases. In each of the extraction systems listed in Table 1, a 
white interfacial precipitate was observed. It should be noted that no in- 
terfacial precipitates are produced when monomeric Pu is used. 

The adsorption of polymeric Pu(IV) onto glass is believed to occur 
through attractive, electrostatic interactions between the cationic polymer 
and a negatively charged SO2 surface (I). Kinetic measurements recently 
made in our laboratory have indicated that, in concentrated electrolyte 
solutions (including 1 M HN03),  approximately 50% of the equilibrium 
adsorption is reached within the first 3 min of contact (30). 
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TABLE 1 
Partitioning of Polymeric Pu(IV) in Oil/ Water Systems 

To Pu at 
respective 
interface 

Aqueous phase Organic phase" DP. L/L LIS 

1 M HNO, 0.2 M CMPO 0.77 77 22.9 
1.4 M TBP 1.43 49 47 
TRUEX 22.5 54 33 

1 M HNOJ4.4 M NaNO, 0.2 M CMPO 0.026 79 20 
1.4 M TBP 0.12 44 34 
TRUEX 0.24 39 45 

"The organic diluent in each case was n-dodecane. 

Extraction by CMPO/AOT 
In a separate study dealing with the adsorption of polymeric Pu onto 

Si02 surfaces from concentrated electrolyte solutions, it was found that 
the presence of small amounts of AOT (0.1 wt% or less) could completely 
inhibit polymer adsorption (30). Contacting these aqueous solutions with 
an equal volume of n-dodecane resulted in the transfer of the Pu to the 
organic phase, giving Dpu values of about 100 and, more significantly, nearly 
complete recovery of plutonium in the bulk liquid phases. To expand on 
those earlier studies, the extraction of polymeric Pu(1V) by CMPOIAOT 
mixtures was measured. These results are shown in Fig. 1 for the extraction 
of Pu from 1 M HNO, solutions as a function of the organic phase AOT 
concentration. The organic phase concentration of CMPO was held con- 
stant at 0.2 M. Because of a tendency toward macroemulsion formation 
with aqueous phases of low ionic strengths, n-hexane was used as the diluent 
in place of n-dodecane. 

As the AOT concentration in CMPO/AOT mixtures is increased, Dp, 
values increase dramatically and become substantially larger than those 
obtained with either CMPO or AOT alone. A maximum Dp, of about 2000 
is obtained at a CMP0:AOT molar ratio of 1. Equally dramatic is the 
effect of AOT on the bulk phase recovery (RPU) of polymeric Pu(1V). The 
results shown in Fig. 2 indicate a linear increase in Rp, as the ratio of 
[AOT]/[CMPO] increases from 0 to 0.5. Also shown in Fig. 2 are data for 
the extraction of water from 1 M HNO, solutions as a function of the 
organic phase AOT concentration. The sudden increase in the slope of the 
extraction isotherm at a [AOT]:[CMPO] ratio of 0.5 marks a transition to 
the microemulsion system containing large water-swollen micelles. 
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FIG. 1 .  Effect of [AOT] on polymeric Pu(1V) extraction. Initial aqueous phase [HNO,] = 
1.0 M. 

Examination of Fig. 2 indicates that polymeric plutonium recovery is 
sensitive to the organic phase water concentration. This type of solubili- 
zation dependency has also been observed in other macromolecular sys- 
tems. For example, the solubility of proteins in reversed micellar systems 
is dramatically reduced when the water content of the micellar phase (W), 
measured as the ratio [H,O]/[surfactant], is decreased to values less than 
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FIG. 2. Effect of [AOT] on bulk phase recovery of polymeric Pu(IV) and water extraction. 
[CMPO] was held constant at 0.2 M. 
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1-2 (31). The water extraction data in Fig. 2 thus provide evidence for the 
participation of inverted AOT micelles in the polymeric plutonium ex- 
traction process. The extraction mechanism can be viewed as a two-stage 
process in which the plutonium polymer is initially complexed by CMPO 
and AOT at the macro L/L interface, with subsequent transfer of the Pu- 
extractant complex to the bulk organic phase, where it is adsorbed at the 
micro L/L interface of the inverted AOT micelles. The larger interfacial 
area provided by the inverted micelles thus competes with the macro in- 
terface for the adsorption of the plutonium polymer. 

The extraction of polymeric Pu as a function of the equilibrium HN03 
concentration in the aqueous phase is shown in Fig. 3. Polymer extraction 
increases rapidly with increasing HN03 concentration until a maximum in 
Dp, of 3000 is reached at 0.4 M HN03. At all HN03 concentrations shown 
in Fig. 3, the bulk phase Pu recovery was 100%. The lowest plutonium 
partition coefficient measured (Dpu = 24) was at an aqueous HN03 con- 
centration of 0.04 M. Lower acid concentrations resulted in the formation 
of a macroemulsion that could not be broken by brief centrifugation. Be- 
cause of the net positive charge on the plutonium polymer, its extraction 
by neutral extractants like CMPO or TBP requires the coextraction of 
nitrate to maintain electroneutrality. Due to the ability of CMPO and TBP 
to extract HN03, a competition between the metal ion and HN03  for 

1 o-2 l o - ’  1 oo 10’ 
Aqueous [HNO,], M 

FIG. 3. Effect of equilibrium [HNO,] on polymeric Pu(IV) extraction. 
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complexation by free extractant molecules leads to a maximum in the metal 
extraction isotherm (32). In the CMPO/AOT system, however, AOT itself 
would be capable of functioning as a counterion to the positively charged 
plutonium polymer. The effect of increasing H N 0 3  concentration on plu- 
tonium extraction in Fig. 3 may, in fact, be related more to its effect on 
the organic/aqueous partitioning of AOT and the organic phase micelle 
size than to its function as a source of counterions to the positively charged 
plutonium polymer. 

Extraction by TBP/AOT 
The extraction data in Fig. 4 show that mixtures of TBP and AOT in 

hexane are also capable of promoting enhanced polymeric Pu(IV) extrac- 
tion from aqueous HN03 solutions. However, the Dp, values were con- 
sistently lower than those of the CMPO/AOT system. As with the non- 
micellar extraction systems listed in Table 1, the relative values of the 
plutonium partition coefficients in Figs. 1 and 4 reflect the complexation 
affinities of CMPO and TBP for plutonium. 

In other respects, however, the extraction behavior of polymeric Pu is 
quite different between the two micellar extraction systems. Unlike the 
CMPO/AOT system, the bulk phase recovery of polymeric Pu was inde- 
pendent of the organic phase AOT concentration. Pu recoveries of 100% 
were obtained at all AOT concentrations shown in Fig. 4. In the absence 
of AOT, a Dpu value of 0.008 was obtained for extraction from 1 M H N 0 3  
by 0.2 M TBP in hexane with a Rpu value of 35%. The extraction kinetics 

FIG. 4. Effect of [AOT] on polymeric Pu(1V) extraction. Initial aqueous pbase [HNO,] = 
1.0 M. 
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FIG. 5. Extraction of water by AOT/TBP mixtures from 1 M HNO,. 

for the two extractant systems were also very different. In the CMPOI 
AOT system, equilibrium was reached after vortex mixing of the oilIwater 
phases for 1 min whereas in the TBPIAOT system the two phases had to 
be kept in contact overnight in order to reach equilibrium. 

The extraction of water by the TBPIAOT system from 1 M HN03 
solutions was also measured, and these data are plotted in Fig. 5. The high 
level of organic phase water concentration attained in TBPIAOT mixtures 
is consistent with a microemulsion system. 

Solubilization Site 
The water extraction data in Figs. 2 and 5 were analyzed in terms of the 

amount of water extracted per mole of surfactant ( w ) .  In the mixed sur- 
factant systems, this ratio is modified to account for the water that is 
coextracted by CMPO and TBP. The organic phase water content is there- 
fore expressed in terms of a W, value, where W, = ([H20] - [H20],)/ 
[AOT]. The water of hydration associated with either TBP or CMPO, 
[H,O],, was measured at zero AOT concentration and was assumed to be 
a constant. 

The data in Table 2 indicate that the number of water molecules solu- 
bilized per AOT molecule is influenced by the AOT concentration and by 
the presence of either CMPO or TBP. As the AOT concentration increases, 
the micelle diameter must increase to accommodate the additional water 
extracted per AOT molecule in the organic phase. Comparison of the Pu 
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TABLE 2 
Water Solubilization by AOT" 

[AOTI. M TBPIAOT system CMPO/AOT system 

0.03 3.7 2.0 
0.06 5.0 2.6 
0.08 6.6 2.9 
0.10 7.8 2.8 
0.15 ND 10.4 
0.20 13.3 15.0 
0.25 17.0 ND 

~ 

'ICMPO] = 0.2 M, [TBP] = 0.2 M. 

and water extraction data suggests that the swollen AOT micelles are better 
able to accommodate the plutonium polymer, thus leading to  higher Pu 
recoveries. 

At minimal W, values (W, < l ) ,  the icosahedral packing of the polar 
head groups in single-component AOT reversed micelles produces a micelle 
core with a diameter of about 8.8 8, (33). For solutions of 0.1 M AOT in 
heptane, the diameter of the micelle core increases to 18 8, at W ,  = 3 and 
to 36 8, at W, = 9 (34). For the extraction systems described in this paper, 
100% Pu recoveries were achieved when W, was approximately 3 or 
greater. Thus, a minimum core diameter of about 18 8, is required to 
produce enhanced Pu polymer extraction and recovery, discounting any 
effect that the presence of CMPO or TBP might have on the micelle size. 

The relationship between micelle size and the size of the extracted species 
has received considerable attention in the literature. For the systems under 
discussion here, this question is complicated by the uncertainty about the 
actual length of the extracted Pu polymer. In a previous extraction study 
using the extractants H,MEHP and HDHoEP, SANS measurements on 
the organic phase indicated that during extraction, the Pu polymer was 
broken into smaller segments of 200 8, in length from an original polymer 
length of about 2000 8, (7). The organic phase polymer did, however, retain 
its aqueous phase diameter and its characteristic UV-VIS adsorption spec- 
trum. It is also possible that a similar reduction in polymer length occurs 
during extraction in the CMPO/AOT and TBP/AOT systems. On the 
other hand, a plausible argument can also be made in support of an ex- 
traction mechanism in which the micelle size increases to accommodate an 
intact Pu polymer. Studies (35) on protein extraction have shown that 
significant structural changes in reversed micelles can be brought about by 
the solubilization of macromolecules which are comparable in size to the 
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micelle. A small-angle x-ray scattering study (35) of micelle-solubilized 
rhodopsin in hexane solutions revealed two distinct micelle populations- 
one composed of empty micelles and the other composed of larger, protein- 
filled micelles. In this case, micelles of approximately 22 8, radius solu- 
bilized the much larger protein by surrounding the polar regions of the 
protein while the hydrophobic regions of the protein acted as crosslinks 
between the inverted micelles, producing a dumbbell-shaped micellar ag- 
gregate. The micelle-solubilized rhodopsin had a radius of gyration in ex- 
cess of 160 A (35). 

Photon correlation spectroscopy studies are planned to provide infor- 
mation regarding the size of the extracted Pu polymer in the CMPO/AOT 
and TBP/AOT systems. 

Backextraction of Polymeric Pu(IV) 
The extraction data in Fig. 3 indicate the difficulty encountered when 

attempting to backextract the Pu polymer from a loaded microemulsion 
phase. Even at the lowest acid concentration compatible with the Winsor 
I1 system, the Dpu values were still too large to permit efficient Pu stripping. 
Backextraction from microemulsion phases has also been a problem in 
protein separation systems (Z5,Z6). An unusual approach recently reported 
to be effective in stripping proteins from microemulsion phases involves 
the direct adsorption of the protein from the microemulsion phase onto 
silica powder (36). In the present study, a microemulsion based sol-gel 
technique employed by others to synthesize nanoscale ceramic and me- 
talloid particles (37-40) was used to backextract metal ions and polymeric 
Pu(IV) from CMPO/AOT microemulsions. 

The Pu polymer and metal ions such as Fe3+ and monomeric Pu(IV) 
were stripped from the organic phase by a procedure that involved encap- 
sulating the metal species in colloidal silica particles that were produced 
by the acid-catalyzed hydrolysis and polymerization of TEOS (41) within 
the aqueous microdroplets of the organic phase. The SiOz capsules were 
then precipitated from the organic phase by increasing the pH with hy- 
drazine (initial [N2H4] was 0.75 M). Ammonium hydroxide was equally as 
effective as N2H4 at inducing particle precipitation from the organic phase. 
However, pH adjustment using NaOH resulted in L/L phase separation, 
which then significantly reduced the rate of particle agglomeration. The 
SiOz particles were easily recovered by centrifugation and, when dried, 
produced a free-flowing powder. 

The final metal concentration in the organic phase depended on the 
elapsed time between the TEOS addition and the hydrazine addition. This 
is illustrated in Table 3 for plutonium stripping from the organic phase with 
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TABLE 3 
Effect of TEOS Polymerization Time on 
Polymeric Pu(1V)" Stripping from 0.2 M 

CMPO/0.2 M AOT 

Equilibration time, h Pu recovery, YO 

0.08 
1.5 
7.5 

18.7 

94.2 
97.0 
99.92 
99.994 

a[PuO,] = 0.04 mM. [Fe"] = 1 mM, 
[TEOS] = 0.1 M ,  [N,H,] ,,,, t,,,i 0.75 M .  

equilibration times ranging from 5 min to overnight. The residual organic 
phase activity for the longest equilibration time was 1.2 Bq/mL (33  pCi/ 
mL). 

Following the addition of TEOS, there was an induction period of about 
30-45 s, after which the organic phase became turbid. After 4-5 min, a 
gel began to appear in the organic phase. This gel was easily condensed 
to a small volume by mild centrifugation, even after 18 h of polymerization. 
Initially, the rate of plutonium incorporation within the SiOz particles was 
very high but decreased considerably after the first few minutes, as shown 
in Table 3 .  The unincorporated Pu polymer was considered to bc that 
which remained in the supernatant after precipitation of the silica particles 
with hydrazine. 

Under the rather robust reaction conditions used, it is believed that two 
different types of SiOz particles are produced: (a) macroscale silica par- 
ticles, which are produced from the very rapid hydrolysis of TEOS and 
are easily recovered by centrifugation; and (b) microscale silica particles, 
which are responsible for the encapsulation of the extracted plutonium 
polymer and remain solubilized within the reverse micelles. Attachment 
of the extracted plutonium species to the microscale silica particles is be- 
lieved to take place via a condensation reaction between the hydrous plu- 
tonium polymer and the alkoxide ligand, as shown by 

I I 
I I 

-Si-OR + HO-Pu- - -Si-0-Pu- + ROH (1)  

When the pH is raised above 2-3, the micelle-solubilized silica particles 
attain a negative surface charge through the deprotonation of surface hy- 
droxyls. This results in the particles being expelled from the aqueous core 
of the anionic AOT micelles. The case for covalent attachment of the metal 
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species to the silica particles rather than physical adsorption is supported 
by the fact that simply adding collodial silica particles (average particle 
size of 20 nm) to the loaded organic phase, in place of the TEOS, produced 
no noticeable reduction in the organic phase plutonium concentration when 
the silica was subsequently precipitated by the addition of either NzH4 or 
NH40H. That the Pu-containing SiOz particles are solubilized within the 
micelle core at acidic pH's is supported by the fact that removal of the 
macroscale silica particles by centrifuging without first raising the pH pro- 
duced no detectable change in the organic phase plutonium concentration. 

Evidence for the generation of microscale silica particles during metal 
stripping is presented in Fig. 6. The particles were prepared by a 10-day 
equilibration of TEOS in the microemulsion system described in Table 3, 
with the exception that polymeric plutonium was not added (i.e., 0.2 M 
CMPO, 0.2 M AOT, 1 mM Fe3+, and 0.1 M TEOS.). The microemulsion 
was centrifuged for 5 min prior to removing an aliquot of the supernatant 
for TEM analysis. The particle diameters in Fig. 6 vary between 25 and 
75 nm, with a mean diameter of approximately 40 nm. While it is not 
possible to ascertain the diameter of the unperturbed micelle-core from 
the size of the silica particles, it is, nevertheless, possible to conclude that 
the mixed CMPO/AOT micelle is flexible enough to accommodate solutes 
as large as 40 nm. This would be more than adequate to solubilize an intact 
plutonium polymer. 

In CMPO/AOT microemulsion solutions containing extracted Fe3+, sil- 
ica precipitation with either NzH4 or NH40H was accompanied by an 
immediate organic phase color change from bright yellow to pale orange. 
The initial yellow color arises from the presence of the Fe-CMPO complex. 
The subsequent color change to orange indicates the generation of hydro- 
lyzed Fe3+ species, which are believed to reside within the aqueous micelle 
core. After hydrolysis, the encapsulation of iron by SiOzcould then proceed 
through a reaction similar to Eq. ( l ) ,  in which the Fe(OH), species react 
with an alkoxy moiety. When harvested and dried, the Fe-doped silica 
particles retained a pale brown color which could not be bleached by 
soaking overnight in 8 M HN03. This suggests that the hydrolized Fe3+ 
ions are covalently bound to the silica particles rather than physically ad- 
sorbed onto the particle surface. 

CONCLUSIONS 
Winsor I1 microemulsion systems containing AOT and either CMPO or 

TBP have been shown to be capable of extracting colloidal Pu(IV) from 
nitric acid solutions while simultaneously achieving quantitative recovery 
of Pu between the bulk liquid phases. The CMPO/AOT system exhibited 
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FIG. 6. TEM micrograph of SiO, particles obtained by TEOS reaction in the 0.2 M CMPO/ 
0.2 M AOT microemulsion. 

rapid metal extraction kinetics and short phase separation times. The ex- 
traction kinetics and phase separation times for the TBP/AOT system were 
considerably poorer. 

Backextraction of polymeric Pu(IV) from microemulsion phases was 
achieved by encapsulating the plutonium in an SiOz network that was 
generated by the acid-catalyzed hydrolysis of TEOS. The silica particles 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
3
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1404 CHAIKO 

were easily recovered from the organic phase by first raising the pH within 
the aqueous micelle core and then centrifuging the coagulated silica. The 
recovered silica, when dried, produced a free-flowing powder. 

This extraction and stripping sequence offers a potentially attractive 
method of removing hazardous materials from aqueous waste streams and 
recovering them directly from the organic solvent in an Si02-stabilized 
form. The use of a microemulsion solvent makes it possible to generate 
silica particles that have diameters in the nanometer range. The fine pow- 
ders could then be further treated with phosphate-based binders at room 
temperatures to produce chemically bonded ceramics (42, 43). These ma- 
terials possess superior strength and low water permeability, making them 
well suited to hazardous or radioactive waste disposal. 
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