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ABSTRACT

The present studies deal with the application of the supported liquid membrane
(SLM) technique for partitioning of actinides from high level waste of PUREX ori-
gin. The process uses a solution of octylphenyl-N,N’-diisobutylcarbamoylmethyl
phosphine oxide (CMPO) in n-dodecane as a carrier with a polytetrafluoroethylene
support and a mixture of citric acid, formic acid, and hydrazine hydrate as the receiv-
ing phase. The studies involve the investigation of such parameters as carrier concen-
tration in SLM, acidity of the feed, and the feed composition. The studies indicated
good transport of actinides like neptunium, americium, and plutonium across the
membrane from nitric acid medium. A high concentration of uranium in the feed re-
tards the transport of americium, suggesting the need for prior removal of uranium
from the waste. The separation of actinides from uranium-lean simulated samples as
well as actual high level waste has been found to be feasible using the above technique.

* To whom correspondence should be addressed.
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INTRODUCTION

Alpha-emitting long-lived nuclides present in high level waste (HLW) so-
lutions originating from the reprocessing of spent nuclear fuel are of great en-
vironmental concern. Considerable work has been carried out all over the
world in the last two decades on the partitioning of actinides from acidic waste
solutions by using solvent extraction (1, 2) and extraction chromatography
(3). Liquid-membrane-based separation is another technique which deserves
special attention because of its great potential for the separation of radionu-
clides, especially from waste solutions with a low metal content (4). This
technique combines solvent extraction and stripping in a single step, and it has
the additional advantages of lower cost and space requirements, lower energy
consumption, and minimum solvent inventory, allowing the use of expensive
carrier molecules.

A prime requirement for a successful liquid membrane system is the se-
lection of a selective and efficient carrier for the species to be separated.
Among various reagents used in solvent extraction and extraction chro-
matography, octylphenyl-N,N'-diisobutylcarbamoylmethyl phosphine oxide
(CMPO) has been the one most preferred in actinide partitioning because of
its ability to extract tri-, tetra-, and hexavalent actinides from acidic wastes
without any feed adjustment (5, 6). CMPO has been used as a carrier in the
supported liquid membrane (SLM) technique for the separation of americium
from nitric acid medium (4). The present studies deal with the transport of
various radionuclides relevant to the PUREX process using CMPO in n-do-
decane as a carrier. In our earlier solvent extraction studies, citric acid in the
presence of formic acid and hydrazine hydrate was used for stripping ac-
tinides from acid-bearing loaded TRUEX solvent (0.2 M CMPO + 1.2 M
TBP in n-dodecane) (7). The buffering action of the formic acid and hy-
drazine hydrate mixture maintains low acid condition. Citric acid forms in-
extractable complexes with actinides under this condition, resulting in quan-
titative stripping. The same mixture is used in the present studies as a
receiving phase. The transport was studied for >*' Am under different experi-
mental conditions including variation in the acid content of the feed and con-
centration of the carrier. The studies also include the transport of other ra-
dionuclides, viz., 22U, 27*2*Np, and **°Pu, from 3.0 M nitric acid. The
studies have been extended to simulated HLW originating from the repro-
cessing of spent fuel from a pressurized heavy water reactor (PHWR-HLW)
as well as actual HLW solutions originating from the reprocessing of spent
fuel from a research reactor to test the applicability of this technique for the
separation of actinides from waste solutions.
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EXPERIMENTAL

Reagents

Solvent-extraction grade CMPO, which was synthesized and characterized
at BARC (8), was used as the carrier. The purity of CMPO was checked by de-
termining the distribution ratio (D) of americium using a mixture of 0.2 M
CMPO and 1.2 M TBP in dodecane from 0.01 M nitric acid solution; the D,
value of 0.013 suggests the absence of any significant quantities of acidic im-
purities in the sample (9). The purity of the purified product was also checked
by IR, 'Hy, 13C, and *'P NMR spectroscopy.

Dodecane (~93% C-12, specific gravity 0.751, refractive index 1.42) was
procured from M/s. Transware Chemia Handelsgeselschaft, Hamburg, Ger-
many. All other chemicals used were of analytical reagent grade.

Materials

Commercially available polytetrafiuoroethylene (PTFE) membranes were
used in all the experiments. Membranes had an average pore diameter and
thickness of 0.45 and 160 pm, respectively. The porosity of the membranes
was about 84%. Membranes were impregnated with CMPO by immersing
them in the organic phase of the required concentration for at least 12 hours
before use. Impregnation of undiluted CMPO was possible in spite of its
highly viscous nature at ambient temperatures (27-30°C). Single-stage trans-
port measurements across a SLM were carried out with a two-compartment
permeation cell consisting of a feed chamber and a receiver chamber (each
with a volume of 4.5 mL) separated by a SLM having an effective membrane
area of 1.13 cm?. The source and receiving phases were mechanically stirred
to minimize the thickness of the aqueous diffusion layer.

The transport was studied from 3.0 M nitric acid and simulated as well as
with actual HLW solutions of PUREX origin. The composition of the simu-
lated PHWR-HLW used in the present studies was based on fission product in-
ventory of the spent uranium fuel from a pressurized heavy water reactor with
a burn up of 6500 MWd/Te of UO, and 3 years of cooling. Inert constituents
such as sodium and corrosion products like iron, chromium, and nickel were
added in quantities anticipated to occur in the HLW. The composition of the
simulated HLLW used in the studies is shown in Table 1. The concentration of
uranium in the waste was lowered to ~10 ppm by contacting it thrice with
equal volumes of fresh 30% TBP in n-dodecane; the resultant raffinate was
used as a feed for the experiments carried out with the simulated waste solu-
tion. A similar procedure was adopted for the removal of uranium from actual
HLW generated during the reprocessing of spent fuel from a research reactor.
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TABLE |
Composition of Simulated High Level Waste Solution (acidity = 3.0 M)
Concentration Concentration

Constituent (g/L) Constituent (g/L)
Selenium 0.0123 Barium 0.3088
Rubidium 0.0745 Lanthanum 0.2638
Strontium 0.1863 Cerium 0.5325
Yttrium 0.0990 Praseodymium 0.2438
Zirconium 0.7713 Neodymium 0.8625
Molybdenum 0.7313 Promethium* 0.0283
Technetium® 0.1813 Samarium 0.1638
Ruthenium 0.4638 Europium 0.0226
Rhodium® 0.1275 Gadolinium 0.0165
Palladium 0.2675 Terbium 0.0005
Silver 0.0186 Dysprosium 0.0002
Cadmium 0.0159 Uranium 18.325
Tin 0.0151 Sodium 3.0
Antimony 0.0047 Iron 0.5
Tellurium 0.1028 Chromium 0.1
Cesium 0.5438 Nickel 0.1

¢ Lanthanum was added for promethium, molybdenum for technetium, and cobalt for rhodium.

The feed solution used in the transport studies was spiked with radiotracers
like 233U, 27*238Np, 2*'Am, and '**Ce according to the requirement of each
experiment. The oxidation state of neptunium was adjusted to either IV or VI
by using 0.02 M ferrous or 0.01 M dichromate ions, respectively, before spik-
ing.

Analysis

In all the experiments, samples of 20 pL were taken from the feed and re-
ceiving compartments periodically and analyzed radiometrically. **U and
2%Pu were analyzed using an alpha proportional counter. A single channel
gamma analyzer with a Nal(T1) detector was used for the analysis of >**Np,
241 Am, and '"*Ce.

RESULTS AND DISCUSSION

The present system uses CMPO as a carrier for the transport of metal ions.
The permeability of various species is dependent on the concentration of the
carrier in the SLM. Figure 1 shows the transport of **' Am from 3.0 M nitric
acid through a SLM with varying concentrations of the carrier while using a
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mixture of 0.1 M citric acid, 0.4 M formic acid, and 0.4 M hydrazine hydrate
as the receiving phase. The transport is expressed as the percentage of the ini-
tial activity in the feed transferred to the receiving phase. When the concen-
tration of CMPO is between 0.3 to 0.8 M, transport of **' Am is found to ex-
ceed 99% in 45 minutes. However, transport is slow when the carrier
concentration is increased beyond 1.2 M. With undiluted CMPO (2.95 M),
nearly 36 hours were required for the quantitative transfer of ?*! Am. The low
transfer of >*' Am in this case was probably due to the high viscosity of the car-
rier phase. The low transport of ?*!Am observed with 0.1 M CMPO in the
membrane phase could be due to insufficient concentration of carrier:
Results of studies on the effect of nitric acid concentration in the feed on
the transport of **'Am using 0.2 M CMPO in n-dodecane are presented in
Fig. 2. The extent of transport was found to reach nearly 100% with a
mixture of 0.1 M citric acid, 0.4 M formic acid, and 0.4 M hydrazine
hydrate as the receiving phase after 45 minutes for feed acidities of 1.0 and
3.0 M. Transport was slightly slower when the feed acidity was 0.5 M.
Nevertheless, quantitative transfer is possible within 60 minutes. Slow trans-
fer of >*! Am from feed with a low acid content is probably due to reduced ex-
traction into the membrane phase. The transport of 2! Am was studied re-
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FIG. 1 * Transport of 2*' Am at various CMPQ concentrations from 3.0 M nitric acid.



11:10 25 January 2011

Downl oaded At:

1722 RAMANUJAM ET AL.
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FIG.2 Transport of >*! Am at various nitric acid concentrations.

peatedly from 3.0 M nitric acid solutions using the same membrane. No
change in permeability was observed for the first 15 days. After 20 days the
time required for quantitative transport was increased by ~5%, indicative of
a carrier loss.

The transport of various metal ions, viz., U(VI), Np(IV), Np(VI), Pu(lV),
Am(ITI), and Ce(iIl), was studied from 3.0 M nitric acid through a membrane
containing 0.2 M CMPO in n-dodecane. The respective permeability coeffi-
cients were calculated by using following equation (10):

In(M/My) = —(Ae/V) Pt

where M, is the concentration of radionuclide in the feed at time t = 0, M; is
the concentration of radionuclide in the feed at time 7 minutes, A is the geo-
metric area of the membrane in cm?, € is the porosity, V is the volume of the
feed in cm?, P is the permeability coefficient in cm/min, and ¢ is the lapsed
time in minutes. Figure 3 shows straight line graphs for In(M,/My) vs time for
different radionuclides. The permeability coefficients for each radionuclide as
calculated from the slopes of the straight lines are presented in Table 2.
Am(III), Ce(III), Np(IV), and Np(VI) exhibit high permeability coefficients in
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FIG.3 Transport of different radionuclides from 3.0 M nitric acid.
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the present system, while the permeability coefficients for U{VI) and Pu(IV)
are relatively low. As compared to Pu(IV) and U(IV), trivalent actinides and
lanthanides have a lower affinity for CMPO (11), which facilitates their per-
meation at the low acidity maintained in the receiver phase. However, the re-

TABLE 2

Permeability Coefficients for Different
Radionuclides from 3.0 M Nitric Acid (carrier
concentration: 0.2 M CMPO in n-dodecane.
receiving phase: 0.1 M citric acid + 0.4 M
formic acid + 0.4 M hydrazine hydrate)

Species

Permeability coefficients
[(cm/min) X 107]

uvD
Np(1V)
Np(VI)
Pu(IV)
Am(IID)
Ce(1ID

0.47
1.28
1.20
0.57
1.32
1.13
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FIG.4 Transport of 2*' Am from 3.0 M nitric acid in the presence of uranium.

duction of Pu(IV) to Pu(Ill) is slow with the reagents used, which lowers the
transport of Pu(IV) from the CMPO phase. The higher permeability coeffi-
cient for Np(I'V) than for Pu(IV) needs to be further investigated, though it is
known that Pu(IV) has a stronger affinity for CMPO than does Np(IV).
Since HLW solutions have a high uranium content, the transport of **!Am
was studied from 3.0 M nitric acid solution in the presence of uranium. The
results of these experiments conducted with 0.8 M CMPO in n-dodecane as a
carrier using a mixture of citric acid, formic acid, and hydrazine hydrate as a
receiving phase are presented in Fig. 4. It is seen from the figure that the trans-
port of americium slows down in the presence of uranium due to its co-trans-
port. In the presence of 9.34 g/L. of uranium, only ~13% of the americium was
transported to the receiver chamber in 5 hours. In order to enhance the rate of
transport of americium, it is necessary to remove uranium from the HLW prior
to partitioning when using the membrane technique. The removal of uranium
from the HLW can best be achieved through solvent extraction using TBP.
Further experiments were carried out on uranium-lean simulated HLW.
Figure 5 shows the results of transport studies of **! Am from the uranium-
lean raffinate of a simulated HL.W using a mixture of 0.1 M citric acid, 0.4 M
formic acid, and 0.4 M hydrazine hydrate as the receiving phase. Although the
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earlier experiments (Fig. 1) showed that a carrier concentration between 0.3 to
0.8 M can be used for efficient partitioning of americium from nitric acid so-
[utions, the highest carrier concentration of 0.8 M was used for the partition-
ing of actinides from the waste solution to compensate for possible carrier
losses. In this experiment with simulated HLW raffinate, quantitative trans-
port of 2! Am occurred in 20 hours. A high content of transportable fission
products in the HLW made the transport slow compared to that from a pure ni-
tric acid feed. The time period of 20 hours required for quantitative partition-
ing of americium from PHWR-HLW is high compared to what is required in
solvent extraction and extraction chromatographic techniques. But at the same
time, the method has many advantages such as ease of operation and others
mentioned earlier.

The results of the experiment with americium in 3.0 M nitric acid, using di-
lute nitric acid (0.04 M) as the receiving phase, are presented in Fig. 6 for com-
parison. Although nearly 95% of the americium was transferred to the receiv-
ing chamber in the initial stages of the experiment, subsequently americium
began migrating back to the feed chamber. This reversal in the direction of the
movement of americium was due to an increase in the nitric acid content of the
receiving chamber resulting from co-transport of nitric acid. After 24 hours,

100 &- *
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?
\
” o --0-- FEED
) —e— RECEIVER
)
n}
\
®
d
-~ s}
£ \
z \
E s
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FIG.5 Transport of *' Am from uranium-lean HLW using a complexing agent.
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FIG.6 Transport of 2*! Am from uranium-lean HLW using dilute nitric acid.

americium was equally distributed in the two chambers. The initial nitric acid
content of the feed was also found to be distributed equally in both chambers
after 24 hours. A similar distribution of the acidity was observed when the ex-
periment was conducted with a feed with a low acidity of 0.7 M. This behav-
ior was not due to a breakdown of the SLM because the same membrane could
be reused without any deterioration in the performance when the receiving
phase was changed to the chosen buffer. In the case of a receiving phase con-
taining formic acid and hydrazine hydrate, the buffering action against the ni-
tric acid keeps the transport of Am(III) unhindered in spite of acid transport to
the receiving phase across the membrane. The osmolality of the receiving
phase also may lead to lowering the transport of nitric acid.

Figure 7 shows the results of experiments carried out on actual uranium-
lean HLW from the PUREX process by using 0.8 M CMPO in n-dodecane as
a carrier with a mixture of 0.1 M citric acid, 0.4 M formic acid, and 0.4 M hy-
drazine hydrate as the receiving phase. The partitioning of actinides is com-
plete within 60 minutes as indicated by measurement of the total a-activity.
The initial acid content of uranium-depleted feed is halved at the end of the
experiment. The high rate of transport for actinides observed in this case com-
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FIG.7 Transport of gross a-activity from actual uranium-lean HLW.

pared to that of simulated PHWR-HLW is attributed to the presence of low
concentrations of other transportable species.

The highly radioactive solution (activity ~ 90 Ci/L) was left in the experi-
mental setup undisturbed for 3 more days in order to study the effect of radi-
ation on membrane performance. After removal of the solutions, the mem-
brane was reused to study the transport of americium from a uranium-lean
simulated HLW by using a receiving phase containing citric acid, formic acid,
and hydrazine hydrate. No change in transport characteristics was observed,
indicating the stability of the membrane under the above experimental condi-
tions.

CONCLUSION

CMPO-based supported liquid membranes can be employed for the parti-
tioning of actinides from high level waste solutions. Fast separation of neptu-
nium, plutonium, and americium can be accomplished by using a solution of
CMPO in n-dodecane at a concentration between 0.2 to 0.8 M as the carrier
and a mixture of 0.1 M citric acid, 0.4 M formic acid, and 0.4 M hydrazine hy-
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drate as the receiving phase. The proposed receiving phase can be effectively
used for a feed with a nitric acid content between 0.5 to 3.0 M. Since the trans-
port rates were found to be very low in the presence of a high concentration of
uranium, the present method will have its best results only after the uranium
content of the waste solution is lowered.

[\
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