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Selective Recovery of Am(III) over Eu(III) by Hollow Fiber
Supported Liquid Membrane Using Cyanex 301 in the
Presence of Synergists as the Carrier

A. Bhattacharyya, S. A. Ansari, P. Kandwal, P. K. Mohapatra, and
V. K. Manchanda
Radiochemistry Division, Bhabha Atomic Research Centre, Trombay, Mumbai, India

Lanthanide/actinide separation was investigated on 0.5 L scale
(both feed and receiver phase volumes) with Cyanex-301 (bis(2,4,4-
trimethylpentyl)dithiophosphinic acid) as the carrier using the
Hollow Fiber Supported Liquid Membrane (HFSLM) technique
under varying feed pH conditions. At pH 3.4, the quantitative trans-
port of Am(III) was achieved within 15 minutes with 0.5M Cyanex
301 as the carrier with separation factor of >100 over Eu(III). The
transport rate of Am(III) decreased significantly with increasing
feed acidity, and was independent of the feed nitrate concentration.
The effect of neutral auxiliary donor ligands as synergists, viz. tri-
n-butyl phosphate (TBP), N,N,-dihexyl octanamide (DHOA) and
2,20-bipyridyl (Bipy) on the selective recovery of Am(III) over
lanthanides was also investigated. The presence of synergists led
to the possibility of Am(III) recovery at lower pH values with
improved separation factors (SF). It was particularly beneficial as
the use of buffer for feed pH adjustment could be avoided. In the
presence of synergists, >85% transport of Am(III) was achieved
in 30 minutes of operation at pH 2.0. The SF value at pH 2.0 for
different synergists followed the order: bipyridyl (350) >DHOA
(50) >TBP (8). The transport rate of Am(III) by HFSLM system
was found to be satisfactory for 25 hours of continuous operation.
However, the SF values deteriorated significantly with the time of
operation.

Keywords cyanex 301; hollow fiber supported liquid membrane;
lanthanide actinide separation; synergism

INTRODUCTION

The raffinate after the PUREX process generally con-
tains un-extracted U, Pu, and bulk of minor actinides such
as Am, Np, Cm and a host of fission products like Tc, Pd,
Zr, Cs, Sr, and rare earth elements as well as structural ele-
ments like Fe, Cr, etc. At present, the most accepted
approach for the management of HLW is to vitrify it in
the glass matrix followed by disposal in deep geological
repositories (1,2). Since the half lives of minor actinides

concerned range between a few hundreds to millions of
years, the surveillance of vitrified waste blocks for such a
long period is disadvantageous from economic as well as
environmental safety considerations. Therefore, a strategy
of P&T (Partitioning of long-lived radionuclides followed
by transmutation) is being considered as a viable alterna-
tive by several countries around the world (3,4). In the
P&T process, however, the separation of trivalent actinides
from trivalent lanthanides is essential to avoid difficulties
for subsequent transmutation (5). The lanthanides do not
form solid solutions in metal alloys or in mixed oxide,
and as a result, segregates into separate phases. Since trans-
plutonium actinides tend to concentrate in these phases,
this leads to an unacceptable non-uniform heat distribution
in the fuel matrix during their burning. Another important
reason is the high neutron absorption cross sections of
some rare earth nuclides, which cause neutron poisoning.

The group separation of lanthanides and actinides is
still one of the most challenging chemical processes due
to the similarity in their chemical properties. However,
the trivalent actinides are considered soft metal ions as
compared to trivalent lanthanides due to their more dif-
fused f-orbitals. Extractants containing soft donor atoms
(N or S) have shown selectivity for trivalent actinides
due to greater complex stability (metal-ligand covalent
bonding) (6). Amongst various soft donor ligands studied,
purified Cyanex-301 (bis(2,4,4-trimethyl pentyl) dithiopho-
sphinic acid) has been claimed to display a very high separ-
ation factor (SF) between Am(III) and Eu(III) in aqueous
medium at pH 3.2 (7). Since, Cyanex 301 becomes an effec-
tive extractant only at pH 3.2 or higher, it was of interest in
the present work to use neutral auxiliary ligands as syner-
gists in order to improve the extraction at lower pH
regions. It was found that by the addition of tri-n-butyl
phosphate (TBP) to a solution containing Cyanex 301
facilitate Am(III) extraction from feed solutions at lower
pH values (8–9). However, the SF between Am(III) and
Eu(III) (SF¼DAm=DEu) decreased with the addition of
TBP. The effect was more pronounced when TOPO
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(tri-n-octyl phosphine oxide) was used as the synergist
where practically no selectivity was seen (10). On the other
hand, the use of N-donor synergists such as 2,20-bipyridyl
(Bipy) and 1,10-phenanthroline along with Cyanex 301
increased the SF values to >40,000 (11).

Usually, the large-scale solvent extraction processes are
performed using centrifugal contactors, mixer-settlers or
pulsed columns. However, such processes involve handling
of the large volumes of VOC’s (Volatile Organic Com-
pounds). The growing concerns for the environment and
cost necessitate the use of alternative techniques with low
extractant=solvent burden. Techniques such as supported
liquid membrane (SLM) appear to be a promising alterna-
tive to the solvent extraction as the extractant inventory
can be cut down drastically (12,13). Moreover, using high
surface to volume ratio in hollow fiber supported liquid
member (HFSLM), the throughput can be increased mani-
fold as compared to the simple flat sheet supported liquid
membrane (FSSLM) (13,14). Several reports on HFSLM
technology for possible application in ‘‘actinide partition-
ing’’ or for ‘‘lanthanide actinide separation’’ are available
(14–18). Geist et al. (18) used the hollow fiber membrane
technique for lab-scale separation of actinides from lantha-
nides using 2,6-bis(5,6-dipropyl-1,2,4-triazin-3-yl)pyridine
(BTP) and bis-chlorodiphenyl dithiophosphinic acid as
the extractants. We, on the other hand, reported the use
of HFSLM technique for lanthanide – actinide separations
using Cyanex-301 as the extractant (15).

In the present work, HFSLM technique has been used
for the separation of Am(III) over Eu(III) using a binary
mixture of Cyenex-301 and neutral donor ligands for the
first time. The feed solution containing 1 g=L Eu (spiked
with 154Eu) and tracer concentration of 241Am. The com-
position is relevant for subsequent lanthanide=actinide sep-
aration after actinide partitioning step as the concentration
of lanthanides are manifold times higher than the trivalent
actinides. Am(III) and Eu(III) have been taken as the sur-
rogates of trivalent actinides and trivalent lanthanides,
respectively. In order to improve the metal permeation at
a lower pH range, the present work deals with the use of
a variety of synergistic mixtures as the carrier, especially
for their potential application in lanthanide-actinide separ-
ation in liters scale.

EXPERIMENTAL

Materials

Bis(2,4,4-trimethylpentyl)dithiophosphinic acid
(Cyanex-301) obtained from Cytec Canada Inc., was puri-
fied by a reported method (7). The purity of the product
was checked by 31P-NMR (Phosphorus-31 Nuclear Mag-
netic Resonance), FT-IR (Fourier Transform Infra Red)
spectroscopy and elemental analysis. In the 13P-NMR spec-
trum, the signal was singlet at 67.07 ppm, which was

assigned to the pentavalent phosphorous. The appearance
of characteristic vibrational frequency at 2430 cm�1 and
at 756 cm�1 in FT-IR spectrum demonstrated the presence
of P-S-H (thiophosphinic acid group) and P=S groups of
dithiophosphinic acid, respectively. Sulphanilic acid was
procured from Sisco Research Laboratory (SRL), Mumbai
and was used as received. Bipyridyl was obtained from
Sigma-Aldrich and used as received. Tri-n-butyl phosphate
(TBP) received from Heavy Water Board, India was used
after washing with alkali (Na2CO3) to remove any acidic
impurities. On the other hand, N,N-dihexyl octanamide
(DHOA) was synthesized indigenously by following the
procedure described elsewhere (19). Europium oxide
(>99.99%) was obtained from Alpha Biochem. Suprapur
nitric acid (Merck) was used for preparing the solutions.
All other reagents were of AR grade. The radiotracers
241Am and 154Eu were used from the laboratory stock after
ensuring their purities by gamma spectrometry.

Hollow Fiber Supported Liquid Membrane Studies

A commercial Liqui-Cel Extra flow X 50 hollow fiber
module (Alting France) measuring 2.500 � 800 with about
10,000 polypropylene lumens was used in the present work.
The specifications of the module are given in Table 1. The
HFSLM was prepared by pumping about 500mL ligand
solution through the lumen side of module at a pressure
of 20 kPa in recirculation mode. To ensure the complete
soaking of the membrane pores, the ligand solution was
circulated for �15 minutes when the solution started perco-
lating from lumen side to the shell side. The excess of the
ligand solution was washed out completely with sufficient
distilled water, prior to the introduction of the feed and
strip solutions. For all the experiments, the feed solution
was passed through the lumen side while the receiver sol-
ution was passed through the shell side of the module oper-
ated in recirculation mode. Both the feed and the receiver
phases were contacted inside the hollow fiber module in
counter-current flow for the effective transport of metal

TABLE 1
Specifications of hollow fiber membrane contactor
(Liqui-Cel1 X50 : 2.5� 8 Membrane Contactor)

Fiber material Polypropylene
Number of Fibers 9950
Fiber internal diameter (mm) 240
Fiber outer diameter (mm) 300
Fiber wall thickness (mm) 30
Effective pore size (mm) 0.03
Porosity (%) 40
Tortuosity 2.5
Effective Fiber length (cm) 15
Effective surface area (m2) 1.4
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ions. The flow rates of the feed and receiver solutions were
maintained constant at 200mL=min with the help of gear
pumps equipped with precise flow controllers. A schematic
diagram of the hollow fiber unit used in the present work is
shown in Fig. 1. The volume of the feed and receiver solu-
tions were usually 500mL each, except stated otherwise.
Disodium salt of ethylenediamine tetraacetic acid (EDTA)
solution (0.01M) was employed as a strippant throughout
the study. The permeation of the metal ion was calculated
by estimating the feed as well as the receiver samples at reg-
ular interval. Assay of 241Am and 154Eu were carried out
using high purity germanium (HPGe) detector interphased
to a multichannel analyzer.

Theoretical Background

The extraction of Am(III) and Eu(III) with Cyanex 301
(HA) in the presence as well in the absence of nitrate ions
followed the following equilibrium reaction (11),

Am3þ
ðaq:Þ þ 3HAðorg:Þ n¼¼n ½AmðAÞ3�ðorg:Þ þ 3Hþ

ðaq:Þ

ðIn the presence and absence of nitrateÞ ð1Þ

Eu3þðaq:Þ þ 3HAðorg:Þ n¼¼n ½EuðAÞ3�ðorg:Þ þ 3Hþ
ðaq:Þ

ðIn the absence of nitrateÞ ð2Þ

Eu3þðaq:Þ þ 2HAðorg:Þ þNO�
3 n¼¼n ½EuðAÞ2ðNO3Þ�ðorg:Þ þ 2Hþ

ðaq:Þ

ðIn the presence of nitrateÞ ð3Þ

Here, the subscripts (aq) and (org) represent the aqueous
and the organic phases, respectively. It can be seen from
equilibrium reactions (1–3) that the extraction of trivalent
actinides and lanthanides depends on the aqueous feed
acidity as protons are released during the metal-ligand
complexation (7,11). Cyanex 301 is a weak acid (pKa¼ 2.6)
and is an effective extractant only at pH> 3. Similarly, the
decomplexation reaction between Am(III) and Cyanex 301
(HA) can be written as,

½AmðAÞ3�ðorg:Þ þ ½H2EDTA2��ðaq:Þ þ ½Hþ�ðaq:Þ
n¼¼n 3½HA�ðorg:Þ þ ½Am � EDTA�2�ðaq:Þ ð4Þ

Considering linear concentration gradients, fast interfa-
cial reactions, distribution coefficients of the metal ions
between the membrane phase and the receiver phase are
much lower than that between the feed phase and mem-
brane phase, the final equation for the permeability of the
metal ion could be obtained as described earlier (20–22),

ln
Ct

Co

� �
¼ �A � P

V

/
/þ 1

� �
� t ð5Þ

FIG. 1. Schematic representation of hollow fiber module used in the present work; (a) HFSLM unit with direction of liquid flow; (b) HF Module.
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where, P is the permeability coefficient of metal ions, Ct and
Co are the respective concentrations of the metal ions in the
feed solution at an elapsed time t (min) and at zero time, and
V is the total volume of the feed solution (mL). The para-
meter A represents the total effective surface area of the
hollow fiber (cm2), which is calculated as follows,

A ¼ 2priLN 2 ð6Þ

where, ri is the internal radius of the fiber (cm), L is the
length of the fiber (cm), N is the number of fibers and 2 is
the membrane porosity. The parameter,/ for a module con-
taining N number of fibers is expressed as follows,

/ ¼ QT=PriLNp 2 ð7Þ

where, QT is the total flow rate of the feed solution
(mL=min). The specifications of the hollow fiber module
employed in the present study are given in Table 1. By plot-
ting ln(Ct=Co) as a function of t a straight line is expected,
and the P value for the given system can be obtained from
the fitted slope with the help of Eqs. (6) and (7). The trans-
port profiles in the HFSLM were calculated theoretically
using the membrane permeability coefficients and were
compared with the experimentally determined data points.
The percentage transport (%T) of the metal ions was calcu-
lated as follows,

%T ¼ 100x
Cf ;o � Cf ;t

� �
Cf ;o

� �
ð8Þ

where, Cf,o is the concentration of the metal ion in the feed
solution at the start of the experiment and Cf,t is the concen-
tration of metal ions in feed at time t.

RESULTS AND DISCUSSION

Transport Studies with Cyanex 301

The separation studies of tracer concentration of
Am(III) were carried out from the bulk of lanthanides with
0.5M Cyanex 301 dissolved in n-dodecane. The aqueous
feed solution was 1 g=L Eu spiked with 154Eu and tracer
concentration of 241Am along with 1M NaNO3 at required
pH value (buffered with 0.02M sulphanillic acid). Here, Eu
has been used as a surrogate for all the lanthanides. The
above lanthanide concentration is expected to be generated
from the strip solution of the actinide partitioning cycle of
the high level waste of the PHWR (pressurized heavy water
reactor) with a burn up of 6500 MWD=tonne (23). Figure 2
shows the transport profile of Am and Eu. It was found
that the quantitative transport of Am(III) was possible in
10 minutes of operation at aqueous phase pH of 3.4. On
the other hand, Eu transport was <0.01% showing SF
values >100. However, the present composition of the
aqueous phase would be difficult to maintain while dealing
with a large scale of radioactive solution. It was of interest,

therefore, to optimize the condition where the system can
be used at a lower pH condition for example, pH 2� 2.5.
Figure 3 shows the effect of aqueous feed acidity (pH) on
the transport of Am(III) by Cyanex 301-HFSLM system.
It was found that the transport of Am(III) decreased sig-
nificantly with decreasing the pH of the aqueous phase.
The transport of Am(III) decreased from >99% at pH
3.4 to �70% at pH 2.5 in 30 minutes of operation. As
represented by equilibrium reaction (1), the extraction
equilibrium for Am(III) by Cyanex 301 strongly depends
on the aqueous feed acidity. The presence of protons in
the feed at low pH (2.5) would not favor the complexation
of Am(III) with Cyanex 301, resulting in decreased trans-
port of Am(III). The study at further lower pH was, there-
fore, not performed due to a significantly reduced transport
rate. The SF values of Am(III) with respect to Eu(III) also
decreased from 100 at pH 3.4 to 6 at pH 2.5. These obser-
vations are in line with the solvent extraction studies which
revealed a decrease in the SF between Am(III) and lantha-
nides at reduced pH (24).

Effect of Feed Nitrate Concentration

The effect of feed nitrate concentration on the separ-
ation of Am(III) and Eu(III) was investigated at pH 3.0
and the results are shown in Table 2. It was found that
the transport of Am(III) was independent of the nitrate
ions concentration. As shown in equilibrium reactions
(2,3), the extraction equilibrium of Eu(III) changes in the

FIG. 2. Transport of Am(III) and Eu(III) by Cyanex 301-HFSLM; Car-

rier: 0.5M Cyanex 301 dissolved in n-dodecane; Feed: 1 g=L Euþ 0.02M

sulphanillic acid þ1M NaNO3 at pH 3.4 spiked with 241Am and 154Eu tra-

cers (500mL); Receiver phase: 0.01M EDTA (500mL); Flow rate:

200mL=min; Temperature: 25�C.
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presence of nitrate ions. In the presence of nitrate ions
Eu(III) requires two molecules of Cyanex 301 for extrac-
tion as compared to three in the absence of nitrate (11).
Therefore, the presence of sufficient nitrate ions leads to
the formation of Eu(III) complex with two Cyanex-301
molecules and results in the lower lipophilicity of the
extractable complex. As a consequence, the transport rate
of Eu(III) decreases in the presence of nitrate which
increases the SF values. On other hand, the extracted spe-
cies of Am(III) are independent of nitrate ion concen-
tration, which justifies the unchanged transport rate of
Am(III). In the present work, 1M NaNO3 was employed

as this concentration is expected in the aqueous product
containing lanthanides and actinides generated in the ‘‘acti-
nide partitioning’’ cycle after neutralization of the strip
solution (16).

Pre-Concentration of Am(III)

Due to sufficiently higher transport rate of Am(III)
where quantitative recovery was possible within 45min at
pH 3.0, experiments were conducted at increased feed to
receiver phase volume ratio so that the actinide fraction
could be concentrated. In this context, the feed volume
was varied from 0.5 L to 2L while the receiver phase was
kept constant at 0.5 L. Whereas the quantitative transport
of Am(III) was possible within 1 hr at 1:1 feed to receiver
phase volume ratio with SF value of 50, about 40% trans-
port of Am(III) could be achieved in the same operation
time for a feed to receiver phase ratio of 4 with SF value
decreasing to 35. The transport was not quantitative even
after 5 hrs of operation and only about 80% transport was
observed. At the same time the SF values decreased with
the time of operation from 35 after one hr to <10 after
5 hrs. Initially, the Am(III) transport was faster as com-
pared to Eu(III). However, after some time the transport
of Am(III) attained saturation, whereas, the transport of
Eu(III) continued with the time of operation. This resulted
in decreased SF value with increasing time of operation. The

FIG. 3. Effect of feed acidity on the transport of Am(III) by Cyanex

301-HFSLM; Carrier: 0.5M Cyanex 301 in n-dodecane; Feed: 1 g=L

Euþ 0.02M sulphanillic acid þ1M NaNO3 spiked with 241Am and
154Eu tracers (500mL); Receiver phase: 0.01M EDTA (500mL); Flow

rate: 200mL=min.; Temperature: 25�C.

TABLE 2
Effect of nitrate ion on the permeation of Am(III) by
Cyanex 301-HFSLM; Carrier: 0.5M Cyanex 301 in

n-dodecane; Feed: 1g=L Euþ 0.02M sulphanillic acid at
pH 3.0 spiked with 241Am and 154Eu tracers (500mL);
Receiver phase: 0.01M EDTA (500mL); Flow rate:

200mL=min.; Temperature: 25�C

[NaNO3],
M

P� 102

(cm=min)
% Transport of Am(III)

in 30min
D.F.
values

0.5M 1.09� 0.07 91.2 65
1M 1.19� 0.03 95.1 60
2M 1.22� 0.07 92.8 52

FIG. 4. Transport of Am(III) by Cyanex 301-HFSLM in the presence of

synergists; Carrier: 0.5M Cyanex 301þ 0.25M TBP or 0.25M DHOA or

0.03M bipyridyl in n-dodecane; Feed: 1 g=L Euþ 0.02M sulphanillic acid

þ1M NaNO3 spiked with 241Am and 154Eu tracers (500mL); Receiver

phase: 0.01M EDTA (500mL); Flow rate: 200mL=min.; Temperature:

25�C.
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pre-concentration factor (PF) was defined as, PF¼Cst=Cfo,
where Cst is the concentration of Am(III) in the strip sol-
ution at an elapsed time t and Cfo is the Am(III) concen-
tration in the feed solution at zero time. The PF values at
feed to receiver phase volume ratio of 4 were: 1.7 and 3.2
after 1 hr and 5 hrs of operation, respectively.

Transport Studies with Synergistic Extraction Systems

The transport studies of Am(III) by Cyanex 301 shown
in the previous section suggested that recovery of Am(III)
strongly depended on the aqueous feed acidity. However,
solvent extraction studies revealed that the addition of
synergists to Cyanex 301 not only increased the SF values,
but was also effective for feed solutions at lower pH values
(9,11). Development of lanthanide=actinide separation pro-
cess at lower pH (�pH 2) would be more acceptable as the
difficulty in the feed adjustment with the buffer could be
avoided. In this context, 0.25M TBP (tri-n-butyl phos-
phate), 0.25M DHOA (N,N-dihexyl octanamide), and
0.03M Bipyridyl (2,20-bipyridyl) have been investigated

as synergists along with 0.5M Cyanex 301 in n-dodecane.
The extraction mechanism of Am(III) and Eu(III) by
Cyanex 301 in the presence of synergists has been described
earlier (9,11). It has been verified that synergists used in the
present work, viz. TBP, DHOA, and Bipyridyl do not
extract trivalent actinide and lanthanides at the conditions
used in the present work. However, their presence along
with Cyanex 301 enhances the extraction of Am(III).

The transport profiles of Am(III) by Cyanex 301 along
with the different synergists are shown in Fig. 4. The trans-
port data of Am(III) with pure Cyanex 301 has also been
included in the figure for comparison purpose. The feed
solution was 1 g=L Euþ 1M NaNO3 (spiked with 154Eu
and 241Am) at pH 3.0 and 2.5 adjusted with 0.02M sulpha-
nillic acid. It was observed that the transport of Am(III)
increased significantly in the presence of synergists. The
transport profiles were also predicted using the membrane
permeability coefficient (P) values and were compared with
the experimentally determined data points. As shown
in Fig. 4, good agreements between the calculated and

TABLE 3
Effect of feed acidity on permeability coefficient (P) of Am(III) in HFSLM; Carrier: 0.5M Cyanex 301, 0.5M Cyanex
301þ 0.25M TBP, 0.5M Cyanex 301þ 0.03M Bipyridyl and 0.5M Cyanex 301þ 0.25M DHOA; Diluent: n-dodecane;
Feed: 1 g=L Euþ 0.02M sulphanillic acidþ 1M NaNO3 spiked with 241Am and 154Eu tracers (500mL); Receiver phase:

0.01M EDTA (500mL); Flow rate: 200mL=min.; Temperature: 25�C

P� 103 (cm=min)

pH Cyanex 301 Cyanex 301þTBP Cyanex 301þBipyridyl Cyanex 301þDHOA

3.0 11.9� 0.03 30.4� 3.45 33.9� 1.22 26.2� 2.83
2.5 7.52� 0.04 13.9� 0.26 15.6� 1.03 12.8� 1.07
2.0 – 0.64� 0.02 – –
2.0a – 0.65� 0.01 0.67� 0.02 0.75� 0.03

aSulphanillic acid buffer was not added in the feed.

TABLE 4
Effect of feed acidity on the transport (T) and separation factor (SF) of Am(III) with respect to Eu(III) by HFSLM;
Carrier: 0.5M Cyanex 301, 0.5M Cyanex 301þ 0.25M TBP, 0.5M Cyanex 301þ 0.03M Bipyridyl and 0.5M Cyanex
301þ 0.25M DHOA; Diluent: n-dodecane; Feed: 1 g=L Euþ 0.02M sulphanillic acidþ 1M NaNO3 spiked with 241Am

and 154Eu tracers (500mL); Receiver phase: 0.01M EDTA (500mL); Flow rate: 200mL=min.; Temperature: 25�C

Cyanex 301 Cyanex 301þTBP Cyanex 301þBipyridyl Cyanex 301þDHOA

pH %T (in 30min) SF %T (in 30min) SF %T (in 30min) SF %T (in 30min) SF

3.0 91.7 60 99.9 225 99.9 350 99.9 300
2.5 70.7 6 99.9 150 99.9 325 97.8 250
2.0a – – 85.0 10 – – – –
2.0a,b – – 84.7 8 88.0 350 89.2 50

aTransport data after 6 hrs.
bWithout buffer in the feed.
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experimental data points were obtained. The P value of
Am(III) increased about two times in the presence of syner-
gists as compared to the pure Cyanex 301 carrier (Table 3).
The transport data and SF values for Am(III) are summar-
ized in Table 4. At pH 2.5, �70% Am was transported in 30
minutes with pure Cyanex 301 carrier, which increased to
>99% in the presence of any of the synergists. An interest-
ing observation was the co-transport of Eu(III) along with
the Am(III) which affect the SF values. In case of pure
Cyanex 301, the SF value decreased from 60 at pH 3.0 to
6 at pH 2.5. In the presence of synergists, however, the
SF values were sufficient (>150) even at pH 2.5 for any
process application. The high resolution gamma spectra
of 241Am and 154Eu from the feed at the start of the experi-
ment and in the product is shown in Fig. 5. The spectra
clearly indicated the absence of any trace of Eu(III) in
the product.

The transport of Am(III) was also investigated at pH 2.0
and the results are shown in Fig. 6. At first, the transport
was carried out in the presence as well as in the absence
of sulphanillic acid buffer with Cyanex 301þTBP mixture.
As indicated in Table 4, the transport data was not affected
by the absence of sulphanillic acid buffer. Further trans-
port experiments at pH 2.0 were, therefore, carried out
without buffer. This is relevant from the process appli-
cation point of view where the absence of buffer will
require easier feed adjustment. The transport of Am(III)
was between 85–90% with all the three synergists in 6 hours
of operation. However, the SF values were significantly
different for these synergists. The SF value after 6 hours
followed the order: bipyridyl (350) >DHOA (50) >TBP
(8). Interestingly, the SF values for bipyridyl was

significantly large even after 6 hours when 88% transport
of Am(III) could be achieved at feed acidity of 0.01M
HNO3. It has been reported that synergists containing N
donor atom increases the selectivity of Am(III) over
Eu(III) in addition to increasing the D value of Am(III)

FIG. 5. High resolution gamma spectrum of 241Am and 154Eu in the feed and receiver phase solutions. Carrier: 0.5M Cyanex 301 alone and in the

presence of 0.25M TBP or 0.25M DHOA or 0.03M bipyridyl in n-dodecane; Feed: 1 g=L Euþ 0.02M sulphanillic acid þ1M NaNO3 at pH 2.5 spiked

with 241Am and 154Eu tracers (500mL); Receiver phase: 0.01M EDTA (500mL); Flow rate: 200mL=min.; Temperature: 25�C.

FIG. 6. Transport of Am(III) by Cyanex 301-HFSLM; Carrier: 0.5M

Cyanex 301þ 0.25M TBP or 0.25M DHOA or 0.03M bipyridyl in n-

dodecane; Feed: 1 g=L Euþ 1M NaNO3 at 0.01M HNO3 spiked with
241Am and 154Eu tracers (500mL); Receiver phase: 0.01M EDTA

(500mL); Flow rate: 200mL=min.; Temperature: 25�C. #: pH was

adjusted with 0.02M sulphanillic acid.
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(11). On the other hand, the presence of O donor synergists
increases the D values of both, Am(III) and Eu(III) (9).
Higher SF value in bipyridyl was associated to the soft
‘N’ donor site of bipyridyl which increased the selectivity
of Am(III) over Eu(III). Whereas, in case of synergists
like TBP and DHOA, the donor atom is ‘O’ which
increases the DAm values but selectivity for Am(III) does
not increase. It was found that the SF value decreased with
the time of operation (Table 5). For any given system, the
transport of Am(III) increased with time and attained
saturation value after certain time. On the other hand,
the transport of Eu(III) showed a linear dependence with
time causing a decrease in the SF value. From the present
studies, bipyridyl seems to be a favourable synergist
which can be used even at lower pH regions for selective
recovery of Am(III) over lanthanides with reasonably good
SF values.

Stability of the Liquid Membrane

The long-term stability of the HFSLM is an important
issue from its application point of view. For such a stability
test, the module was impregnated once with the carrier sol-
ution (0.5M Cyanex 301) and the system was allowed to
run continuously for 100 hrs with feed and strip solutions.
The stability of the HFSLM was monitored by measuring
the transport data of Am(III) and Eu(III) at regular time
intervals. The feed solution was 1 g=L Euþ 0.02M sulpha-
nillic acid þ1M NaNO3 at pH 3.0 spiked with 241Am and
154Eu tracers. From the transport data shown in Table 6,
the Am(III) transport was 91.7% (in 10 minutes) at the
start of the experiment, which decreased to 77.5% (in 10
minutes) after 100 hours of continuous operation. Though
the %T data did not change significantly after 25 h, the SF
value reduced to half. In line with this deterioration of the
separation efficiency, the SF value decreased significantly
to 4 after 100 h of continuous operation. Instability of
the membrane can be described as two types, viz. the
chemical stability of the carrier molecule and the physical
stability of the liquid membrane which is related to the loss
of carrier molecules from the pores of the membrane

support. Pearson (25) has given the probable causes for
the loss of carrier from the membrane support as:

(a) loss of extractant by solubility in adjacent aqueous
solution,

(b) progressive wettabilty of the support pores induced by
lowering of the organic-water interfacial tension which
results from the surface active nature of the carrier
molecules, and

(c) the differential pressures existing between the inside
and outside of the HFSLM caused by pumping of
the solutions.

Danesi (14,22) reported that the loss of carrier from the
pores is more significant when carrier molecules are a very
strong surfactant such as alkylaryl sulphonic acids and
long chain quaternary ammonium salts. Cyanex 301 being
a weaker surface active carrier and dodecane being a dilu-
ent, one may expect good physical stability of the mem-
brane. The significant decrease in the SF value observed
in the present work reflects the chemical instability of the
carrier (Cyanex-301). It is well known that in the presence
of acid, Cyanex 301 undergoes hydrolysis and is converted
into Cyanex 302 and Cyanex 272. These derivatives of

TABLE 5
Transport of Am(III) and separation factor (SF) values as a function of time in HFSLM system; Carrier: 0.5M Cyanex
301þ 0.25M TBP or 0.25M DHOA or 0.03M bipyridyl in n-dodecane; Feed: 1 g=L Euþ 0.02M sulphanillic acid þ1M
NaNO3 at pH 2.5 spiked with 241Am and 154Eu tracers (500mL); Receiver phase: 0.01M EDTA (500mL); Flow rate:

200mL=min; Temperature: 25�C

Transport of Am(III) SF values

Carrier used 10min 30min 60min 10min 30min 60min

CyanexþBipyridyl 73.4 >99.9 >99.9 1010 330 125
CyanexþDHOA 58.8 >99.9 >99.9 1100 250 100
CyanexþTBP 68.2 >99.9 >99.9 1000 150 14

TABLE 6
Successive Am(III) transport experiments to evaluate the
stability of Cyanex 301-HFSLM; Carrier: 0.5M Cyanex
301 in n-dodecane; Feed: 1g=L Euþ 0.02M sulphanillic

acid þ1M NaNO3 at pH 3.0 spiked with 241Am and 154Eu
tracers (500mL); Receiver phase: 0.01M EDTA (500mL);

Flow rate: 200mL=min.; Temperature: 25�C

Time lapse
(Hrs)

P� 103

(cm=min)
% Transport in

10min S.F. values

0.0 11.9 91.7 60
25 8.43 89.5 30
50 6.80 83.6 15
75 5.12 79.2 9

100 4.35 77.5 4
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Cyanex show strong extraction of lanthanides along with
Am(III). Hill et al. (9), have shown that the presence of
even a trace amount of other derivatives of Cyanex favor
the extraction of Eu(III) over Am(III) by Cyanex 301. It
seems that due to the formation of these derivatives of
Cyanex, a significant amount of Eu was also transported
thereby decreasing the SF value to 4 after 100 hrs of
operation.

CONCLUSIONS

Selective recovery of Am(III) from lanthanides was
demonstrated at 0.5 L scale with Cyanex-301 (bis(2,4,4-
trimethylpentyl)dithiophosphinic acid) using hollow fiber
supported liquid membrane (HFSLM) technique. The
transport rate of Am(III) was found to be affected by the
feed acidity and was independent of the feed nitrate con-
centration. The presence of synergists such as tri-n-butyl
phosphate (TBP), N,N,-dihexyl octanamide (DHOA) and
2,20-bipyridyl (Bipy) revealed superior transport rate at
low feed pH with a reasonably high separation factor
(SF). The SF value decreased with the times of operation
which was associated with continuous increase in Eu(III)
transport with saturation in Am(III) transport after a cer-
tain time. In the presence of synergists, >85% transport of
Am(III) was achieved in 6 hours of operation at pH 2.0
even in the absence of buffer. The SF value after 6 hours
for different synergists at pH 2.0 followed the order: Bipy
(350) >DHOA (50) >TBP (8). The HFSLM system was
found to be deteriorating with time observed for 100 hours
of continuous operation due to hydrolysis of the carrier
molecule.

ABBREVIATIONS

Bipy 2,20-Bipyridyl
BTP 2,6-bis(5,6-dipropyl-1,2,4-triazin-3-yl)pyridine
DHOA Di-n-hexyl octanamide
EDTA Ethylenediamine tetraacetic acid
FSSLM Flat sheet supported liquid membrane
HFSLM Hollow fiber supported liquid membrane
HLW High level waste
PUREX Plutonium uranium reduction extraction
SF Separation factor
TB Tri-n-butyl phosphate
TODGA N,N,N’,N’-tetraoctyl diglycolamide
TOPO Tri-n-octyl phosphine oxide
VOC Volatile organic compounds

Symbols

A Internal surface area of membrane
Co Initial metal ion concentration (at t¼ 0)
Ct Concentration of metal ion in aqueous feed at

time t
L Length of the fiber
N Number of fibers

P Overall permeability coefficient
QT Flow rate of the feed solution
V Time average aqueous feed volume

Greek Letters

2 Porosity of the membrane
/ Transport parameter
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