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Aqueous Acidic Wastes Using a Hollow
Fiber Supported Liquid Membrane
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Anil Kumar Pabby,* A. K. Venugopalan,
R. D. Changrani, and P. K. Dey

Nuclear Recycle Group, Bhabha Atomic Research Centre,
Tarapur, Thane, India

ABSTRACT

The use of microporous hydrophobic polypropylene, as a hollow fiber
supported liquid membrane (HFSLM) was considered for removal of acti-
nides such as uranium (U) and plutonium (Pu) from nuclear process
effluents. The 1.09 M extractant, tri-n-butyl phosphate (TBP) diluted with
n-dodecane was used as carrier. The study includes the hydrodynamic and
chemical parameters. Modeling was performed using chemical parameters
and rate controlling steps were identified. It was possible to remove U(VI)
and Pu(IV) from process effluent more than 99% in presence of fission pro-
ducts. The optimum effective feed linear flow velocity was found to be
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1296 Rathore et al.

0.88cmsec . The stripping reagent 0.1 M hydroxylamine hydrochloride
(NH,OH - HC]) in 0.5M HNOj; was used. The permeation of metal ions
increased with increasing effective surface area and model for higher concen-
tration of metal ion was able to describe the transport mechanism of U(VI).

Key Words: HFSLM; Uranium; Flux; Extraction; Plutonium;
Permeation; TBP.

INTRODUCTION

Liquid membranes (LM) are expected to serve as one of the leading
processes that will support science and technology in the near future, and contin-
ual efforts are being made to develop improved functions for membranes.!! The
partitioning of metals by LMs was actively investigated for their applications in
hydrometallurgy by Li et al.”® It is interesting to note that future trends of LM
techniques are quite encouraging as these techniques continue to command sig-
nificant attention, as indicated in recently published review by Sastre et al.l*’

Of late, LM processes have been suggested as a clean technology due
to certain unique characteristics such as high specificity, identity, and
productivity as well as low emissions and energy requirement. Several charac-
teristics have been described by Pickering and Southern' in order to justify
their effectiveness to be claimed as clean technology. Keeping in view of its
“clean technology concept” LMs are continuously modified for their better
performance in terms of stability and efficient metal transport. Membrane
technology offers outstanding future potential in the reduction and/or
recycling of hazardous pollutants from waste streams.'! In contrast to distillation
and solvent extraction, membrane separation is achieved normally without
any phase change and use of expensive solvents.

The hollow fiber supported liquid membrane (HFSLM) module is a
bundle of small porous hollow fibers randomly packed into a shell, similar
in configuration to a shell and tube heat exchanger. This would allow, on
one hand, the volume and the radiotoxicity of the wastes to be reduced, and,
on the other hand, part of these decontaminated wastes to be directed to further
treatment or disposal. The basic principle of HFSLM is the immobilization of
organic extractant into the pores of hydrophobic membranes using the wetting
characteristics of the membrane.'®! The main advantages of this method are: no
entrainment, no flooding, very large interfacial area, the possibility to realize
extreme phase ratios, independency of phase densities and interfacial tension.
Hollow fiber polymeric supports are more effective because of their favorable
ratio of membrane area to process volume of circulating solutions.!”**!

A short-coming of HFSLM extraction could be the clogging of hollow
fiber membrane pores with the suspended particles present in the feed,
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Uranium and Plutonium Separation Using HFSLM 1297

which could be avoided by passing the feed solution through shell side and
stripping solution through tube side. Several works exploring this technique
for the extraction of metal ions,””'” have been published in the past decade.

These works show that the feasibility of HFSLM and its application
will continue to grow in coming years. Prompted by these considerations a
comprehensive program was initiated for recovery/concentration of uranium
(U) and plutonium (Pu) from process effluents. Pu(IV) was taken as a repre-
sentative metal ion for optimizing some important hydrodynamic parameters
such as stagnant and dynamic state of strip solution, effective surface area, and
membrane stability. Furthermore, U(VI) was specially taken for evaluating the
diffusional parameters as it is present in higher concentration in the process
effluent.

EXPERIMENTAL
Solvent

The organic membrane phase was prepared by dissolving a measured
volume of tri-n-butyl phosphate (TBP) in dodecane to provide carrier
solutions of varying concentrations. TBP was supplied by Shell Chemicals,
Australia and analytical grade diluent, n-dodocane was obtained and used as
such. The composition of waste solution is given in Table 1.

Uranyl Nitrate Stock Solution

Uranyl nitrate stock solution (100 gdm ) was prepared by dissolving
UsOg powder in 1: 1 nitric acid and standardized by a modified Daveis and
Gray method using potentiometric end point detection.!"" From this stock sol-
ution, standard uranyl nitrate solutions of strength 15mgcm > in different
molarity of nitric acid solutions were prepared as follows. A required aliquot
of uranyl nitrate stock solution was pipetted in a ground glass-stoppered tube

Table 1. Composition of simulated
medium active aqueous acidic waste.

Uranium 15gdm?
Plutonium 8 mgdm >
Gross 49.3mCidm
Gross vy 15.7mCidm >
Acidity 3M HNO;

Copyright © Marcel Dekker, Inc. All rights reserved.
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and evaporated to dryness under infra-red lamp in a fume hood. The residue
was dissolved subsequently in the required volume of particular desired
strength of nitric acid solution.

Tracers

Tracers such as 2°U, 2 9Pu, 137Cs, 106Ru, and " 4’152Eu, were obtained
from Isotope Division, BARC, Mumbai. Whenever required, the desired
tracers were evaporated to dryness and made up with required molarity of
nitric acid solution used for experiments.

Uranium estimation is carried out using alcoholic ammonium thiocyanate
method."?! This method is well suited for the estimation of U(VI) in the range
of 0.1-50mg in 25cm’ final volume. The molar absorptivity of
1000 L mol 'cm ™! at 420 nm and 5000 L mol 'cm ! at 375 nm, makes the
method quite sensitive.

Alpha Scintillation Counting

For ***U and **Pu, PLA make alpha scintillation counter with ZnS(Ag)
as a detector was used to determine the concentration of these alpha emitting
actinides in the aqueous phase by radiometry. The total alpha in the sample
was estimated by direct planchetting on a 2.5cm diameter stainless steel
planchet and counting on alpha scintillation counter. Every time efficiency
of the counter was checked by comparing it with standard alpha source and
background was checked and proper correction was incorporated in calcu-
lations of activity. Plutonium alpha activities were determined by extracting
plutonium in 0.5M theonyltrifluoro acetone (TTA)/xylene and directly
planchetting the organic phase. Alpha spectrometry of the planchets was
done using a silicon surface-barrier detector to detect the presence of Pu.

Mechanism of U(VI)/Pu(IV) Transport
When the UO3" /Pu** ions in the feed side come in contact with TBP in

the LM in the presence of H"and N O3 ions (in the source phase) the following
reactions takes place!'*'¥!

U031t + 2NO3,, + 2TBP—> UO,(NO3), - 2TBPq, (1a)
Pujt +4NO3,, + 2TBP—>Pu(NO3), - 2TBPqy, (1b)

Copyright © Marcel Dekker, Inc. All rights reserved.
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Uranium and Plutonium Separation Using HFSLM 1299

As the UO,(NOj),-2TBP or Pu(NOj),-2TBP complex is formed on the
membrane interface on the feed side, its concentration within the membrane
on this side increases. Subsequently, it moves towards the stripping solution
within the membrane as a consequence of concentration gradient. As the
complex reaches the product side of the membrane, the following reaction
takes place

UO,(NO3), - 2TBP,;, or Pu(NOs), - 2TBP,,

NH,OH - HCl1
——————=— UO(NO3),,, or Pu(NO3)3,, + 2TBPoy (2)

The TBP molecules are left free in the organic membrane phase and
the UO,(NO3),/Pu(NOs); species enters the product side. The concentra-
tion of the UO, (NO;3),-2TBP or Pu(NOj),-2TBP neutral complexes in
the LM remains high on the source phase side because the complexes are
continuously being formed in that side and their concentration remains very
low on the product side as distribution ratios (D values) of actinides are
very low with stripping reagent. Consequently, the complexes go on permeating
continuously from the feed to the product side across the LM under its con-
centration gradient. As NOj ions moves in the direction of UO3"/Pu*"
ions, there is a coupled co-transport process. At high HNO; concentra-
tions, the TBP- HNOj; type complex is also formed, which competes with
metal—ligand complex transport and results in decline the overall transport
process.

Characteristics of the Membrane and Device

Supports for the HFSLM, were obtained from ENKA (Germany). The
morphology of the lumens is depicted in elsewhere."”!

Hydrophobic polypropylene hollow fibers having following specification
were used to fabricate the modules:

Material Polypropylene Fiber .D. (mm) 0.6

Porosity (%) 70 Shape Tubular

Effective pore 0.2 Module structure Shell and tube
size (m)

Fiber wall 200 Surface area ~34
thickness (um) (A) (cm?)

Fiber length (cm) 9.0 Module length (cm) 10

Fiber O.D. (mm) 1.0 Module diameter (cm) 1.0

Copyright © Marcel Dekker, Inc. All rights reserved.
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Permeation Study

The hollow-fiber module was operated in a recirculating mode. The feed
and strip solutions were circulated through the lumen and on the shell side of
fibers, respectively, by means of calibrated peristaltic pump. The permeation
of the radionuclides through the HFSLM was examined periodically by
sampling the feed and/or strip solution. Sample was analyzed for « using
ZnS silver activated scintilation counter and for y using Nal (T1) scintilation
counter and uranium by spectrophotometry.

RESULTS AND DISCUSSION
Extraction Equilibrium for Uranium

The UO%+ ion in nitrate medium (HNO3) form UO,(NO3), - 2TBP com-
plex with the extractant, expressed as Eq. (1)!'*! and stripping of U(VI) from
loaded TBP is as Eq. (2), the extraction equilibrium can be described by the
following equation and extraction constants for U:

From Eq. (1a)
- [UOZ(NO3)2 : 2TBP]org
[UO3"1,4[NO5 I3, [TBPT;

org

ex

(3)
[UO,(NO3), - 2TBP]

[UO3 ],

org

U =

or

~ [NO;T;,[TBPT;

org

ex

The values of K., for U(VI) with TBP in dodecane were calculated from the
Dy values. The partition coefficient could be presented as

log Dy = log Kex + 210g[NO5] + 2 log [TBP],,, (4a)
Similarly for Pu extraction equilibria can be presented as:
log Dpy = log Kex + 410g[NO5 ] + 2 log [TBP],,, (4b)

Permeation of U(VI) and Pu(IV) have been studied with hollow-fiber mem-
brane supports assembled in laboratory-scale modules. Detailed investigations
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were undertaken to define the best operating conditions and to consider how
selectivity and durability of operation could be ensured. As a representative
case, Pu(IV) was selected and experiments were conducted for the operation
of HFSLM, in varying parameters such as flow rate, surface area, carrier concen-
tration, nitrate ion concentration, circulation of the feed/strip solution from
different geometry and recirculation rate of strip solution etc.

Effect of Carrier Concentration on the
Permeability Coefficient

The composition of the organic solution has a significant effect on the
permeation when transport across a membrane occurs via a carrier, the
permeability is expected to increase with increase in carrier concentration.
However, in carrier-mediated transport of Pu with TBP, a more complex
behavior is seen."”! Table 2 summarizes data for uranium flux vs. TBP
concentration in the membrane. It is obvious that similar behavior as with
Pu was observed in case of uranium. Reusch and Cussler''®! have also shown
that the diffusion limited flux linearly increases with the carrier concentration;
but at higher carrier concentration the viscosity of the membrane phase
also increases. The increase in membrane viscosity has often led to an
optimum in the flux as a function of the carrier concentration. This interesting
phenomenon is apparently caused by two competing factors:

— The concentration gradient of the uranium/plutonium complex.
— The viscosity of the carrier/diluent in the LM.

Table 2. Effect of carrier concentration on the flux of uranium transport across
HFSLM.

Experiment Concentration of Flux®* Permeability coefficient”
no. TBP (M) (1071h (1077

1 0.36 3.26 1.12

2 0.72 4.83 1.67

3 1.09 4.66 1.61

4 1.45 1.54 0.53

5 1.81 1.18 0.48

Note: Feed, U3 tracer; feed and stripping volume ratio, 1; acidity, 3M HNOs;; flow
rate for HFSLM, 2.5mL min '; surface area, 33.9cm? (HFSLM); strippant, 0.1 M
NH,OH - HCI in 0.3 M HNOs.

Flux J (molem Zsec™ ) = permeability coefficient (Py) x C (concentration of U).

°Py, ecmsec” L.

Copyright © Marcel Dekker, Inc. All rights reserved.
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As the diffusion coefficient (D) of a solute, across the membrane is defined by
the following Stokes—Finstein equation:

kT

D=
6mrn

)

where k, T, r, and 1 denote the Boltzmann constant, the absolute temperature,
the molecular radius of the metal-complex and the viscosity of the organic
phase, respectively.

Since flux is inversely proportional to the viscosity, an increase in the vis-
cosity should reduce the transport which has been confirmed by increasing in
viscosity by taking higher concentration of carrier. Thus 30% TBP was
selected as the optimum carrier concentration to carry out further experiments
to standardize different operating parameters.

Effect of Strip Solution with Agitated and Stagnant State

Experiments were carried out with strip solution in recirculating mode [1]
and without recirculating mode [2]. For the mode [1], both feed solution and strip-
ping solution are recycled, whereas in case of mode [2] feed solution is recycled
and strip solution kept stagnant. Table 3 shows the results from both the exper-
iments. The recirculating mode gave more permeation (~81.5%) than the stag-
nant mode (59.9%). Effective agitation of strip aqueous phase, decreases the
thickness of aqueous strippant boundary layer’s (d,). Therefore, instantaneous
contact of fresh strippant with membrane takes place thus fast stripping of
metal ion from loaded organic at the membrane—strip inter phase was observed.

The performance of various contactor configurations have been reported for
parallel and transverse flow across the fiber to compare the efficiency that can be
obtained in commercially-made modules."'” It is found in a number of studies that
fluid flow outside fibers shows major channeling causing a reduction in the mass
transfer coefficients. More recently, Lipnizki and Field!"® categorizes general
effects on mass transfer during shell-side flow at different packing fractions. At
low packing densities, maldistribution competes with transverse flow and other
effects while at high packing fractions, channeling and dead zones in the modules
are major effects. Very accurate specific correlations can be developed for shell-
side flow; it is often based on experiments on particular types of module and may
be limited in the range of packing densities where it is being applied.

In HFSLM, with circulation of feed solution through shell side and strip
solution through tube side, transport of Pu was significantly varied. As the
feed solution flowed through the shell side, part of the flowing solution escaped
without contact of the membrane phase, which resulted in poor performance of

Copyright © Marcel Dekker, Inc. All rights reserved.
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Table 3. Permeation percentage of plutonium with different
flow state of strip solution.

Percentage permeation (%P)

Time (min) Stagnant state Dynamic state
8 7.6 21.5
16 19.8 34.0
24 294 47.4
32 30.3 48.5
40 339 50.7
48 373 56.9
56 46.8 62.6
64 48.7 78.4
72 54.6 80.1
80 59.9 81.5

Note: Feed, plutonium nitrate solution; feed and strip ratio, 1;
acidity, 3M HNOj; flow rate for feed and strip, 2.5 mL min ™'
(in case of dynamic state); surface area, 33.9 cm? (HFSLM);
strippant, 0.1 M NH,OH - HCl in 0.3 M HNOg; carrier concen-
tration, 1.09 M (~30%) TBP in n-dodecane.

the HFSLM compared to the feed flowing through the lumens. The model is
explained in Fig. 1(A). The results from Fig. 1(B) indicated that the percentage
permeation obtained by feed flowing through the shell side was 47%, which is
lesser than the percentage permeation 82%, when feed was flowing through
tube side. The percentage permeation (%P) was almost half of that obtained
by the flowing feed tube side and stripping solution shell side. Probably
reduction in overall %P results due to the lowering of linear flow velocity of
the feed solution when the solution passed through the shell side.”® Another
reason for the decrease in Pu permeability was probably the insufficient
membrane area provided for the stripping reaction in the tube side as compared
to the shell side. Therefore, the mode (feed flowing through the tube side)
operation was adopted through in order to obtain a more transport.

HFSLM Cation Selectivities

Selective tributyl phosphate-mediated cation transport using HFSLM was
also investigated as has been done in flat-sheet supported LM systems. This is
to demonstrate the selectivity of the uranium and plutonium in order to
examine the effect of several other metal ions generally accompanying

Copyright © Marcel Dekker, Inc. All rights reserved.
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(A)

Membrane

Membrane

Strip

a. b.

Solute Permeation

>

Feed Liquid Strip
solution membrane solution
A, A,

c.
Solute permeation
.
Feed Liquid Strip
solution membrane| solution
A, A,
d.

Figure 1. (A) Cross-section of hollow fiber with characterizing sizes. (a) Feed on
tube side; (b) feed on shell side; (c) and (d) HFSLM configuration: A; and A, are the
inner and outer surface areas of the support membrane, respectively. r;, inner radius;
7o, outer radius. (B) Percentage permeation (%) of Pu(IV) for two different feed recircu-
lating condition. Acidity: 3M HNOs;; carrier: 1.09M TBP in dodecane; strippant:
NH,OH - HCI in 0.3 M HNOs; feed linear flow velocity: 0.88 cm sec™ L
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Figure 1. Continued.

Pu(NO3)4/UO,(NO3), and their interferences with overall permeation of
Pu(IV)/U(VI). In aqueous acidic wastes solutions there are hosts of nitrate
ions that can be found. Cation selectivity measurements were obtained with
HFSLM using 1.09M (~30% TBP v/v) TBP in dodecane as the LM for
various metal nitrate like, cesium ( 137Cs), ruthenium (106Ru), and europium
(*Eu). The conditions were similar to those encountered in radiochemical
waste solutions from nuclear chemical facilities. Fig. 2 presents the results
of U(VI) and Pu(IV) permeability, in presence of these fission products like
137Cs, 106Ru, and 154Eu, was not affected as there was no transport of Cs,
Ru, and Eu This may be due to negligible distribution coefficient and high
separation factor (SF) which is defined as
Py

SFy = B (6)
where P = permeability coefficient, M = U and Pu, m = fission products in
TBP/n-dodecane system for such fission products.

Surface Area Variation

To study the influence of the variation of the surface area (A),
permeability coefficients (Pp,) were determined using three different

Copyright © Marcel Dekker, Inc. All rights reserved.

MARCEL DEKKER, INcC. ﬂ
270 Madison Avenue, New York, New York 10016 5



10: 09 25 January 2011

Downl oaded At:

ORDER REPRINTS
1306 Rathore et al.
1.2
1 A X X A A X A A X X
o
0.8 o
* o g ¢ Seriesl
=) oog O Series2
@) * .
= 0.6 o A Series3
*
o o o . a A Series4
. X SeriesS
0.4 ¢ 0
¢ g
e
0.2
0
0 20 40 60 80 100
Time, min.

Figure 2. Effect of other metal nitrate ions such as Cs-137, Ru-106, and Eu-154, on
U(VI) and Pu(IV) permeation. Carrier concentration: 1.09 M TBP; stripping phase:
0.1M NH,OH - HCI in 0.3M HNOj; flow rate: 3mLmin " '; feed acidity: 3M HNOs;.
Series 1, uranium; Series 2, Pu; Series 3 ruthenium; Series 4, europium; Series 5, ceasium.

cell modules containing varying number of lumens and Pp, was calculated
using points from Fig. 3. The result shows that the Pp, for 8.5cm?
(five lumens) was found to be 1.2 x 10 cmsec !, surface area 25.4 cm?
(15 lumens) it was observed to be 1.4 x 10 2 cmsec ! and for surface area
33.9cm? (20 lumens) it was seen to be 1.5 x 102 cmsec” !, Studies show
that modules with greater membrane area per unit volume perform better
than those with smaller area per unit volume.!'”!

Influence of Initial Permeant Concentration on Permeation

The influence of metal ion concentration [10_5 ~107*M U(VI)] on per-
meability was studied."” The flux for two different concentration of metal ion
was calculated from slope analysis technique with data taken from Fig. 4
and was observed to be 3.49 x 10 “molcm 2sec” ! at U concentration
2.89 x 10 *moldm > and 1.5 x 107 “molem Zsec™ ' at 1.93 x 10> mol
dm ™~ uranium concentration.
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Figure 3. Plot of the variation of effective surface area (A) on Pu(IV) permeation.
Carrier: 1.09M TBP in dodecane; stripping phase: 0.1M NH,OH-HCI in 0.3M
HNOg;; feed linear flow velocity: 0.88cm sec_'; feed H™: 3M HNO;. Series I,
8.47 cm?; Series 2, 25.43 cm?; Series 3, 33.91 cm?.

The higher uranium and plutonium concentration yielded higher flux,
between the range 10~ ° and 10~* M. This may be due to higher concentration
gradient between the aqueous feed phase to stripping phase across the LM,
since the incomplete saturation of organic with the metal ion at this very
low level of two concentration takes place. Once the concentration of metal
ion further increased to sufficient saturation of the carrier, the permeability
of metal ion may decrease, because at this stage, J/ becomes constant, probably
for two reasons: firstly, membrane saturation, lower effective membrane
area of the HFSLM, and secondly, maximization owing to saturation of the
membrane pores with metal—carrier species and in addition, the build-up of
a carrier layer on the membrane interface which assists the retention of the
separating constituent on the entry side and leads to a constant permeability
flux.*°! On the contrary, in our case the carrier concentration is much higher
than the metal ion concentration taken for the study. Therefore, at this level of
two different concentration for plutonium as well as uranium, concentration
gradient for higher metal ion concentration was more which maintained the
uphill transport of Pu(IV) and U(VI) ions from the feed phase to strip phase
across the membrane. Thus the wastes, having concentration in these ranges
are more suitable for decontamination through HFSLM module without
observing significant decrease in permeability.
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Figure 4. Influence of initial concentration of U(VI) on permeability flux (J) with
carrier concentration: 1.09 M TBP in dodecane; stripping agent: 0.1 M NH,OH - HCI
in 0.3 M HNOj5; feed linear flow velocity: 0.88 cmsec™'; feed H™: 3M HNO5. Series
1, 1.93 x 10> mol dm73; Series 2, 2.89 x 10" *mol dm .

Danesi?!! derived equation for the two limiting cases of low and high
metal concentrations of the feed solutions. When the metal concentration is
low, the concentration of the unbound carrier essentially equals the total
membrane carrier concentration. In this case the membrane flux varies with
time and along the hollow-fiber axial coordinate. The equation derived in
this case only hold in a region of low product recovery.''">! As medium active
wastes consists uranium in gdm > level (Table 1). Thus transport of higher
concentration of metal ion in feed becomes essential part of this study.
When the metal concentration is high, the concentration of the unbound carrier
is close to zero and the membrane flux is constant with time and along the
hollow-fiber axial coordinate. When the metal concentration in the aqueous
feed is high and the membrane carrier is completely loaded with permeating
metal, Eq. (5)[]5] is no longer valid, hence, we should derive the equation
for HESLM system run in recycling mode as suggested by Danesi*'! and
Aamrani et al.'”*?!. We consider the chemical reaction expressed in Eq. (1a)
and denote by:

[U]org =[UO2(NO3), - 2TBP]Org

where [U],,, is concentration of uranium in organic phase.
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Taking into account Eq. (1a) for equilibrium constant of this chemical
reaction as shown below:

[UL"™® = Kx[NO3 I3 [TBP]; [UO; ] (7a)

org

where [U]¢"® is interfacial concentration of uranium complex.
Now from Ref.[?*!

[upe
[UO; *],4[NO; |7 [TBP?

ex

from Eq. (3) using
[U]org = [UOZ(NO3)2 ' 2TBP]org
Eq. (3) becomes

2 [U]org
%~ [UOF ]INO; I, Kex

[TBP] (7b)

It is derived according to Ref./*!1. The extraction equilibrium can be described
for TBP [Eq. (7¢)] by the reaction and extraction constants given below as:
UO; " + 2NOj + 2TBP,, = UO»(NO3), - 2TBP,,
[UO2(NO3), - 2TBP]
~ [UO;*]INO; [ TBP]

org
5 (7¢)

org

1

The uranium transport rate is determined by the rate of diffusion
of uranium-containing species through the feed diffusion layer and the rate
of diffusion of UO,(NO3),-2TBP through the membrane. Then, the flux of
UO3Z" crossing the membrane may be derived by applying Fick’s first
diffusion law to the diffusion layer on the feed side, and to the membrane.
The diffusional fluxes at the feed aqueous boundary layer J,; and at the
membrane phase J, for TBP [Eq. (7e)] can be expressed by the following
equations, assuming that the diffusion coefficient of UO,(NO3),-2TBP is
the same in the membrane phase:

Jut = A3 (Ul — [UL ) e
Jo = A, ([UO:(NOy), - 2TBPY; — [UO(NOs), - 2TBP]; ;)
Aa = ﬁ s A0 = ﬁ (7e)
D, D,

As the distribution coefficient of UO3F " between the membrane
phase and the stripping phase is much lower than that between the
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1310 Rathore et al.

feed phase and the membrane, the concentration of the metal—extractant
complexes in the membrane phase on the stripping solution side may be
negligible compared with that on the feed solution side. Then, Eq. (7¢e) can
be written as:

Jo = A;'[UO,(NO3), - 2TBP];; (71)

If the chemical reactions expressed by Eq. (7¢)!"*! is assumed to be fast com-
pared to the diffusion rate, local equilibrium at the interface is reached and
concentrations at the interface is related through Eq. (7c¢).

From Eq. (3) and (7f)

JoA, = [UO»(NO3), - 2TBP]; = Kex[TBP]Z,[NO; P[UO3 '], or

org

A
= Joz L= [UO3 ¢ (8a)
Kex[TBPT, [NO; ]
From Eq. (7d)
1Ay = [UO3*]; — [UO3 "] (8b)

We substitute Eq. (8a) in to Eq. (8b) to obtain [[UOF *]],

JoA,
Kex[TBP]2 [NO; T

org

J.A, =[U03T); —

and assuming that at steady state, J,s = J, = J

JoA,
2 2 [UO§+]f
Kex [TBP] [NO3 ]

org

A+ A, ot
J(KCX[TBP]2 [NO3_]2> - [U02 ]f (9)

org
i [UO3 ")y
A, + (Ao /Kex[TBP] [NO3 %)

org

K[TBP];,,[NO3 [UO3 ]

org

" Ao + MK [TBPP, [NO;

org

a=a

(10)

where A, = 1/k, and A, = 1/k; are organic and aqueous mass transfer
resistances.

Taking into account that in membrane phase

[TBPS,, = [TBP],, + 2[U]

org — org
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Uranium and Plutonium Separation Using HFSLM 1311

where [TBP]E,)rg is the total concentration of extractant (TBP) and [TBP],,, is
the free extractant concentration, for high metal concentrations

[TBPI.,, = 2[U],, (11)

org

substituting value of [U],, from Eq. (11) into Eq. (7b)

TBP]"
[TBP;,, = L ]°"°_2 (12)
2[UOF*][NO; Ko

Substituting Eq. (12) into Eq. (10), we get,

(Kex[TBP,,[NO3 I3, /2[UO *][NO; I;, Kex)[UOS

B A + A K [TBP, [NO3 T2,

org

or

[TBP]°

org

J= 2 2
2Ao + 2Aal(ex[TBP] [NO3 ]aq

org

[TBP]°

org

/= 28, + 28K (TBPT [NO; I//2[UOF FJINO; TKor)

org

[TBP],,,[UO; "]

org

~ 2A,[UO; ] + A [TBP]

org

(13)

If in the last expression [Eq. (13)] the term A, ([TBP]grg) is neglected (because
A, < A)) and the diffusion is controlled in the organic phase, we obtain the
following expression for metal flux:

[TBPI),,
T (14)

Noting that by definition

cv
At

If C = U and differentiating with respect to ¢

_
T diA
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or

A
—dt = —

A
dlU] = —J th

and integrating the flux equation with respect to time, we obtain the expression
for the metal concentration

[tv1= 72 [
From Eq. (14)

[TBP]grgA
Jd[U] - — W J dt
_ [TBP kA )
2w

where [U];, = initial and k,, = 1/A,

Figure 5 plotted using Eq. (15) which show the kind of curve experimentally
obtained when the initial metal concentration in the feed was 5.0 x 10 *M and
the concentration of TBP in the membrane phase is 1.09 M. The slope of the
straight line and Eq. (15) allow us to evaluate the membrane mass transfer coeffi-
cient (k). The membrane diffusion coefficient (D) of UO,(NO3), - 2TBP when
all the carrier is bound to the metal ions is evaluated as follows:

[UTY, — [Ul;, (15)

Deg = kit T (]6)

where, D.g is the diffusion coefficient, k., is the membrane mass transfer coeffi-
cient, f,,, is the thickness of the membrane, and 7 is the tortuosity. The calculated
value of membrane mass transfer coefficient (k,,) was 4.08 x 10" cmsec” ! and
Degr was 0.11 x 10~ cm?sec™ !, which is some what lesser than the value eval-
uated by Bobcock et al.,[24] e.g.,6 x 10~ cm?sec™ l, for the membrane diffusion
coefficient of the complex formed between uranyl sulfate and tertiary amine
Alamine 336 in the aromatic diluent Aromatic 150.

Membrane’s Stability and Reproducibility

For transport of trace metals, long term stability of the HFSLM is a key
parameter. Plutonium transport and perconcentration measurements were
made by operating the HFSLM system for 26 cycle (400 min) without
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Figure 5. [UOjF 0 — [UoF 1., plotted vs. time (#) for higher concentration of
uranium using 1.09M TBP as the carrier. Slope: 3 x 10~ ' moldm >; U(VI) in the
feed: 5.0 x 10" *moldm >

re-impregnating the membrane. The stability of the membrane phase was
checked by continuous run of impregnated module, and by checking intermix-
ing of source phase to receiving phase. Figure. 6 shows that the permeability
of the HFSLM was quite remarkable, during subsequent cycle of 400 min, no
leaching of organic phase including leak was observed. This was confirmed by
spiking of "*”Cs in simulated source phase, at the end of 26 cycles maintaining
the flow rate of 3mL min~ " and no '*’Cs was detected in the receiving phase.
The permeability of Pu(IV) was measured and results from Fig. 7 shows that it
was reproducible. No significant reduction in permeability was observed as
carrier loss is insignificant and the device can be used for at least 400 min
without re-impregnation.

Stability of the SLM depends on both the physical and chemical properties of
the constituents. With a LM, extraction and stripping of metal occur on opposite
sides of the membrane simultaneously. Hence carrier is being continuously
regenerated. Thus a minimum of solvent inventory was required in these exper-
iments—just the necessary amount to impregnate the pore structure of fibers.

In practice only few SLM systems are being applied in industrial scale,
since the stability of the membranes is insufficient and, therefore, the lifetime
of the membranes unpredictable. Little systematic research has been done to
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Figure 6. Stability of the HFSLM in recycle mode. Flow rate: 3mL min '; feed
volume: 50 mL; Pu concentration in feed reservoir: 2.08 x 10> mol dm73; feed H':
3 M HNOs: carrier concentration: 1.09 M TBP.

find the causes of this instability. At the same time there is enough data on the
consequences resulting from the instability problems. Causes of instability
may vary from one system to another, but loss of the impregnating liquid
(carrier or solvent) from the membrane to the source and strip solution is a
major one. Two types of SLM instability effects can be distinguished. In the
first place there is the problem of a decline in permeability as a function
of time,*>*®! which is generally ascribed to the loss of carrier from the
membrane phase.”””! In the second place a “break down” of the system can
be observed, which means that a direct transport between the two phases is
taking place.”®® The period of time after which such instability effects are
observed can vary from some minutes to several months. This depends particu-
larly on the type of solvent™®®! and on the support used.”**>% It is remarkable that
in Ref.*"! the use of Accurel (microporous polypropylene from Enka) provides
the most stable supported LMs. In addition to that the spongy opening of HF
membrane’s pores [Fig. 1(c) of Ref."">!] offers more resistance to loss of organic
content, which increases the life of HFSLM. The experimental results clearly
indicated that the transport of Pu(IV) is held constant during the time period,
which has been considered. For industrial application, the approach could be
adopted for continuous re-impregnation mode as suggested by Chiarizia et al.”").
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Figure 7. Plot of the reproducibility of HFSLM system. Carrier concentration:
1.09M TBP in dodecane; strippant: 0.1 M NH,OH - HCI in 0.3 M HNOg; feed linear
flow velocity: 0.88cmsec™ '; feed H™: 3 M HNOj5; effective surface area: 33.91 cm?.

CONCLUSIONS

The experimental results shows that the flux for U(VI) increases as the
carrier concentration is increased up to 0.8 M; there after it remained constant
and decreased after 30%, diffusion coefficient of Pu—TBP has decreased with
increasing carrier concentration. Transport of metal ions greatly affected with
agitated stage of strip solution. Larger surface area of membrane, gave more
transport of metal ions. The graphical treatment of data by the slope analysis
method gave us information about the diffusional resistance of metal ions—
carrier complex. It was shown that the recovery/concentration of U(VI) and
Pu(IV) from acidic medium selectively could be achieved through HFSLM.

NOMENCLATURE

Metal concentration (M)

Volume (c:m3 )

Effective surface area of the membrane [277NL (cm?)]
Number of the fibers

Length of the fiber (cm)

Nz <0
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Inner radius of the membrane

Effective membrane diffusion coefficient of the
Pu(IV)/U(VI) containing organic species (cm2 secfl)

Transport resistance due to diffusion by the aqueous-feed
boundary layer (seccm ™)

Transport resistance due to diffusion through the membrane
(secem V)

Membrane mass transfer coefficient (cmsec l)

Permeability coefficient (cm secfl)

Inner and outer hollow fiber radius (cmfl)

Thickness of the aqueous feed boundary layer (cm)

Thickness of membrane (cm)

Flux (molcm Zsec™ ')

Time (sec)

Subscripts

Refer to feed and stripping solution, respectively
For inner radii

For outer radii

Metal ion

Aqueous

Organic

Interface

Superscript

Concentration at time zero
Number

Greek Letter
Viscosity

Tortiosity
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