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ABSTRACT

The aim of this study is both to check the feasibility of the membrane con-
tactor for the extraction of alkali metals with the dicyclohexano 18 crown
6 as extractant and to obtain informations about the mass transfer of these
metals. The influence of tube and shell side hydrodynamics on extraction
rates is studied. High aqueous flow rates flowing inside the tubes increase
extraction efficiency, on the other hand the organic diffusion layer seems
to have a less important role on the mass transfer. Initial extraction rate
order follows the order of the extraction equilibrium. The mass transfer
coefficients of alkali cation are calculated by performing an unsteady
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state material balance and compared with values calculated by the
resistance in series model and by a steady state model.

Key Words: Membrane contactor; Non-dispersive solvent extraction;
Mass transfer calculation; Macrocycle extractant; Crown ether.

INTRODUCTION

The membrane-based solvent extraction, also called pertraction, is shown
as an alternative to the conventional extraction in mixer-settlers and counter
current columns. Membrane-based solvent extraction is characterized by the
immobilization of the aqueous—organic interface in the membrane pores.
One of the two fluids wets the membrane by filling in pores. To prevent the
mixing that would occur, slight overpressure must be applied to the other
phase in order to stabilize the interface at the pore mouth. This microporous
membrane offers several advantages over conventional extractors. The
known and constant interfacial area in this type of contactors interfacial
allows easier predictions than with conventional dispersed phase contactors.
The use of a hollow fiber membrane module provides a large contact area
per unit equipment volume by the use of compact device (20—100 times
more surface area per volume). Moreover, no density difference between
both fluids is required and emulsion formation is avoided because of the
absence fluid/fluid dispersion. In our approach, the membrane is considered
merely as a physical support for the liquid—liquid interface which increases
the resistance to mass transfer. The membrane contactors are increasingly
being used in a variety of fields including fermentation, pharmaceutical appli-
cations, chiral separation, and extraction of various pollutants from waste-
waters, protein extraction and metal ion extraction use.!'! The feasibility of
hollow fiber membrane contactors for processing radioactive wastes has
received a growing attention in recent years. The particular treatment of
long-lived radionuclides (actinides, iode, and cesium) needs a good extraction
performance. Several examples of actinides extraction using membrane
contactors have been reported. Kathios et al.”*! described the use of membrane
contactor for the extraction of neodymium with DHDECMP (dihexyl-N,N-
diethylcarbamoylmethyl-phosphonate) and CMPO (n-octyl(phenyl)-N,N di-
isobutylcarbamoylmethylphosphine oxide). Neodymium was chosen because
this element is not radioactive but behaves similarly to trivalent americium, a
long-lived actinide. Aqueous and organic phases flowed on the tube and shell
side, respectively, in counter current mode. High organic and low aqueous
flow rates gave best results for the extraction. The low flow rate of the feed
stream provided a long contact time between both phases and increased the
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mass transfer. While the high flow rate of the extracting fluid maintained the
maximum driving force by keeping the solute concentration low. Regarding
the difficult selective extraction of trivalent actinides over fission lanthanides
from acidic media, Geist et al.”* used a synergistic mixture of bis(chlorophe-
nyl)dithiophosphinic acid and tri-n-octyl phosphine oxide in tert-butyl
benzene in hollow fiber module for americium(IIl)—lanthanide separation.
Up to 99,99% americium could be extracted from 0.5 kmol m ™2 nitric acid,
with approximately one third of the lanthanides being co-extracted. They
demonstrated the influence of operating mode on extraction efficiency.

The selective extraction of alkali metals and alkaline earths by macro-
cycles as crown ether and calix[4]arene has been investigated extensively
by our group with among others the use of liquid membrane. These studies
have shown that the complexation reaction of alkali metal with crown ether
is fast as compared to the diffusion. The mass transfer is controlled by diffu-
sion.">! These macrocycles can recognize a metal ion by the size of their
cavity. Therefore, macrocycles and hollow fiber module combination seems
to be an attractive process, combining selectivity, and efficiency.'!

This study is a preliminary evaluation of microporous hollow fiber mem-
brane modules for the liquid—liquid extraction of alkali metal by macrocycle
in chloroform. So, a crown ether is first used to optimize the operating con-
ditions. This expertise will then be applied to extraction by calix[4]arene
and the use of more conventional diluents (aromatic hydrocarbons) will also
be investigated. The aim of this study is to check the feasibility of the non-
dispersive solvent extraction and to obtain useful informations about the
mass transfer of alkali metals with the dicyclohexano 18 crown 6 as extractant.
In order to improve the understanding of mass transfer in membrane con-
tactors and to identify the controlling step, the influences of operating mode
on extraction efficiency, tube side and shell side hydrodynamics were
studied. Various models are developed in the literature.”” ~'” In the present
paper, the extraction of alkali cations with DC 18-6 is described by performing
an unsteady-state mass balance on the module and considering a rapid extrac-
tion reaction. Comparisons with a steady state model developed by D’Elia!
and the common resistance in series model''! are made.

MATERIAL AND METHODS
Reagents and Solutions
The organic solution was prepared by dissolving dicyclohexano 18 crown

6 (abbreviate as DC 18-6) in chloroform (Prolabo, RP Normapur, >99%
purity). The different aqueous phases were prepared by dissolving KNOj
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(Fluka, >99.5% purity), RbNOj3 (Fluka, >99% purity), and CsNO3 (Aldrich,
>99.9% purity) in deionized water.

Partition Coefficients between Water and DC18-6 in
Chloroform

In order to determine extraction equilibrium isotherms, SmL of an
aqueous solution of each alkali cation (K*, Rb*, and Cs™), at different con-
centration (from 1 x 107* to 5 x 107> M) were added with equal volumes
(5mL) of DC18-6 chloroform solutions. The total concentration of DC18-6
is always 1 x 107>M. Ionic strength is maintained constant by adding
LiNOj3 (0.2 M). The total volume of the sample was placed in screw capped
flasks and mechanically mixed and thermostated in a water bath at 25°C. It
was verified that the system studied here had reached equilibrium after a
45 min period. Once the two phases had settled, they were separated by cen-
trifugation. The concentration of alkali cations was determined in both phases.

Membrane Type and Module

The module contains 300 hollow fiber polypropylene fibers Celgard X-10
(Hoechst Celanese, Germany). The characteristics of the module and fiber are
described in Table 1.

Membrane Contactor Experiments

The aqueous solution flowed through the fiber lumen whereas the solvent
stream flowed through the shell space. Prior to experiments, the pure organic
phase (chloroform) and pure water were fed, respectively, into the inner side
and in the shell so as to condition hollow fibers. Owing to the hydrophobic
nature of the fibers, a slight pressure (0.2 bar) was applied to the aqueous
phase in order to stabilize the interface within the membrane and ensuring
that no displacement of the organic phase and emulsion formation took
place. All the experiments were carried out at constant temperature,
25°C, using feed jacketed glass beakers for both the aqueous and organic
phases. The aqueous phase and solvent phase reservoirs were 200 and
100 mL, respectively. The extraction rate is increased and the ionic strength
is maintained constant by adding lithium nitrate (0.2 M) in aqueous phase.
The tube side flow velocity, u,, ranged from 2.5 to 12.3cm sec” ! and the
shell side flow velocity, u,, ranged from 0.4 to 1.5cm sec”!. With the
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Table 1. Characteristics of hollow fibers module and membrane

Celgard X-10.

Module
Material Polypropylene
Number of fibers 300
Length 35cm
Fiber length 254 cm
Diameter 1.2cm
Exchange area 0.017 m?
Exchange specific area 6m'

Membrane fiber Celgard X-10

Material Polypropylene
Internal diameter® 240 pm

Wall thickness® 30 wm
Porosity, &* 30%
Tortuosity (estimated), P 3.33

Pore size® 0.05 pm

“From Hoescht Celanese catalogue and Peretti et al.!'"!

"The tortuosity can be expressed by the Wakao-Smith relation.'*!

system studied here, the concentration change during a single pass is negli-
gible owing to the small interfacial area and to the low distribution coefficient.
In order to increase the change in concentration, extraction is carried out with
recirculation of the feed and organic phases through the module and back into
the feed and organic reservoirs, respectively, and both streams were recircu-
lated to reservoirs, so the measured concentration asymptotically reached an
equilibrium value. Both phases were regularly sampled and analyzed: 1 mL
for the aqueous phase and 2 mL for the organic phase. This volume variation
was considered in the mass balance. The experiments were designed to
analyze the influence of both aqueous and organic flow rates on the overall
mass transfer coefficient. The system set up is shown in Fig. 1.

Analytical Method

The concentrations of alkali cations in aqueous phase were directly
measured by atomic absorption (Perkin Elmer). The alkali cation analysis in
organic phase by atomic absorption require a stripping step: SmL of
organic phase was shaken with an equal volume of ultra pure aqueous
phase for 2 hr.
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Figure 1. Experimental setup for the extraction of alkali metals.

EXTRACTION EQUILIBRIUM

Before the membrane contactor experiments were carried out, equili-
brium conditions had to be determined as a basic study for mass transfer coef-
ficient calculations. On the basis of previous studies,™ "3 it can be considered
that the overall extraction equilibrium of alkali nitrates (KNO3z, RbNOj3, and
CsNOs) with an electroneutral ligand (DC 18-6, called L) can be expressed
as follows:

L +NO; +M" = MLNO; (1)

where the overbar refers to the organic phase and M™ to the alkali metal. The
dissociation of MLNOj; into NO3 and ML™" in the organic phase and the
association between MT and NOj3 in the aqueous phase are neglected
because the value of chloroform dielectric constant is low (4.8) and the
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value of water dielectric constant is high."®! The partition coefficient P and the
equilibrium constant (Kg) of Eq. (1) are given by:

_ (MLNO3) 3
"7 (MHD)NO;)

The equilibrium solvent phase concentration as a function of the
equilibrium aqueous phase concentration is shown for each metal in Fig. 2.
Values which are shown in Table 2 are relatively low. In the literature, the
previous studies on membrane contactors cover a wide range of partition
coefficients from about 1 x 107" to 1 x 10°M."'*! Table 2 presents the
extraction equilibrium constant Ky and the corresponding extraction yields
(E%). The extraction of three alkali cations by the crown ether DC 18-6 is
low and similar. These results can be notably explained by the low solubility
of NOj3 in a low polar diluent (chloroform). It is very slightly higher for the
potassium than for rubidium and cesium, according to the well-known
cavity size selectivity concept.''> On the basis of a previous study'*' and
from partition coefficient expression, a model has been developed to predict

1,2E-04
K calculated concentration
1.0E-04 B K experimental values
Cs calculated concentration
T 05
:_! 8.0E-05 A Cs experimental values
_g Rb calculated concentration
— 6 0E-05 s
= L] Rb experimental values
£
E e
4.0E-05 [ Lo
nﬂ.’ =
2,0E-05 o ~
//
- ®
0,0E+00 ¥ T T
0 00002 0,0004 0,0006 0.0008 0,001 0,0012 0,0014

M’ (mol.L™)

Figure 2. Equilibrium curves of alkali nitrates partitioning between water and DC18-6
(1 x 107>M) in chloroform at 25°C. (H, @, A) experimental data and (—) model
prediction. (LiNO; = 0.2 M).
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Table 2. Partition coefficients, extraction yields, and equi-
librium constants at 25°C.

K+ Rb* Cs*
P* 0.076 0.072 0.061
E (%)* 6.8 6.4 53
Log Kg 2.60 2.56 2.51

dCalculated for (DC18-6) =1 x 10>M and (M*)aq =
1 x 107>M, (LiNO3) = 0.2 M.

the equilibrium relationship. The following Eq. (4) gives the relation between

the concentration of the metal in the aqueous phase and the organic phase:

. _ Cu Ke- (L) - (NOY)
T 1+ Cy - Kg - (NO3)

“4)

where C and C,, represent, respectively, the equilibrium concentrations of
solute in the organic and aqueous phases, (L,) the initial concentration of
crown ether in aqueous phase. K is the extraction constant of alkali nitrates
by DC18-6.

The equilibrium curves in the concentration range of this study (the mem-
brane contactor experiments are carried out with a metal initial concentration
of about 1 x 10 *mol L™") show that the partition coefficients do not vary
significantly during the extraction process and can be considered as constant
(linear isotherms). From Eqgs. (2) and (3), the coefficient partition can be
written as P = Kg-(L,)-(NO3) as far as the ligand initial concentration
(L,) is much higher than the metal cation concentration in organic phase
and will be used in transfer treatment below.

LIQUID-LIQUID EXTRACTION IN HOLLOW FIBERS
MODULE

Effect of Aqueous and Organic Flow Rates on Mass Transfer
Kinetics

The use of low concentration of alkali metals and the back extraction
needed to analyze these elements present in the organic phase could lead to
possible losses. Many precautions were taken to minimize experimental
errors. Mass balances that are stated as a control for the quality of the
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experiments were systematically checked after extraction experiments. Mass
balances were about 98% for the different alkali metals. The flow rates of both
phases were alternately modified, with all the other parameters kept constant.
Figure 3 shows potassium extraction kinetic curves obtained for different
aqueous and organic phase flow rates. The aqueous flow rate had a more sig-
nificant influence on the extraction rate than the organic flow rate. Similar
results are observed for the cesium and for the rubidium. With a tube-side
flow velocity of 12.3cmsec” ', the extraction yields obtained in 90 min are
overall in agreement with values obtained in static conditions: from 6% for
the potassium to 5% for the cesium. The diffusion of alkali metal from the
bulk aqueous phase to the aqueous—organic interface, through the aqueous
boundary layer seems to be the limiting step. The organic diffusion layer
seems to have a less important role on the mass transfer although the low par-
tition coefficient values which indicate that the solute has a higher affinity for
the aqueous phase!'* and the diffusivities of the metal complex (MLNO3) in
organic phase are lower than the diffusivity of metal ion in aqueous phase
(Table 3). The values of diffusivity, D for the complex DC18 C6-alkali
cation in chloroform are estimated by the Wilke-Chang equation. The molar
volume of crown ether at its normal boiling point is 362 cm® mol ' calculated
by the method of additive group contribution.!"”'®! The alkali cation is inside
the crown ether cavity, so we assume that the diffusion of complex is close to
the diffusion of the crown ether. This surprising increase of alkali cation flux

|
; .
X A - B
0,98 - & A A
= 5 A © <
-:-\ .
s 0,96 A
._\__3 8 A
L4 ooa
OUs=04cm/s AlUs=1.1cm/s ©oUs=1.5cm/s
0,92
MUw=25cm/s AUw=6.1cm/s ®@Uw=123cm/s
0.9
0 20 40 60 80 100

Time (min)

Figure 3. Effect of aqueous and organic flow rate on potassium extraction kinetics
(A0 &y, =04cm sec ! and 0,0, Atuy, =25 cmsec_l).
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Table 3. Values of parameters used for resistance in series model.

Parameter K" Rb" Cst Reference

Diffusivity (m*sec™ ")

Dy 196 x 1077 207 x 1077 206 x 107  [16]
Dno,W 1.90 x 107°? 1.90 x 107° 190 x 1077 [16]
Dyino,W 1.93 x 1077 1.98 x 107° 197 x 107°  [16]
Duino,$ 129 x 107° 129 x 107° 129 x 1077 [17,18]

Mass transfer coefficient (m sec ™)
km 22 x107° 22x10°° 2.2 x 107®  This work

with increasing aqueous phase flow velocity may be explained by the module
configuration. The flow area is lower inside the hollow fibers (540 cm?) than in
the shell side (760 cm?) and induces a pressure drop more important in the
aqueous phase side.!"”! This overpressure (~0.2 bar) causes a moving of inter-
face from inside (aqueous side) to outside (organic side) of pores leading to a
reduction of organic layer thickness in pores. High aqueous flow velocities
(>15cmsec” ') for a constant organic flow velocity lead to a dispersion of
aqueous phase in the organic phase.

Evaluation of Mass Transfer Coefficients

The mass transfer process is described in literature as successive
steps."?°! The metal ions diffuse through the aqueous layer to the
aqueous—membrane interface. The metal complex formed at this interface dif-
fuses across organic solution in the microporous wall into the organic solution
on the outer side of the fibers. Previous studies concerning the alkali metal
transfer across a liquid membrane have shown that the complexation reaction
of the alkali metal with crown ether is fast as compared to the diffusion. The
mass transfer is controlled by diffusion.'*>*!1 The description of the mass
transfer for the solute is based on the setting and solving of appropriate
mass balance equations for an unsteady state inside the module fibers
(aqueous phase):

ICy 4V G\ | Vi 3Cy
.t Ky[Ch—— ) +——2=0 5
Qv L < P>+L ot ®)

and on the module fibers shell side (organic phase):

aCs, 4V, Cs V. 0C;
N w Cw - — 5 =0
O L < P) L o

(6)
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C,, and C; are, respectively, the concentration of alkali metal in aqueous
phase and in organic phase, Q,, and Q; are, respectively, the aqueous phase
and organic phase flowrates. V,, is the volume of the aqueous phase inside
the hollow fiber and is defined by the following equation:

2
Vi = Npm ™
4
V. is the volume of organic phase inside the module (total internal volume of
the module minus volume occupied by the fibers). L is the length of hollow
fiber, N; is the number of fibers and d;, is the internal diameter of hollow
fiber. K, represents the overall mass transfer coefficient from aqueous phase
to organic phase. The convention that the aqueous phase always flows from
z =0 (entry of aqueous phase) to z = L (entry of organic phase) is adopted.
The boundary conditions for this system, Egs. (5) and (6), are:

t=0 0<z<L Cy=C’ and C,=0 8)
t>0 z=0 Cy = Cywo
)
z=1L Ci=Cq

The concentrations at the module inlet (Cy, and Cy;, respectively) are
given by the material balances applied to the corresponding reservoirs:
Reservoir containing the aqueous phase:

d CWQ

Ow CoL = OwCoo + Vy dt (10)
Reservoir containing the organic phase:
dc
Os Cyo = OsCy + Vs d;L (1 1)
with the following initial conditions:
t=0 Cyw=C, and Cyqy =C;=0 (12)
Introducing dimensionless variables:
4 Cw G ! . Vim

== W= s — 5 0=— th wm — 13

X 7 A co 1 PC o w1 Ty 0., (13)

the model Eq. (5), (6), (10), and (11) can be written in dimensionless form:

o | O B
%—Fa‘i‘Nd(fw _f%) =0 (14)
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0 e g =0 -
% = z—:(wa —fwo) = ‘;_I:(fWL —fw0) (10
LZSGL = Tv:r: (fso —foL) = % 7::: (foo — fir) (17)

In the foregoing equations, four space times (two for each phase, for
the module and the reservoir, respectively) were introduced. Their definitions
are:

Vi V. Vw Vs
Twm = — Tse = —3 Tww — —— and Tss = —— (18)
10} 0Os 0] O

w w

Moreover, one equilibrium (the capacity factor &) and one mass transfer
(the number of mass transfer units Nyq) dimensionless parameters were also
introduced. Their definitions are, respectively:

P Vc Twm . din
= d Ny=—— th =
& v an d o wi Td K,

(time constant for mass transfer)

Five dimensionless parameters control the behavior of the system, namely the
aforementioned equilibrium (&) and mass transfer (Vy) parameters, one ratio
of space times (Tym/Tse) and two volume ratios (Vy,/V,, and V./V;).

The dynamic response of the system is determined by simultaneously
solving the system of coupled partial differential equations (14) and (15)
and ordinary differential equations (16) and (17) with a FORTRAN
program using the software package PDECOL®? using the Equilibrium
data (Table 2) together with the operating data given in Table 4. In Fig. 4,
the experimental and adjusted calculated aqueous phase concentrations vs.
time are shown for the three alkali metals and for given aqueous and
organic phase velocities. The adjustment is carried out by varying the
overall mass transfer coefficients, K. The values of overall mass transfer
coefficients for the three alkali metals and for different aqueous and organic
phase velocities are presented in Table 5. The overall mass transfer coefficient
increases mainly with the aqueous phase flow velocity.

D’Elia et al.’”! proposed a simplified mathematical treatment of mass
balance by assuming a steady state regime. In this closed system, approxi-
mation is valid if reservoir concentrations change slowly with time. This is
realized if the volume of the reservoirs are much larger than the volume of
the module. The combination and integration of mass balance equations
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Table 4. Operating data used to solve the system of differential equations.

Value

Parameter

Initial concentrations of alkali metal in 1.1073*M
aqueous phase

Initial concentrations of alkali metal in oM

organic phase
Volumetric flow rate of aqueous phase
Volumetric flow rate of organic phase
Hollow fibers tube overall volume
Shell side volume
Aqueous reservoir volume
Organic reservoir volume

191 x 10 °m?

200 x 10 °m?
100 x 107 °m?

33x 107 7t0 1.7 x 10 ®m?sec ™!
33x 10 7t01.2 x 10 °m3sec™!
344 x 107°m?

lead to Eq. (19) from which the overall mass transfer coefficients are deduced

by plotting In (AC,/AC) in the aqueous phase vs. time.!"'*!
B+ CexpA AC
1,2E-03
TIE-03 @~ §---§---g- ¢ . __ N S
1,0E-03 A
| ] = n
T — = |
- -—F— — B — S —
i 9,0E-04 - N
2
=, K calculated concentration
+ E-04
= &9 B K experimental concentration
L Cs calculated concentration
7.0E-04
A  Cs experimental concentration
6 .0E-04 —— Rb calculated concentration
® Rb experimental concentration
5,0E-04 -
0 500 1000 1500 2000 2500 3000
Time (s)

Figure 4. Comparison between experimental and calculated concentrations for the
three alkali metals (4, = 2.5cmsec” ' and u, = 0.4 cmsec” ).



10: 00 25 January 2011

Downl oaded At:

3852 Haddaoui et al.

Table 5. Mass transfer coefficients estimated by the unsteady model (u; = 0.4

cmsec” ).

K, (m secfl)

1 1 1

u, =2.5cmsec u, = 6.1 cmsec uy, = 12.3cmsec

Cs 9.4 x 10710 1.5%x 1078 54 %1078
Rb 5.5 x 10710 1 x 108 45%x 1078
K 25x107° 6.5 x 107° 25x 1078
where
AGy _ 3, — (C2/P) o0
AC  [Cy — (Co/P)] — Vi /VSP(CS, — Cy)
A = —K,S(B — C)with : (21)
1
w
1
~ PO, (23)
1 1
V. | PV, @4

Lastly, a third approach is considered which provides the overall mass
transfer coefficient from the three individual or local mass transfer coefficients
coming from:

e the feed aqueous phase (tube side), &y,
e the membrane, k.,
e the organic phase (shell side), &

In our case the aqueous phase flows inside the tube of a hydrophobic
hollow fiber membrane, and the organic phase flows outside the tube so the

resistance in series model relates the overall mass transfer coefficient K, to

the local mass transfer coefficients by the following relation:'"!

1 1 din din
_— = 25
Kok | Phudm | Phodon 5)

where d;, and d,,,, are the internal and external fiber diameters, respectively,
and d,,,, their logarithmic mean value. The three terms in the right-hand side
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of Eq. (25) are the resistances of aqueous layer diffusion (R,queous), membrane
diffusion (Riembrane)> and organic layer diffusion (Rorganic)-

Local mass transfer coefficients are predicted using various hydrodyn-
amics patterns. The mass transfer coefficient k, for the tube side (aqueous
phase) can be predicted with the Lévéque relation. The Lévéque relation is
applicable to a laminar flow in a tube when the Graetz number is high
(Gz > 4) and depends on the mean flow velocity u,, according to Refs.!'?%!:

2 inkw 4 2 w '3
2rinkw _ o <7) (26)
Do, Dvno, L

The Graetz number is defined by Eq. (27):

- Mtube(din)z

Gz =
Do, - L

27

The mass transfer coefficient &, is evaluated by considering pure diffu-
sion of the complex in the pores containing the organic phase (hydrophobic
membrane) by using Fick’s law in a cylindrical geometry:'*"!

Dwino, e

T i In(Fout/Tin)

(28)

The mass transfer coefficient kg is determined using a recent develop-
ment?®! of the hydrodynamics in the shell side of hollow fiber modules
taking into account the kinematic viscosity of the medium v, the fiber
packing density within the module ® which in our case equals 0.12 and the
hydraulic radius of the shell ry which is calculated according to Lipnizki

and Field:"**
ik, Druits (0.8-0.16D) 1/3
T 0.09(1 — @) - ( rH”‘) ( ) (29)
Dwino, v
The parameters used for the calculations and the membrane mass transfer
coefficient calculated are listed in Table 3. In order to define the limiting step,

the contribution of individual resistances to the overall resistance by using a
relation of the type is used:

Dwiino,

R.
O/ORi =100 x ! (30)
2R
The contribution of the membrane resistance is approximately 90% and is
consequently the main limiting step in the mass transfer. This major resistance
does not depend on the hydrodynamic parameters. Moreover, the calculations
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show that the contribution of the organic layer is 14.5% whereas the contri-
bution of the aqueous layer is significantly lower (0.5%).

Figure 5 and Table 6 show the effect of the aqueous phase velocity on the
overall mass transfer coefficient. The values obtained for the unsteady state
model are to be considered as the most accurate. The global mass transfer
coefficients calculated with this approach show the reduction of aqueous dif-
fusion layer and organic layer inside pores.

The validity of the values obtained for the two other models clearly
depend on the range of aqueous phase velocity. For low velocities the
“steady state approximation” appears to be valid. According to Fig. 3, this
is in agreement with the effect of the aqueous phase velocity on the evolution
of the reservoir concentration. For low aqueous phase velocities, a pseudo
steady state (weaker 8C/é&t) is quickly reached in the system. For higher
aqueous flow rates, the concentration variation with time increases in the
early step of the process and the steady state approximation becomes progress-
ively less accurate.

It is also seen (Fig. 5 and Table 6) that resistance in series model provides
mass coefficients which appear to be only weakly influenced by the aqueous
phase velocity. This may be a consequence of the major membrane resistance
contribution and highlights the difficulty to estimate the contribution of the
aqueous phase layer to the overall mass transfer coefficient for low Graetz

6,0E-08

% *  — @ 2
E

=  50E-08

c " " .

2 —&— resistance in series model

% 4 OE-08 4

g - & - unsteady state model /

&

2 - m - steady state model g

§ 3.0E-08 B - steady state mode ¥

2 ;

m Pl

E  20e08

e r

(7] A

= :

© 4 oE-08 |

]
e .-
0,0E+00 | : : .
0 2 4 6 8 10 12 14

Aqueous phase flow velocity (cm.s")

Figure 5. Overall mass transfer coefficients of cesium vs. aqueous phase flow velo-
city (us = 0.4cmsec h.
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Table 6. Comparison of calculated overall mass transfer coefficients.

K, (msec™ ") (uy = 2.5cmsec” ! and u, = 0.4cmsec™ )

Steady state model Unsteady state model Resistances-in-series model

Cs 12 x 10710 9.4 x 10710 55x 1078
Rb — 55x 10710 57 x 1078
K 1.9 x 107° 25 %1077 69 x 1078

numbers which take values near 2 for the lowest velocities. In the case of high
aqueous phase velocity (>12.3 cmsec” ') where the calculated overall mass
transfer coefficient by the resistance in series model and by the unsteady
state model are close, the Graetz number is equal to 14. In the literature,
Graetz numbers thresholds as different as 10,[14] 25,[25 1400 can be found.

Further studies are in progress in order to define the practical conditions
which provide a more satisfactory evaluation of the aqueous phase contri-
bution in our liquid—liquid extraction systems.

CONCLUSION

In this paper, the viability of the application of non-dispersive solvent
extraction to the alkali metals extraction using crown ether has been
checked. The extraction rates obtained with membrane contactor are in agree-
ment with values obtained in static conditions. The performance of the extrac-
tion may be improved using a diluent which will increase the solubility of
nitrates. The use of calix[4]arene will also be considered.

The aqueous flow rate had a more significant influence on the extraction
rate than the organic flow rate. The diffusion of alkali metal from the bulk
aqueous phase to the aqueous—organic interface, through the aqueous bound-
ary layer seems to be the limiting step. This surprising increase of alkali cation
flux with increasing aqueous phase flow velocity may be explained by the
module configuration. The unsteady state model predicted satisfactorily the
experimental results. The mass transfer coefficient has been determined by
comparison between experimental and simulated results. The following
values have been obtained for aqueous phase and organic phase flow velocities
of 2.5 and 0.4 cmsec” ' respectively: 2.5 x 10" msec™ ' for the potassium,
55x 10 '""msec”! for the rubidium and 9.4 x 10 ""msec™ " for the
cesium. The values of overall mass transfer coefficient obtained with the
steady state and the unsteady state models seem to be coherent at low flow
rate (2.5cmsec” '). A pseudo steady state is quickly reached in the system.
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For higher aqueous flow rates, the steady state approximation becomes pro-
gressively less accurate whereas the resistance in series model seems to be
better adapted.

NOMENCLATURE

partition coefficient

equilibrium constant

flow rate (m>sec™ )

solute concentration(mol m ™)

volume (m3)

volume of aqueous phase inside hollow fibers (m?)
volume of organic phase inside the module (m®)
length of the hollow fiber (m)

number of fibers in the module

time (sec)

overall mass transfer coefficient (m secfl)

local mass transfer coefficient (msec 1)
diameter (m)

radius (m)

hydraulic radius of the shell (m)

velocity (m sec_l)

diffusivity (m2 sec_l)

membrane area in the module (mz)

<<QmeN“U

]

LUS S YREXT 2N

Subscripts

aqueous

organic

in relative to the inside of the tubes
out relative to the outside of the tubes
Im logarithmic mean value

0 and L relative to the length of the tube

Co g

Superscripts

0 relative to the initial time
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