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The use of two microporous hollow-fiber modules for simultaneous extraction and
stripping of binary Nd(III) and La(III) from nitrate media with a kerosene solution of
2-ethylhexylphosphonic acid mono-2-ethylhexyl ester (PC88A) to a HNO3 solution was
investigated. Experiments were carried out at different feed pH values (2–6), total metal
concentrations (2–24 g-mol/m3), metal concentration ratios (0.25–4), and dimeric
PC88A concentrations (17–137 g-mol/m3). A kinetic model was presented that takes into
account the resistances of diffusion in the aqueous stagnant layer, membrane pore, and
organic stagnant layer as well as interfacial reactions. It was shown that the calculated
time changes of the feed- and strip-phase metal concentrations were in acceptable agree-
ment with the measured data (standard deviation, 8%). The extraction process was domi-
nated by membrane diffusion under the conditions studied, whereas the stripping process
was primarily governed by combined membrane and aqueous strip-layer diffusion. Effec-
tive separation of Nd(III) over La(III) by PC88A in such continuous NDSX process could
be achieved, mainly by selective stripping, at high feed pH values or low organic PC88A
concentrations. � 2007 American Institute of Chemical Engineers AIChE J, 53: 561–571, 2007

Keywords: extraction separation, Nd(III) and La(III), PC88A, hollow-fiber modules,
mass-transfer mechanisms

Introduction

As a result of the growing demand for high-purity metals,
concerns over environmental issues, and the need for lower
production costs, selective recovery of metal values from raw
and waste resources (ores, sludge, scrap, spent catalysts, etc.)
become an important issue. One example is the recovery of
rare earth metals such as La(III) and Nd(III) from spent Ni-
metal hydride (Ni-MH) secondary batteries.1,2 The rectangular
and circular cylinder-shaped Ni-MH batteries have been
treated in the Energy and Resources Laboratories (Industrial
Technology Research Institute, Hsinchu, Taiwan). The pack-
age of Ni-MH batteries was first dismantled and cut in half
crosswise to separate metallic cases from internal battery rolls
that consisted of the cathode and anode plus a nylon separator.

After washing with water to remove water-soluble compo-
nents, they were heated in an oven at 6008C for 0.5 h to remove
the organic constituents. The solids were ground and sieved as
fine powders (<50 mesh) and were then leached by 3 mol/dm3

HCl (mol is defined as g-mol hereafter) at a solid–liquid ratio
of 1:7 for 1 h at 908C. The leach liquor was treated by succes-
sively adding 6 mol/dm3 NaOH until Al(OH)3 and Fe(OH)3
were completely precipitated. After filtration, the liquor (pH <
2) was extracted with 20 vol % di(2-ethylhexyl)phosphoric
acid (D2EHPA) in kerosene.1,2 The aqueous raffinate contains
Ni(II), Co(II), and Mn(II), where the former two metals can be
recovered by electrodeposition or other solvent extraction cir-
cuits.2,3 An aqueous solution containing around 3.5 g/dm3

La(III) and 2.0 g/dm3 Nd(III) was obtained when the loaded or-
ganic phase was further stripped by 1 mol/dm3 HNO3.

2-Ethylhexylphosphonic acid mono-2-ethylhexyl ester
(PC88A) has shown superior ability for recovery and separation
of Nd(III) and La(III) from nitrate media by solvent extraction
(SX), compared with other organophosphorus extractants such as
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D2EHPA and Cyanex 272.4 The SX separation of Nd(III) from
La(III) with PC88A is not only thermodynamically but also
kinetically favorable. However, conventional SX processes are
operated in devices such as packed towers and mixer-settlers,
which seek to maximize the contact area of two immiscible
phases for mass transfer. The intimate mixing that takes place in
these devices leads to the formation of stable emulsions or the
third phase, thereby inhibiting phase separation and product re-
covery.5 Moreover, traditional SX systems avoid using liquids
having similar densities, a situation that appears to promote these
problems.6 Additional limitations present in packed towers
include the loading requirements and flooding restrictions.

Many of the above-cited shortcomings associated with SX
could be minimized or eliminated using the so-called nondis-
persive solvent extraction (NDSX) in membrane contactors.7,8

When a microporous membrane is put in contact with a fluid
that wets the membrane, the fluid fills the pores of the mem-
brane. If a second immiscible liquid is allowed to contact the
membrane, an interfacial contact area is established on that
side of the membrane surface. Moreover, because they are sim-
pler to operate than traditional SX units, NDSX processes
using hollow fibers are of particular interest because of their
versatility. Hollow-fiber modules are connected in series or in
parallel, and the length and diameter of fibers and modules can
be varied to provide the required contact area. Some research-
ers believe that this method may be economically comparable
to ion exchange and reverse osmosis.7,8

In this work, simultaneous extraction and stripping of binary
Nd(III) and La(III) from nitrate media with PC88A in two
microporous hollow-fiber modules were investigated. One
module is the extraction and the other is the stripping, which
can actually eliminate the equilibrium limitation and obtain
high efficiency.8,9 Thus, it is highly desirable to systematically
examine the performance and mass-transfer characteristics of
extraction processes in hollow-fiber modules.10 Experiments
were made at different total metal concentrations (2–24 mol/
m3), metal concentration ratios (0.25–4), pH values (2–6), and
PC88A dimer concentrations (17–137 mol/m3). The separation
factors of Nd(III) over La(III) obtained between NDSX and
batch SX processes were compared. We will propose a kinetic
model to analyze the present NDSX processes based on a good
knowledge of the extraction chemistry and the transport prop-

erties of relevant geometry.11–13 The validity of the kinetic
model was justified from the predictions of the measured time
profiles of metal concentrations in the aqueous feed and strip
phases. The mass-transfer mechanisms were determined by
comparing the relative resistances of all possible steps includ-
ing interfacial chemical reactions and diffusion in the aqueous
stagnant layer, membrane, and organic stagnant layer.

Modeling of the Mass Transfer

Chemistry of solvent extraction (SX)

According to separate batch experiments,4 the stoichiometry
for the extraction of La(III) and Nd(III) from nitrate solutions
with PC88A (HX) dissolved in kerosene can be written as
follows:

M3þ þ 3ðHXÞ2 , MX3ðHXÞ3 þ 3Hþ Kex;M (1)

where the overbar refers to the organic phase. The symbol
(HX)2 denotes that PC88A mainly exists as the dimers in non-
polar or weak polar solvents such as kerosene.4,14 The extrac-
tion equilibrium constant Kex,M is thus given by

Kex;M ¼ ½MX3ðHXÞ3�½Hþ�3
½M3þ�½ðHXÞ2�3

(2)

Table 1 lists the values of Kex,M for La(III) and Nd(III) at
258C.

Based on the kinetic studies of batch SX in a constant inter-
face-area stirred cell,4 the rate of La(III) and Nd(III) extraction
with PC88A in kerosene (RM) can be expressed as a combina-
tion of forward (extraction) and backward (stripping) rates:

RLa ¼ k1;La½La3þ�½ðHXÞ2�1=2 � k�1;La½LaX3�½Hþ��1=2
(3)

RNd ¼ k1;Nd½Nd3þ�½ðHXÞ2� � k�1;Nd½NdX3�½Hþ��1
(4)

The forward rate constants k1 for La(III) and Nd(III) are
obtained to be 1.2 � 10�6 m5/2/(mol1/2 s) and 3.3 � 10�7 m4/
(mol s), respectively, at 258C. The backward rate constants k�1

for La(III) and Nd(III) are obtained to be 7.8 � 10�5 mol1/2/
(m1/2 s) and 2.7 � 10�4 mol/(m2 s), respectively.

Table 1. Values of Parameters Used for Modeling the NDSX Processes of Binary Nd(III) and La(III) with PC88A at 258C

Parameter La(III) System Nd(III) System Reference

Extraction constant:
Kex 2.30 � 10�5 2.39 � 10�4 4
k1 1.2 � 10�6 m5/2/(mol1/2/s) 3.3 � 10�7 m4/(mol/s) 4
k�1 7.8 � 10�5 mol1/2/(m1/2/s) 2.7 � 10�4 mol/(m2/s) 4

Diffusivity:
DM,a 6.2 � 10�10 m2/s 5.7 � 10�10 m2/s 24
DH,a 9.3 � 10�9 m2/s 9.3 � 10�9 m2/s 24
D(HX)2,o 6.3 � 10�10 m2/s 6.3 � 10�10 m2/s 25
DMX3,o 4.0 � 10�10 m2/s 4.0 � 10�10 m2/s 25

Mass transfer coefficient:
kM,a 5.0 � 10�6 m/s 4.7 � 10�6 m/s This work
kH,a 3.1 � 10�5 m/s 3.1 � 10�5 m/s This work
k(HX)2,o 3.9 � 10�6 m/s 3.9 � 10�6 m/s This work
kMX3,o 2.8 � 10�6 m/s 2.8 � 10�6 m/s This work
k(HX)2,m 1.4 � 10�6 m/s 1.4 � 10�6 m/s This work
kMX3,m 8.7 � 10�7 m/s 8.7 � 10�7 m/s This work
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Equations 3 and 4 indicate that the forward rates of La(III)
and Nd(III) are comparable but the backward rate of Nd(III) is
nearly two orders of magnitude larger than that of La(III).
Here, the rate equations for the extraction of La(III) (Eq. 3) and
Nd(III) (Eq. 4) cannot lead to the corresponding equilibrium
relationships (Eq. 2). This is probably because the extraction
reactions take place by a composite mechanism, where the rate
equations would change with experimental conditions, such as
reactant concentrations, and the rate constants also change.15

Mass transfer in the NDSX processes

It was assumed that hydrophobic membranes with a pore
size between 10�3 and 102 mm are not wetted by water,
although hydrocarbons and most organic solvents can wet
them.16 The concentrations of species at both sides of the mem-
brane–organic interface are assumed to be the same because
the interface is basically homogeneous as a result of the me-
dium porosity of the membrane. Figure 1 shows the concentra-
tion profiles of species in and around a fiber in the extraction
module. In this model, metal ions diffuse through the aqueous
stagnant layer to the feed–membrane interface where they react
with PC88A carrier to form the complex. The complex then
diffuses through the membrane and organic stagnant layer to
the bulk phase. In the meantime, free PC88A carriers and Hþ

diffuse in the reverse direction through the membrane.

From a macroscopic perspective (that is, changes of metal
concentrations in the feed and organic phases), the NDSX pro-
cess is a dynamic one that can be treated using an unsteady
mass balance. On the other hand, the transport of metal ions
through the membrane (that is, the microscopic process) can be
viewed as a steady-state process because the macroscopic pro-
cess time is longer than the time required for the microscopic
process.17 Therefore, a pseudosteady state is assumed for the
present microscopic process at a certain time.10,11,18 If the dif-
fusion process is described in terms of the mass-transfer coeffi-
cient, the following set of flux equations holds:

JM;E ¼ kM;f Ai ½M3þ�f � ½M3þ�fi
� �

¼ AiðRMÞfi
¼ kMX3;mAlm ½MX3�mfi � ½MX3�moi

� �

¼ kMX3;oAo ½MX3�oi � ½MX3�o
� �
¼ 1

3

8>: 9>;kH;f Ai ½Hþ�fi � ½Hþ�f
� �

ð5Þ

where the superscript m refers to the membrane side adjacent
to the aqueous–membrane interface and, for simplicity, MX3

denotes the complex MX3(HX)3. Ai, Alm, and Ao are, respec-
tively, the effective contact areas based on the inner, log mean,
and outer diameters of the fibers (m2).

The continuity of the total flux of the carrier in the extraction
module is expressed by

KðHXÞ2 ½ðHXÞ2�o � ½ðHXÞ2�mfi
� �

¼ 3KLaX3
½LaX3�mfi � ½LaX3�o

� �

þ 3KNdX3
½NdX3�mfi � ½NdX3�o

� �
ð6Þ

where Kj refers to the overall mass-transfer coefficient of spe-
cies j covering the membrane and organic stagnant layer; that
is, (1/Kj) ¼ (1/kj,m) þ (1/kj,o). Moreover, the following mass
balance for the PC88A carrier holds in the extraction module if
the concentration profiles in the membrane and organic stag-
nant layer are linear10

½ðHXÞ2�0 � ½ðHXÞ2�o
¼

Z
½ðHXÞ2� þ 3

X
½MX3�

� �
dx

¼ 1

2

8>: 9>; ½ðHXÞ2�mfi þ 2½ðHXÞ2�moi þ ½ðHXÞ2�oi
n

þ 3
X

½ðMXÞ3�mfi þ 2½ðMXÞ3�moi þ ½ðMXÞ3�oi
� �o

ð7Þ

Because it is assumed that the membrane–organic interface
is homogeneous, the concentrations of species at this
interface are identical; that is, ½MX3�moi ¼ ½MX3�oi and
½HX2�moi ¼ ½HX2�oi.

In the stripping module of the NDSX process, the concentra-
tion profiles in and around a fiber are shown in Figure 2. The
metal complex diffuses through the organic stagnant layer and
membrane to the membrane–strip interface, where the complex
reacts with Hþ to release metal ions and PC88A is regenerated.
Metals then diffuse through the aqueous stagnant layer to the
bulk phase. Meanwhile, the regenerated PC88A carriers coun-
terdiffuse through the membrane. In this case, the molar flux of
metal in the stripping module (JM,S) can be described by the
following equation system:

Figure 1. Concentration profiles of reactive species
around and within a hollow fiber in the extrac-
tion module.
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JM;S ¼ kMX3;oAo ½MX3�o � ½MX3�oi
� �

¼ kMX3;mAlm ½MX3�moi � ½MX3�msi
� � ¼ Aið�RMÞsi

¼ kM;sAi ½M3þ�si � ½M3þ�s
� �
¼ 1

3

8>: 9>;kH;sAi ½Hþ�s � ½Hþ�si
� � ð8Þ

The continuity of the total flux of the carrier in the stripping
module is expressed by

KðHXÞ2 ½ðHXÞ2�msi � ½ðHXÞ2�o
� �

¼ 3KLaX3
½LaX3�o � ½LaX3�msi
� �

þ 3KNdX3
½NdX3�o � ½NdX3�msi
� � ð9Þ

The conservation of the PC88A carrier holds in the stripping
module if the concentration profiles in membrane and the
organic stagnant layer are linear10,11:

½ðHXÞ2�0 � ½ðHXÞ2�o ¼
Z

½ðHXÞ2� þ 3
X

½MX3�
� �

dx

¼ 1

2

8>: 9>; ½ðHXÞ2�msi þ 2½ðHXÞ2�moi þ ½ðHXÞ2�oi
n

þ 3
X

½ðMXÞ3�msi þ 2½ðMXÞ3�moi þ ½ðMXÞ3�oi
� �o

ð10Þ

The two equalities ½MX3�moi ¼ ½MX3�oi and ½HX2�moi ¼ ½HX2�oi
are also assumed.

If the mass-transfer coefficients were available, we can cal-
culate all interfacial concentrations of the reactive species by
simultaneously solving the set of nonlinear Eqs. 5–10 using the
NEQNF program (Fortran version 6.0). The molar fluxes of
metals in the extraction module (JM,E) and in the stripping
module (JM,S) are obtained from Eqs. 5 and 8, respectively.

Experimental

Apparatus and solutions

NDSX experiments were conducted using the Hoechst Cel-
anese laboratory system (Model 5PCS-1001; Hoechst Celan-
ese, Charlotte, NC). This module subject to analysis was the
Liqui-Cel Extra-Flow 2.5 � 8 cm membrane contactor (Model
G261; Hoechst Celanese). It is a small laboratory scale (with
two 0–1 dm3/min pumps and flow meters) that is specifically
designed for experimental purposes. Table 2 provides addi-
tional information about this module. Figure 3a shows a
detailed schematic of the module, which is actually the baffled
one where the shell-side fluid flows perpendicular to the fibers.

The extractant PC88A (95% purity; Daihachi Chemical
Industry Co., Chuo-ku, Japan) was used as received. Before
use, the diluent kerosene (Formosan Union Chemical Corp.,
Taipei, Taiwan) was washed twice with 20 vol % H2SO4 to
remove aromatics and then with deionized water (Milli-Q;
Millipore, Bedford, MA) three times. The aqueous phase was
prepared by dissolving La(NO3)3 or Nd(NO3)3 (Merck Co.,
Darmstadt, Germany) in deionized water, in which the pH was
adjusted to be 2–6 by adding a small amount of 100 mol/m3 of
HNO3 or NaOH. The organic phase was prepared by diluting
PC88A with kerosene. The initial (total) concentrations of met-
als in the aqueous phase and of PC88A dimers in the organic
phase ranged from 2 to 24 and from 17 to 137 mol/m3, respec-
tively. The strip phase consisted of 1 mol/dm3 of HNO3. The
average densities of feed, organic, and strip phases were 995,
843, and 1095 kg/m3, respectively, at 258C. In addition, the av-
erage viscosities of feed, organic, and strip phases were 8.94 �
10�4, 1.09 � 10�3, and 9.1 � 10�4 kg/(m s), respectively.

Figure 2. Concentration profiles of reactive species
around and within a hollow fiber in the strip-
ping module.

Table 2. Characteristics of the Microporous Hollow Fibers
Used in This work*

Shell characteristics
Material Polypropylene
Length 203 mm
Outer diameter 77 mm
Inner diameter, Di 63 mm
Hydraulic diameter, dh 4.7 mm

Fiber characteristics
Material Celgard X-30 240

polypropylene
hollow fiber

Number of fibers, N ;10,200
Effective length, L 198 mm
Inner diameter, di 0.24 mm
Outer diameter, do 0.30 mm
Effective surface area 1.4 m2

Effective area/volume 29.3 cm2/cm3

Average pore size, dp 0.03 mm
Membrane porosity, e 0.4
Membrane tortuosity, t 2.6

*Hoechst Celanese Liqui-Cel Extra-Flow 2.5 � 8 cm Membrane Contactor
Model G-261.
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NDSX experiments

Figure 3b shows a schematic of the experimental setup.
Equal volumes (1 dm3) of the aqueous and organic phases were
pumped through the lumen and shell sides of the modules,
respectively, where they came in contact and the mass transfer
of metals took place. The temperature was fixed at 258C. Upon
exiting the module, the two streams were totally recycled to
each original reservoir. The valves and pressure gauges were
used to control the flow rates and to ensure that a positive pres-
sure of 14–35 kPa was maintained on the aqueous side of the
module. In this scenario, the aqueous–membrane interface can
be stabilized.16 In commercial-scale countercurrent contacting,
the drop in pressure would actually cause one end of the con-
tactor to approach either zero transmembrane pressure differ-
ence or a difference that exceeds the breakthrough pressure.
This is obviously not a problem with the short module used in
this work.

Before the experiments, the organic and metal-free aqueous
phases were fed into the module at a flow rate of 6 cm3/s for 30
min. This flow rate was selected such that both phases could
flow steadily. The aqueous phase was then quickly replaced by
a metal-bearing solution. At this instance, the experiment was
started and samples (2 cm3) were taken from the aqueous
phases at preset time intervals. The dilution effect of the aque-
ous phase resulting from solution exchange was corrected
(roughly 7%). The concentrations of La(III) and Nd(III) in the
aqueous phases were analyzed by inductively coupled plasma–
optical emission spectrometry (ICP-OES, Optima 2000DV;
Perkin Elmer, Norwalk, CT) and those in the organic phase
were calculated from a mass balance if necessary. The aqueous

pH was measured using a pH meter (Horiba F-23, Kyoto, Ja-
pan). Each experiment was at least duplicated under identical
conditions. The reproducibility of the concentration measure-
ments was within 5%.

Results and Discussion

Determination of the transport parameters

Here the aqueous flow through the module is laminar (Re <
5). Within this region, the mass-transfer coefficient for the lumen
side ka (kf or ks) depends on mean velocity u according to19

dika
Dj

8>>:
9>>; ¼ 1:62

di
2ulumen

DjL

8>>:
9>>;

1=3

(11)

For the shell side (organic phase), the mass-transfer correlation
ko is

20

dhko
Dj

8>>:
9>>; ¼ 5:85ð1� FÞ dh

L

8>: 9>; dhushell
n

8>: 9>;0:66 n
Dj

8>>:
9>>;

0:33

(12)

where n is the kinematic viscosity of the medium and F is the
fiber packing density of the module, which equals 0.23 here.21

This correlation is derived according to NDSX results of vari-
ous solvents and solutes such as xylene/acetic acid/water and is
applicable in the range of 0 < Re < 500 and 0.04 < F < 0.4.20

Here, dh is the hydraulic diameter of the shell that is calculated
as the cross-sectional flow area divided by the wetted perime-
ter: (Di

2 � Ndo
2)/(Di þ Ndo).

21 Under the flow condition stud-
ied (ushell ¼ 2.9 mm/s), the calculated ko value is comparable
to that estimated based on the correlations obtained from vari-
ous flow geometries.22 It is reasonable to simply assume per-
fect countercurrent flow on the shell side, although it is the
baffled module; that is, the effect of shell-side bypassing of the
fibers or shell-side traveling in plug flow is negligible. In fact,
Eq. 12 was satisfactorily used in the similar Liqui-Cel 8 � 28
cm 5PCG-259 hollow-fiber module for recovery of gold from
aqueous alkaline cyanide solutions.23

The diffusion of species through the membrane pores is
approximated by diffusion through a cylindrical wall. Thus, the
membrane mass-transfer coefficient can be expressed as16,20

km ¼ 2eDj

tðdo � diÞ (13)

where e and t are, respectively, the porosity and tortuosity of
the membrane.

Table 1 lists the correlated mass-transfer coefficients. In this
correlation, the diffusivities of Hþ, Nd3þ, and La3þ in the
aqueous phase are obtained to be 9.3 � 10�9, 5.7 � 10�10, and
6.2 � 10�10 m2/s, respectively, by the Nernst–Hartley equa-
tion.24 The diffusivities of (HX)2, NdX3, and LaX3 in the or-
ganic phase are calculated by the Hayduk–Minhas equation25

based on the solution containing 34 mol/m3 (HX)2. The kine-
matic viscosity of organic solution was measured to be 8.42 �
10�7 m2/s at 258C. On the other hand, the molar volume of ker-
osene at its normal boiling point is assumed to be the same as
that of n-dodecane (that is, 278 cm3/mol).26 The parachors of
kerosene, (HX)2, NdX3, and LaX3 are calculated to be 512,
1523, 4522, and 4522 (cm3 g1/4)/s1/2, respectively, by the
method of additive group contributions.25

Figure 3. Experimental setup for simultaneous NDSX of
metal mixtures in hollow-fiber modules.
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Comparisons of the simulated and measured results

Figures 4–7 show the measured time profiles of feed- and
strip-phase concentrations of binary metals under different
conditions. By comparing the ratio of [Nd3þ]/[La3þ] in the
feed and strip phases after 60-min experiments (termed as af,60
and as,60, respectively) with that in the feed phase at t ¼ 0
(af,0), we can approximately view the separation potential of
this NDSX operation. As shown in Table 3, effective separa-
tion of Nd(III) over La(III) is achieved in the strip phase (a
concentration ratio & 40) under the conditions of high feed pH
values and/or low organic PC88A concentrations. In a compar-
ison of the af,60 and as,60 values as af,0 ¼ 1, for example, the
separation appears to be contributed primarily by selective
stripping. This will be quantitatively discussed below.

In these figures, the solid curves are simulated by simultane-
ously solving the dynamic mass balances of the following
equations11:

d½M3þ�f
dt

¼ � 1

Vf

8>>:
9>>;JM;E (14)

d½M3þ�s
dt

¼ 1

Vs

8>: 9>;JM;S (15)

If only a small amount of metals is extracted every time (such
as Dt < 1 s) as the liquids pass through the module, they can be
solved numerically by discretization of the equations as fol-
lows17:

½M3þ�f ;tþDt ¼ ½M3þ�f ;t �
JM;E

Vf

8>>:
9>>;Dt (16)

½M3þ�s;tþDt ¼ ½M3þ�s;t þ
JM;S

Vs

8>: 9>;Dt (17)

It is noticed that the calculated values of JM,E and JM,S change
with time. The time-dependent quantities of [Hþ]f and [Hþ]s
are evaluated from the stoichiometric relationships. Close
agreement is obtained under the ranges investigated, in which
the standard deviation (SD) defined in Eq. 18, is roughly 8%:

SDð%Þ ¼ 100�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn
i¼1

½M3þ�calci

½M3þ�expti

� 1

8>>>:
9>>>;

2�
ðn� 1Þ

vuut (18)

where n represents the number of data points. It is likely that
such deviation is mainly a result of the model simplification
that km remains constant across the entire range of concentra-
tions and, to a lesser extent, arises from the lack of mutual
(competitive) effect on binary metal extraction.

An increase in the viscosity of membrane phase during the
experiments at high carrier or complex concentrations (attrib-
uted to aggregation of the complex) may result in a decrease in
km.

27,28 Although the determination of transport parameters
from correlation equations, just as approached here, is not the
best way in the membrane-based processes, direct measure-
ment of some parameters particularly for km seems inaccessi-

Figure 4. Comparison of the measured and simulated
time profiles of aqueous metal concentrations
at different feed pH values.

ulumen ¼ 3.6 mm/s, ushell ¼ 2.9 mm/s, [La3þ]f,0 ¼ [Nd3þ]f,0 ¼
1.5 mol/m3, [(HX)2]0 ¼ 34 mol/m3, [HNO3]s,0 ¼ 1 mol/dm3;
(a) pHf,0 ¼ 4 and (b) pHf,0 ¼ 6.

Figure 5. Comparison of the measured and simulated
time profiles of aqueous metal concentrations
at different concentration ratios.

ulumen ¼ 3.6 mm/s, ushell ¼ 2.9 mm/s, pHf,0 ¼ 5, [(HX)2]0 ¼
17 mol/m3, [HNO3]s,0 ¼ 1 mol/dm3; (a) [La3þ]f,0 ¼ [Nd3þ]f,0¼ 1 mol/m3, and (b) [La3þ]f,0 ¼ 0.4 mol/m3, [Nd3þ]f,0 ¼
1.6 mol/m3.
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ble. Elhassadi and Do27 studied the effect of Alamine 336 con-
centration on the transport of UO2

2þ across a supported liquid
membrane. They indicated that the viscosity effect is more pro-
nounced in small membrane pores than in SX analogy because
the viscosity ratios of the reacted to unreacted carriers calcu-
lated from the flux data and measured in the bulk phase are
highly inconsistent. In examining the effect of Aliquat 336
concentration on CrO4

2� extraction in hollow-fiber modules
[polypropylene (PP), d ¼ 0.2 mm, dp ¼ 0.5 mm, e ¼ 0.63],
Alonso et al.28 also found that the value of km for the complex,
determined by model fitting of the flux data, decreases from
2.28 � 10�7 to 8.08 � 10�8 m/s when the Aliquat 336 concen-
tration in kerosene increases from 1 to 10% v/v.

As shown above, it is simply assumed that the mass transfer
of each metal is independent for modeling NDSX process in bi-
nary metal systems; that is, the model parameters obtained in
single systems are directly taken. This assumption is likely ac-
ceptable when the metal concentration in the aqueous phase is
low and PC88A is in substantial excess because in this case the
organic loading is low (<12%).4 Moreover, the extraction of
Nd(III) and La(III) has about one-unit difference in their pH1/2

values (the pH at which 50% of metals are extracted).4

Determination of the mass-transfer mechanisms

To determine the mass-transfer mechanisms, we express
JM,E and JM,S in terms of the driving force divided by the sum
of all possible resistances. From Eqs. 5 and 8, we have

JM;E ¼ KM;EAi ½M3þ�f �
½MX3�o
mM;fi

8>>:
9>>; (19)

JM;S ¼ KM;SAi ½MX3�o � mM;si½M3þ�s
� �

(20)

where KM,E and KM,S, the overall mass-transfer coefficients on
the basis of each concentration difference shown above, are
given by

1

KLa;E
¼ 1

kLa;f
þ 1

k1;La½ðHXÞ2�1=2fi

þ Ai

mLa;fiAlmkLaX3;m

þ Ai

mLa;fiAokLaX3;o
(21)

1

KLa;S
¼ Ai

kLaX3;oAo
þ Ai

kLaX3;mAlm
þ ½Hþ�1=2si

k�1;La
þ mLa;si

kLa;s
(22)

1

KNd;E
¼ 1

kNd;f
þ 1

k1;Nd½ðHXÞ2�fi
þ Ai

mNd;fiAlmkNdX3;m

þ Ai

mNd;fiAokNdX3;o
(23)

1

KNd;S
¼ Ai

kNdX3;oAo
þ Ai

kNdX3;mAlm
þ ½Hþ�si
k�1;Nd

þ mNd;si

kNd;s
(24)

Figure 6. Comparison of the measured and simulated
time profiles of aqueous metal concentrations
at different total metal concentrations.

ulumen ¼ 3.6 mm/s, ushell ¼ 2.9 mm/s, pHf,0 ¼ 6, [(HX)2]0 ¼
68.7 mol/m3, [HNO3]s,0 ¼ 1 mol/dm3; (a) [La3þ]f,0 ¼
[Nd3þ]f,0 ¼ 3 mol/m3, and (b) [La3þ]f,0 ¼ [Nd3þ]f,0 ¼
12 mol/m3.

Figure 7. Comparison of the measured and simulated
time profiles of aqueous metal concentrations
at different PC88A concentrations.

ulumen ¼ 3.6 mm/s, ushell ¼ 2.9 mm/s, [La3þ]f,0 ¼ [Nd3þ]f,0 ¼
1.5 mol/m3, pHf,0 ¼ 5, [HNO3]s,0 ¼ 1 mol/dm3; (a) [(HX)2]0¼ 34 mol/m3 and (b) [(HX)2]0 ¼ 68.7 mol/m3.
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Here, either mM,fi or mM,si is a measure of the distribution
of metals at the aqueous–membrane (organic) interface,
expressed as

mLa;fi ¼ k1;La½Hþ�1=2fi ½ðHXÞ2�1=2fi

�
k�1;La (25)

mLa;si ¼ k1;La½Hþ�1=2si ½ðHXÞ2�1=2si

�
k�1;La (26)

mNd;fi ¼ k1;Nd½Hþ�fi½ðHXÞ2�fi
�

k�1;Nd (27)

mNd;si ¼ k1;Nd½Hþ�si½ðHXÞ2�si
�

k�1;Nd (28)

Because mM,fi and mM,si depend on the initial conditions and
operating time, they should be solved first. The four terms in
the right-hand side of Eqs. 21–24 represent the resistance of
each mass-transfer step. In Eq. 21, for example, they are in
order the resistances of aqueous feed-layer diffusion (Rfeed),
chemical reaction (Rchem), membrane diffusion (Rmem), and
organic layer diffusion (Rorg), respectively. The fractional
resistance of each step (Dfeed, Dchem, etc.) to the overall
NDSX process can thus be calculated; for example, Dfeed is
given by

Dfeed ¼ Rfeed

ðRfeed þ Rchem þ Rmem þ RorgÞ (29)

The results calculated in the extraction and stripping modules
at t ¼ 0 are listed in Tables 4 and 5, respectively. By compar-
ing them, we can quantitatively identify the rate-controlling
step(s). It is found that the extraction process is predominantly
governed by membrane diffusion (Dmem . 0.76) under the
ranges studied, particularly for the case of Nd(III). However,
the stripping process is primarily controlled by combined
membrane and strip stagnant-layer diffusion (Dmem þ Dstrip .
0.62), whereas the contribution of strip stagnant-layer diffusion
becomes more important at higher PC88A concentrations.
Moreover, the interfacial chemical reaction tends to play a cer-
tain role merely in the stripping of Nd(III) at low PC88A con-
centrations.

Because of the lack of literature results in the NDSX of
Nd(III) and La(III) by PC88A, a detailed discussion of the
mechanisms obtained here is somewhat challenging, and thus
the extraction of other metals with PC88A carriers in mem-
brane-based processes is compared. In modeling the permea-
tion of equimolar Co(II) and Ni(II) from nitrate solutions (1–
42.5 mol/m3) by PC88A/n-dodecane across a flat-sheet–sup-
ported liquid membrane (Teflon1, d ¼ 0.06 mm, dp ¼ 0.1 mm,
e ¼ 0.57) to a 3-mol/dm3 HCl strip solution, Matsuyama
et al.29 considered merely the resistances of the diffusion of
metals through the feed stagnant layer and the diffusion of
PC88A and their metal complexes in the membrane phase; that
is, the resistances of interfacial reactions, diffusion of metals
and Hþ in the strip stagnant layer, and diffusion of Hþ in the
feed stagnant layer were neglected. Jeong et al.30 also modeled
the transport of equimolar Co(II) and Ni(II) from sulfate solu-

Table 3. Separation Abilities of Nd(III) over La(III) by Batch SX and NDSX with PC88A
under Different Conditions ([HNO3]s,0 = 1 mol/dm3)

[La3þ]f,0
(mol/m3)

[Nd3þ]f,0
(mol/m3) pHf,0

[(HX)2]0
(mol/m3) af,0 af,60

* as,60 bSX
** bNDSX

1.5 1.5 2 34 1 0.69 11.9 10.3 7.6
4 1 0.27 38.0 7.8 7.4
6 1 0.16 38.5 7.8 7.3

1.6 0.4 5 17 0.25 0.19 3.1 1.2 3.8
1.0 1.0 1 0.47 5.7 8.3 7.6
0.4 1.6 4 0.57 10.5 13.1 10.4
1.5 1.5 6 68.7 1 0.15 4.6 5.8 5.3
3.0 3.0 1 0.19 7.8 7.4 7.2
6.0 6.0 1 0.37 9.9 8.9 12.9

12.0 12.0 1 0.58 12.8 9.2 18.4
1.5 1.5 5 34 1 0.17 38.5 7.8 7.4

68.7 1 0.21 4.6 5.8 5.1
137 1 0.23 1.8 3.3 2.9

*af,1, for example, denotes the ratio of [Nd3þ]/[La3þ] in the feed phase at time t (in minutes).
**Data calculated from Eq. 30 and the mass balances as if SX were performed in the batch mode4.

Table 4. Fractional Resistances of the NDSX of Binary Nd(III) and La(III) with PC88A
in the Extraction Module at t = 0 ([HNO3]s,0 = 1 mol/dm

3
)

[M3þ]f,0
(mol/m3)

[(HX)2]0
(mol/m3) pHf,0

La(III) Nd(III)

Dfeed Dmem Dchem Dorg Dfeed Dmem Dchem Dorg

0.4 17 5 Nil 0.76 Nil 0.24 Nil 0.92 Nil 0.08
1.5 17 5 Nil 0.76 Nil 0.24 Nil 0.92 Nil 0.08
1.5 34 2 Nil 0.76 Nil 0.24 Nil 0.92 Nil 0.08
1.5 34 4 Nil 0.76 Nil 0.24 Nil 0.92 Nil 0.08
1.5 34 6 Nil 0.76 Nil 0.24 Nil 0.92 Nil 0.08
1.5 68.7 6 Nil 0.76 Nil 0.24 Nil 0.92 Nil 0.08

12 68.7 6 Nil 0.76 Nil 0.24 Nil 0.92 Nil 0.08
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tions (0.85–85 mol/m3) through a hollow-fiber–supported liq-
uid membrane (PP, di ¼ 0.024 mm, d ¼ 0.03 mm, e ¼ 0.3)
with PC88A (10–50 wt %) in kerosene to a strip phase contain-
ing 1.5 mol/dm3 H2SO4. Good agreement on the fluxes was
found, although the instantaneous chemical reactions between
metals and PC88A were assumed. This is probably attributable
to the use of relatively high carrier concentrations [160–820
mol/m3 (HX)2] in contrast to the present work.

Yang et al.31 analyzed the simultaneous extraction of Cu(II)
and Zn(II) with LIX84 and D2EHPA, respectively, in a module
containing two sets of hollow fibers (PP, di ¼ 0.1 mm, d ¼
0.025 mm, dp ¼ 0.03 mm, e ¼ 0.4). Judging from the effect of
species concentration and flow rate on the forward extraction
rate, they indicated that the resistances of aqueous layer diffu-
sion, interfacial reaction, and membrane diffusion all affect the
extraction process, and the first one plays a major role in the
Cu(II)–LIX84 system and the last one in the Zn(II)–-D2EHPA
system. Yang and Cussler32 studied competitive extraction of
Cu(II) and Ni(II) with a kerosene solution of D2EHPA (10 v/
v%) in hollow-fiber modules (PP, di ¼ 0.41 mm, d ¼ 0.026
mm, dp ¼ 0.04 mm, e ¼ 0.35). They also found that the contri-
bution of interfacial reaction is important only in dilute metal
solutions (<40 mg/dm3).

On the other hand, aqueous layer diffusion is known to be
rate controlling at a sufficiently low metal level in a mem-
brane-based transport process using acidic carriers.10,11,33 For
example, Hu and Wiencek33 indicated that aqueous layer diffu-
sion dominates at very low aqueous-phase flow rate, very low
metal concentration, and very high carrier concentration in the
extraction of Cu(II) with LIX84/kerosene in hollow-fiber con-
tactors (PP, d ¼ 0.2 mm, dp ¼ 0.2 mm).

Separation factors

It is of practical interest to compare the separation factors of
Nd(III) over La(III) under batch SX equilibrium (bSX) and
dynamic NDSX conditions (bNDSX), which are defined
as30,31,34

bSX ¼ ½NdX3�=½LaX3�
� �
½Nd3þ�0=½La3þ�0
� �

¼ Kex;Nd

Kex;La

8>>:
9>>;
�

1þ Kex;Nd½ðHXÞ2�3½Hþ��3

1þ Kex;La½ðHXÞ2�3½Hþ��3

8>>>:
9>>>; ð30Þ

bNDSX ¼ JNd;E=JLa;E
� �

t¼0

½Nd3þ�f ;0=½La3þ�f ;0
� � (31)

The results are also shown in Table 3. Here, bSX is obtained
from Eq. 30 and the mass balances as if the SX were performed

in the batch mode.4 The differences between bSX and bNDSX at
given conditions can be considered as a measure of whether
the NDSX separation process is equilibrium or kinetics con-
trolled.34 One observes that there are no substantial differences
between bSX and bNDSX values, indicating that the separation
in the present NDSX process depends on the individual equi-
librium parameters (such as Kex,M) rather than the diffusivities
of metal–PC88A complexes in the membrane and organic
phases. More effective separation of Nd(III) over La(III) is
achieved at lower PC88A concentrations and lower feed pH
values as shown in Table 3, although the extractability is lower
in these cases.

The decreased separation factors bNDSX with increasing
PC88A concentrations were also previously reported, for exam-
ple, in the separation of Co(II) over Ni(II) from equimolar solu-
tions in a flat-sheet–supported liquid membrane29 and a hollow-
fiber–supported liquid membrane.30 The same trends were also
observed in the separation of Zn(II) over Cu(II) by D2EHPA in
hollow-fiber modules.34 This is explained by a compromise
between the slightly increased concentrations of the complexes
at the feed–membrane interface and the sharply decreased diffu-
sivities of species in the membrane (resulting from the increased
viscosity of the organic phase).30 On the other hand, the
increased bSX or bNDSX with increasing total metal concentration
is possibly explained by the effect of competitive extraction of
binary metals at high organic loadings.4,34

Table 5. Fractional Resistances of the NDSX of Binary Nd(III) and La(III) with PC88A in the Stripping Module
at t = 0 (pHf,0 = 5)

[M3þ]f,0
(mol/m3)

[(HX)2]0
(mol/m3)

[HNO3]s,0
(mol/dm3)

La(III) Nd(III)

Dstrip Dmem Dchem Dorg Dstrip Dmem Dchem Dorg

0.4 17 1 0.18 0.50 0.18 0.14 0.38 0.24 0.30 0.08
1.5 17 1 0.17 0.50 0.18 0.15 0.38 0.24 0.30 0.08
1.5 34 1 0.27 0.43 0.16 0.14 0.48 0.20 0.25 0.07
1.5 68.7 1 0.30 0.42 0.15 0.13 0.62 0.17 0.15 0.06

12 68.7 1 0.30 0.42 0.15 0.13 0.62 0.17 0.15 0.06

Figure 8. Comparison of the measured and simulated
time profiles of aqueous metal concentrations
in continuous operations with twice refresh-
ment of feed solution.

ulumen ¼ 3.6 mm/s, ushell ¼ 2.9 mm/s, [La3þ]f,0 ¼ [Nd3þ]f,0 ¼
3 mol/m3, pHf,0 ¼ 6, [(HX)2]0 ¼ 68.7 mol/m3, [HNO3]s,0 ¼
1 mol/dm3.
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As shown in Table 3, a separation factor of Nd(III) over
La(III), in terms of as,60, of nearly 40, is actually obtained at
high feed pH and low PC88A concentrations. Comparing the
as,60 and bNDSX values, we find that selective stripping of
Nd(III) over La(III) from the loaded organic phase plays a cru-
cial role in the present NDSX process. This is an important
characteristic of membrane contactors for increasing conver-
sion with the so-called equilibrium-limited chemical reac-
tions.8 Figure 8 clearly demonstrates the feasibility of the
NDSX process for continuous operations with twice refresh-
ment of feed solution. It is also shown that model predictions
on time changes of the feed- and strip-phase metal concentra-
tions are satisfactory.

Conclusions

Kinetics and mechanisms of the NDSX separation of Nd(III)
over La(III) in two hydrophobic hollow fibers from nitrate sol-
utions with PC88A/kerosene to a HNO3 solution have been an-
alyzed. A mass-transfer model was proposed that considers all
possible resistances involved. On the basis of a good knowl-
edge of extraction chemistry and the transport properties of the
relevant geometry, close agreement between the predicted and
measured results was obtained (SD, 8%) by directly taking the
parameters evaluated in batch SX of single-metal systems.
Such a deviation mainly arose from inaccurate estimation of
the membrane-phase mass-transfer coefficients.

The proposed method for fractional resistance calculations
could give a deeper insight into the mass-transfer mechanism
of the NDSX process. Under the conditions studied (total metal
concentration 2–24 mol/m3, feed pH 2–6, dimeric PC88A 17–
137 mol/m3, strip HNO3 1 mol/dm3), membrane diffusion con-
trolled the extraction process (fractional resistance Dmem .
0.76), particularly in the extraction of Nd(III). On the other
hand, the stripping process was primarily governed by mixed
diffusion in the membrane and strip stagnant layer (Dmem þ
Dstrip . 0.62) and the latter effect was more significant at
higher PC88A concentrations. The role of interfacial reaction
was important only in the stripping of Nd(III) at low PC88A
concentrations. By comparing various types of separation fac-
tors (as,60, bSX, bNDSX), we found that the separation of Nd(III)
from La(III) by PC88A was essentially equilibrium controlled.
However, the NDSX process could improve the separation by
selective stripping of Nd(III) from the loaded organic phase at
high feed pH and low PC88A concentrations.

Notation

Ai ¼ effective area based on the inner diameter of the fiber, m2

Alm ¼ effective areas based on the log mean diameter of the fiber, m2

Ao ¼ effective areas based on the outer diameter of the fiber, m2

dh ¼ hydraulic diameter of the shell, m
di ¼ inner diameter of the fiber, m

dlm ¼ log mean diameter of the fiber, m
do ¼ outer diameter of the fiber, m
dp ¼ pore diameter of the membrane, mm
Di ¼ inner diameter of the shell, m
Dj ¼ diffusivity of species j in bulk liquid phase, m2/s

HX ¼ PC88A monomer
JM,E, JM,S ¼ molar flux in the extraction and stripping modules, respec-

tively, g-mol/s
kj ¼ individual mass-transfer coefficient of species j, m/s
Kj ¼ overall mass-transfer coefficient of species j defined in Eqs. 19

and 20, m/s

Kex ¼ extraction equilibrium constant defined in Eq. 2
k1 ¼ forward (extraction) rate constant defined in Eqs. 3 and 4

k�1 ¼ backward (stripping) rate constant defined in Eqs. 3 and 4
L ¼ effective length of the fiber, m

mM,fi ¼ distribution ratio of metal at the feed–membrane interface
defined in Eqs. 25 and 27

mM,si ¼ distribution ratio of metal at the strip–membrane interface
defined in Eqs. 26 and 28

n ¼ number of data points
N ¼ number of fibers
Re ¼ Reynolds number (¼diu/n)
RM ¼ reaction rate of metal extraction with PC88A defined in Eq. 3

or 4, g-mol/(m2 s)
t ¼ time, s
u ¼ flow velocity, m/s
V ¼ volume of the solution, m3

[V ] ¼ concentration of species in brackets, g-mol/m3

Greek letters

af,t ¼ molar concentration ratio of Nd(III) to La(III) in the feed phase at
time t, min

as,t ¼ molar concentration ratio of Nd(III) to La(III) in the strip phase at
time t, min

b ¼ separation factor of Nd(III) over La(III) defined in Eqs. 30 and 31
d ¼ thickness of the membrane, m
D ¼ fractional resistance defined in Eq. 29
e ¼ porosity of the membrane
n ¼ kinematic viscosity of the medium, m2/s
t ¼ tortuosity of the membrane
F ¼ fiber packing density of the shell

Superscript

m ¼ membrane side adjacent to the liquid–membrane interface

Subscripts

f, m, s ¼ feed, membrane, and strip phases, respectively
i ¼ liquid–membrane interface
t ¼ any time t
0 ¼ initial (total)
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