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ABSTRACT

The transport of Dy3* through stripping dispersion hollow fiber liquid membrane system (SDHFLM)
containing dispersion phase with HCI solution as stripping solution and 2-ethyl hexyl phosphoric acid-
mono-2-ethyl hexyl ester (PC-88A) dissolved in kerosene as membrane solution, has been studied. Many
factors of the interface chemical reaction and composition of the liquid membrane including pH value,
initial concentration of Dy3*, different ionic strength of feed phase, volume ratio of membrane solution to
stripping solution (O/W), HCl concentration, carrier concentration, different stripping agents of dispersion
phase, hydrodynamic characteristic (flow rates, stability) and hollow fiber structure parameters (inner
diameter of fibers, membrane thickness, porosity, etc.) on Dy3* transport with SDHFLM were investigated.
The advantages of SDHFLM compared to the traditional HFLM was investigated too. Experimental results
indicated that the optimum transport conditions of Dy>* were that HCl concentration was 4.00 mol/L,
PC-88A concentration was 0.150 mol/L, O/W was 0.5 in the dispersion phase, and pH value was 5.00 in
the feed phase. lonic strength had no obvious effect on transport of Dy**. When initial Dy3* concentration
was 1.50 x 10~4 mol/L, the transport efficiency of Dy3* was up to 95.4% in 170 min. The kinetic equation
was developed in terms of the law of mass diffusion and the theory of interface chemistry. The results

were in good agreement with the literature data.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Rare earth metals and their compounds have been widely used
in all walks of life due to their spectrascopic physical and chemical
characteristics. The property of the metal alloy can be improved
by adding some rare earth metals or compounds in it. There-
fore, rare earth elements are known as vitamin of metallurgical
industry [1]. For example, plasticity, toughness, steel resistance,
heat resistance, oxidation resistance and corrosion resistance can
be enhanced when some rare earth elements are added in steel.
Another example, rare earth metals can be used to make a fire
alloy, permanent magnetic materials, superconducting materials,
dyeing materials, luminescence materials and microelements fer-
tilizer, etc. Therefore, rare earth metals have been also widely used
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in petrochemical, glass, ceramics, fluorescent materials, electronic
material, medicine, agriculture department, a lot of modern sci-
ence and technology field. In China, there are abundant rare earth
resources. With the development of rare earth industry, the appli-
cation of rare earth elements widely for transport and enrichment
has become more and more necessary [2].

Liquid membrane technique is a novel transport method, which
combines the characteristics of solvent extraction with solid mem-
brane separation. It has several potential advantages compared
to the conventional methods of solvent extraction technique. Lig-
uid membrane transport of rare earth metals is characterized by
a short process, high speed, great enrichment ratio, little reagent
consuming and low cost, which has extensive industrial applica-
tion prospect. In China, the studies about liquid membrane began
in the early 1980s. Organic solvents of liquid membrane system for
transport of rare earth metal are carried with kerosene or com-
mon sulfonated kerosene. The carrier used LA, P204 and P507,
etc. The stripping phase used HCl and HNOs, etc. Leaching mother
liquor of rare earth can be grouped, purified and separated as
required [3].

Konda used double stearic acid and organophosphate as carrier
to study supported liquid membrane (SLM) system for transport
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of rare earth samarium3* and to establish a migration model [4].
Lee used polypropylene porous membrane as supported membrane
and PC-88A as carrier to establish supported liquid membrane
system for transport of rare earth europium3* and established a
mathematical model of migration process of Co%* [5]. Kim [6] and
others used composited supported liquid membrane to deal with
La3* in rare earth wastewater. In recent years, Yi et al. [7] and
others studied on flat sandwich SLM system, tested the perme-
ability coefficient of transport of La3*, compared the differences
of supported membrane with different materials in extraction, and
investigated transport efficiency and stability of liquid membrane
system.

SLM method has the virtue of simplicity of operation without
using expensive surfactants. However, the contradiction between
the decline of membrane stability caused by the membrane solu-
tion (organic solvent, extraction agents and modifiers) dissolved
in aqueous phase and high transport flux is still not well solved
[8]. As for SLM problems, some experts have turned to study new
liquid membrane configuration in recent years. They want to main-
tain characteristics of membrane transport and at the same time
to overcome the shortcomings of instability of supported liquid
membrane. Therefore, hybrid liquid membrane and combination
technique are proposed [9,10]. It combines solid membrane or
various chemical processes with liquid membrane, which can effec-
tively overcome the leakage of the carrier from membrane. In our
previous works, dispersion supported liquid membrane (DSLM) for
transport of rare earths has been studied and the transport results
were very obvious [11-13]. In this work, based on DSLM of our
previous works and pseudo-emulsion-based hollow fiber stripping
dispersion (PEHFSD) techniques [14], the stripping dispersion hol-
low fiber liquid membrane system (SDHFLM) with HCl as stripping
agent and 2-ethyl hexyl phosphoric acid-mono-2-ethyl hexyl ester
(PC-88A) dissolved in kerosene as the mobile carrier was proposed.
In SDHFLM process, a very thin organic film was developed within
the internal surface of fibers, which was used for separation of
the feed phase and stripping phase, due to the wetting affinity
of the hydrophobic hollow fibers and dispersion phase. The solute
was selectively transported from feed phase to the stripping phase
across the liquid membrane film. SDHFLM not only has the advan-
tages of non-equilibrium mass transfer and up-hill effect, but also
avoids the disadvantages of traditional HFLM and emulsion lig-
uid membrane, such as loss of mobile carrier, difficult operation
of emulsification and de-emulsification steps, etc.

These advantages of SDHFLM are very attractive. More studies
are needed for the application of SDHFLM in industry. For example,
the behavior of transport of single cation and a new permeability
coefficient equation should be studied, because of the diversity of
transport behavior of ions in the two systems of traditional HFLM
and SDHFLM. Secondly, some works about the separation of two or
more rare earth metals are required in order to solve more practical
separation problems [11]. Rare earth Dy3* is playing an increas-
ingly important role in high technology. Dy3"is typical in heavy
rare earths. In order to investigate the transport regularity of heavy
rare earths by liquid membrane, we chose Dy3* as the sample in
experiment. A few of studies about transport of Dy3*by liquid mem-
brane has been done during the last decade [12,16], but the effect of
transport was not good enough because of disadvantages above. In
this work, we chose a novel liquid membrane system to transport
Dy3*in the experiment.

Currently, there were not some reports on the application
of stripping dispersion hollow fiber liquid membrane system
(SDHFLM) for transport of Dy3*. It is mainly to study the transport
feasibility of SDHFLM for Dy3*. On the basis of membrane module
design, parameter optimization, transport efficiency control and
other aspects, the transport process of rare earth metals were stud-
ied. Finally, new methods and new system of SDHFLM for transport

of rare earth metal have been established. The studies of this paper
could provide more theoretical basis for the further investigations
and the results are expected to achieve a breakthrough in industrial
applications of the SDHFLM technique.

2. Experimental
2.1. Reagent

Dy(CH3COO)34H20, Arsenazo III (C22H18A520]4N452), HCl,
NaH;PO4, NayHPO4, CH3COONa, and CH3COOH et al. used in
the present work were of analytical grade. 2-Ethyl hexyl phos-
phoric acid-mono-2-ethyl hexyl ester (PC-88A) is a commercial
extractant (purity > 95%) and used without any further purification.
Kerosene was washed with concentrated sulfuric acid and distilled
at 185-225°C. All agents were from Beijing chemical reagent plant

2.2. Preparing of solutions

Dy3* stock solution: it was prepared by dissolving
Dy(CH3CO00)3-4H,0 in 1.0 mol/L HCl, and analyzed by Arsenazo III
(Cy2H18As3014N4S;) as the chromogenic agent.

Dy3* feed solution: a certain amount of the Dy3* stock solu-
tion was diluted with 0.01 mol/L HCl solution to a given extent
after adding a calculated amount of CH3COONa and CH3COOH or
N3H2PO4 and Na2HPO4.

Arsenazo Il1 (CyoH1gAs2014N4S, ) stock solution: a stock solution
of Arsenazo Ill was prepared by dissolving powder of Arsenazo III
in deionized water.

Stripping solution: it was prepared with a required amount of
HCI dissolved and diluted with deionized water to a known con-
centration.

Distilled kerosene: it was obtained by distilling at 185-225°C
the commercial kerosene washed with concentrated sulfuric acid.

PC-88A solution: it was prepared by diluting a calculated
amount of extractant with kerosene.

2.3. Experimental material and process

All the experiments were the self-designed systems. The hol-
low fiber membrane were laboratory scale versions with two
0-1.0Lmin~! pumps and flowmeters, which makes it possible to
evaluate the performance without having to prepare large amounts
of feed, stripping and organic phases, and also to avoid the influence
of non-ideal flow in the shell side of the component. Membrane
component had a PVDF module of commercial product with a nom-
inal porosity of 62%, a tortuosity of 2.22, effective component length
of 20 cm, inner diameter of 8 mm of module with fiber number of
20. Inner diameter of fiber, outer diameter, thickness and effective
membrane area of fiber were 0.9 mm, 1.2 mm, 0.3 mm and 188 cm?,
respectively. The hollow fiber membrane were from Tianjing Uni-
versity of Technology

Samples containing Dy3* in the feed phase only were ana-
lyzed for ion concentration with a UV-1200 spectrophotometer
using Arsenazo III as the chromogenic agent (under the detection
wave lengths: 653 nm). The UV-1200 spectrophotometer is made in
Shanghai China. The water purification systems is made in Jiangsu
China.

The feed phase was prepared by dissolving a weighed amount
of Dy(CH3C0O0)3-4H,0 in acetate buffer media in which the pH
was adjusted. The organic phase was composed of PC-88A as car-
rier dissolved in kerosene and the stripping phase was 3.0 mol/L
HCl aqueous solution. The hydrophobic fibers were prewetted with
organic phase at least 48 h in order to make the pores of fibers fully
filled with organic phase. In these experiments, there were two
operation modes: (I) the stripping phase was pumped through the
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Fig. 1. Experimental installation of SDHFLM process.

shell side of the component and the feed phase through the tube
side. (II) The feed phase pumped through the shell side and strip-
ping phase through the tube side. Both fluids were transported in
opposite direction and single path processes. In general, the usage
of a stirrer can disperse a stripping solution in a membrane solution
and form the droplets of the aqueous stripping solution in a con-
tinuous organic phase because of the weak surface-active of the
extractant. It is called as the dispersion phase. In the experimental
process, there is a constant supply of the membrane solution, i.e. the
membrane solution of the dispersion phase, contacting the pores
of HFLM. This constant supply of the membrane solution ensures
a stable and continuous operation of the HFLM. In this way, the
metal-carrier complex could diffuse to the interface between the
stripping solution and the membrane solution in pores of HFLM.
Therefore, the direct contact between the stripping solution and
the membrane solution provides efficient mass transfer for strip-
ping. Secondly, once removal of the target species is completed, the
stirring for the stripping dispersion and pumps are stopped. The dis-
persion phase is thus allowed to suspend, resulting in separation of
the dispersion phase into two phases: the membrane phase readily
wetting the pores of support and the stripping supply containing
concentrated metal ions. The concentrated stripping solution is the
product of this process. Fig. 1 shows the experimental installation
of the SDHFLM process.

In order to prevent the mobile carrier leakage from membrane
pores, pressures of the both sides were controlled by the flow veloc-
ity to make a slightly positive pressure of the shell side to form a
stable interface.
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Based on our previous experiments, the stable concentration of
Dy3* profiles were developed after 20 min in both the feed phase
and the dispersion phase, then the stable mass transfer perfor-
mance was achieved and the similar results were also found when
the dispersion phase flowed through the tube side. Initial stabiliza-
tion time was set over 30 min in later experiments in order to get
more reliable results.

3. Results and discussion
3.1. Principle and theory of the SDHFLM process

Fig. 2 shows the principle of SDHFLM process, in which con-
centration change and transport processes are depicted. The
co-transport involves various equilibrium reactions, which are
described as follows [13]:

(a) Dy3* diffuses from the feed phase to the interface A.

(b) On the feed side interface of the SDHFLM, the extraction of Dy3*
from feed solution with carrier PC-88A [can be as (HR);] in
kerosene can be expressed as [11]:

Kq
Dy?" + 3(HR); org Kﬁ DyR; - 3HR + 3H/
-1

(1)

where f and org stand for feed phase and organic phase, respec-
tively; (HR), indicates that the PC-88A in kerosene mainly exists
as adimer; Ky, and K_4 stand for forward and backward reaction
percentage constant at the interface between the feed phase
and membrane phase.

(c) The metal-complex (DyRs3-3HR) diffuses through the mem-
brane A-B.

(d) At the stripping side interface of the SDHFLM, the DyR3-3HR
dissolved in membrane solution and the metal ion Dy3* are
stripped by stripping agent.

The stripping reaction on the other side of the SLM is written
as follows:

N Ky 3.
DyR; - 3HR + 3H/ K: Dy>* + 3(HR);,org
-2

(2)

where s represents the dispersion phase; K, and K_, stand for
forward and backward reaction efficiency constant at the inter-
face between the membrane phase and dispersion phase.

(e) Carrier PC-88A returns from B to A.

In this mechanism the transport of Dy3* across SDHFLM was
described by considering diffusion coefficient of Dy3*, because the
complex reaction between the Dy3* and PC-88A at the interfaces
is much faster compared to the diffusion in the feed phase and
membrane phase [13].

To formulate the model, the following assumptions were made:

dispersion phas:

-
DyR,3HR
3

H' HR  HR Dy’

| |
Dy‘—

Fig. 2. Schematic principle and description of Dy3* transport in SDHFLM.
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(1) The Dy3* diffuses in the organic medium only as the DyR3-3HR
complex.

(2) There is no net flow due to convection within the liquid mem-
brane.

(3) The metal ions react only with PC-88A at the membrane inter-
faces.

(4) The PC-88A monomer and dimer are in equilibrium at all times
throughout the organic phase.

(5) The solubility of PC-88A in the aqueous acid solution has
been found to be negligible, therefore, its concentration in the
SDHFLM is assumed to remain constant [15].

Then in this model, the transport of Dy3* in the SDHFLM can be
considered to include four sequential steps. If the diffusion process
is described by the Fick’s law, the transport flux of each step is given
as follows [15-19]:

The flux of feed phase can be written as:

D
= d—f(cf ~cp) 3)

where J;, D¢, df, ¢f and cg stand for the transport flux in the feed
phase, the diffusion coefficient of Dy3* in the membrane and thick-
ness of diffusion layer between the feed phase and the membrane
phase, the concentration of Dy3* in the feed phase, and the concen-
tration of Dy3* in the diffusion layer between the feed phase and
membrane phase, respectively.

The extraction equilibrium constant Kex in Eq. (1) can be
expressed as:

TP KHT skgHT

ex = (4)
cl(HR), > [(HR),*  [HR]?

where m stands for membrane phase and Ky indicates that the
distribution ratio of Dy3*.

The transport flux of diffusion layer between the feed phase and
membrane phase can be written as:

Jme = Kicq — K_1¢%; (5)

where J,r, and Cr?nf indicate the transport flux and the concentra-
tion of Dy3* in the diffusion layer between the feed phase and
membrane phase.

0
=GB~ %) (6)
where Jm, ¢, D2 ; and d, stand for the transport flux in the mem-
brane, the concentration of Dy3* in the diffusion layer between the
dispersion phase and membrane phase, diffusion coefficient of Dy3*
in the membrane and thickness of the membrane, respectively.

In view of distinct character of different membranes, tortuosity
and porosity of membrane impose an effect on the transport flux of
membrane. The greater the porosity of membrane is, the higher the
flux is, and the greater the tortuosity of membrane is, the lower the
flux is. So considering correction coefficient, Eq. (6) can be rewritten
as:

0
= GBS~ ) )
where 7 and ¢ stand for tortuosity and porosity of membrane.

In homeostatic reaction system under ideal condition, all of
these above individual transport fluxes can be taken for equality
[12,15-19].

Jf :]rn :Jmf :]s (8)

where Js stands for the transport flux in the dispersion phase.

After taking Egs. (3), (4), (6), (7) and (8), following formula can
be obtained:

1
J= g PR 9)
(d¢/D¢) + (8dmT[H]" /DY eKex[HR]?)
Based on the definition of permeability coefficient, transport
flux of membrane can also be written as:

_ _ Vi dCf
J=reci=-or () (10)
where V¢ stands for the volume of the feed phase, A stands for the

effective area of membrane, and J stands for the membrane flux.
Pc stands for the permeability coefficient, which can be defined

as:
Pe = L ~ (11)

(dr/Dy) + (8dmT[H']" /D eKex[HR]")

The d¢/D¢ and drm /DY, can be defined as follows:

dy
o = D; (12)

dm
Sm = ﬁ (13)
Eq. (11) can be simplified as:

—+ 3

1 _ 8mrlHT] o (14)

Pc 8Kex[HR]3

In Eq. (14), ¢, 7, and Kex are all constants. As a result of extrac-
tion experiments, Kex of 1.5 x 10~!1 was obtained. The relationship
between 1/P¢ and [H*]? are examined to be linear at the same con-
centration of PC-88A. So the diffusion coefficient of Dy3* in the
membrane and the thickness of diffusion layer between the feed
phase and membrane phase can be obtained with the linear slope
method. In the same way, the relationship between 1/Pc and [HR]?
are examined to be linear at the same H* concentration in the feed
phase.

Then, §; and 8, can be obtained. From Eq. (14) combined with
Egs. (12) and (13), DY, and d; values can also be obtained.

The transport efficiency of Dy3* is obtained by determination of
dcg/dt.

Considering and integrating Eq. (10) as follows:

%zf%&t (15)
n=1-e (EA/VPct o 1n(1—n):—87’:1>ct (16)
Ct
dCf -V
| et )

where c¢; and ¢; stand for the concentrations of Dy3* in the feed
phase at t=0 and t=t time, and t* stands for average time, respec-
tively. Eq. (15) demonstrates the value of P is the slope of line,
which is obtained in different operation conditions.

Combining Eqs. (10)—(17), following formula can be obtained:
7= 1 — e(BmTViIH T /e Kex ALIHRI )+ (5¢Vy/eAt) (18)

According to the Fick’s second law, Eq. (18) can be also written
as follows [13]:

DY Kex[(HR), Py d2,
AT (1_6D%t) 1

Jit

where 7 stands for transport efficiency of Dy3* through SDHFLM, |
stands for transport flux of Dy3*, C; stands for concentration of feed
phase, t stands for time, D stands for the diffusion coefficient of
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Fig. 3. The stability comparison between SDHFLM and traditional HFLM.

Dy3* in the membrane, d; stands for the thickness of diffusion layer
between the feed phase and the membrane phase, D, stands for the
coefficient of Dy3* in the membrane, and dp, stands for thickness
of the membrane, respectively.

3.2. Stability of SDHFLM

In order to define stability of SDHFLM compared with tradi-
tional HFLM, the tendency of Dy3* concentration changes in feed
phase and dispersion phase with time was studied under the fixed
operating conditions lasting a long time.

In this experiment, two operation modes were investigated in
mode 1: the dispersion phase was pumped through the shell side of
the component and the feed phase through the tube side. The flow
velocities of feed phase and dispersion phase were 0.02 m/s and
0.005 m/s. The flow velocities of two phases have been maintained
in experiment.

The assumed experimental conditions chosen were in the cer-
tain pH value in the feed phase, which was adjusted to 4.80. Initial
concentration of Dy3* was 1.74 x 10~4 mol/L, volume ratio of mem-
brane solution/stripping solution (O/W) was 0.3 in the feed phase,
the HCI concentration was 3.00 mol/L and the PC-88A concentra-
tion was 0.200 mol/L of dispersion phase. The results are shown in
Fig. 3(a) and (b). After 30 min, the tendency of Dy3* concentration
changes was stable, so we took a sample in 30 min in each transport
experiment. We can find that after 3.5h, the Dy3* concentration
and stability of dispersion phase decreased gradually under using
traditional HFLM and the Dy3* concentration in both feed phase
and dispersion phase remained stable under using SDHFLM. This is
because the carrier in traditional HFLM loses gradually and SDHFLM
with dispersion phase can supply carrier to the membrane system.
So we can draw the conclusion that stability of SDHFLM was better
than traditional HFLM.

3.3. Effect of flow rates in both feed phase and dispersion phase

In order to study the mechanism of mass transfer in SDHFLM and
determinate the dominated part of total mass transfer resistance,
it is necessary to investigate the hydrodynamic characteristics of
this system. The flow rates in both feed phase and dispersion
phase plays a vital role in the transport of metal ion from the
feed phase to the stripping phase. In traditional HFLM, the carrier
could be washed away gradually by the high-speed flowing solu-
tion. In SDHFLM, dispersion solution could contribute to supply
carrier to the membrane system under the condition of high-
speed flowing. So the effect of the flow rates of the feed phase
and dispersion phase on transport efficiency of Dy3* was stud-
ied in this section. All the other parameters, such as pH value,
initial concentration of Dy3* in the feed phase, volume ratio of
membrane solution/stripping solution (O/W) and PC-88A con-
centrations were adjusted to 4.80, 1.74 x 10~*mol/L, 0.50 and
0.200 mol/L, respectively. The effect of the flow rates in both feed

100
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o s &

60 3 zAx i) Xo
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O SDHFLM dispersion phase: 2.4 mL/min
0 A SDHFLM dispersion phase: 3.2 mL/min
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Transport efficiency (%)

201 A HFLM dispersion phase: 3.2 mL/min
O HFLM dispersion phase: 5.1 mL/min
-40 1 | ! |
0 4 8 12 16 20

Flow rate of feed solution (mL/min)

Fig. 4. The comparison between SDHFLM and traditional HFLM about flow rates
effect on transport of Dy>* in both two phases (1).

phase and dispersion phase on transport efficiency of Dy3* is shown
in Figs. 4 and 5.

We can find that the carrier can be washed away gradually by the
high-speed flowing solution in traditional HFLM, so the higher the
flow rate is, the lower the transport efficiency is. In SDHFLM, dis-
persion solution can contribute to supply carrier to the membrane
system under the condition of high-speed flowing, so the flow rate
of solution in shell side have not obvious effect on the transport
efficiency of Dy3*. The flow rate of feed solution in tube side have
a few effects on the transport efficiency of Dy3*, because feed solu-
tion diffusion rate in boundary layer of tube side is an important
rate control step in the whole transport processes [20,21]. In fol-
lowing experiments, flow rate of dispersion solution in shell side
was kept approximately within 5.0 mLmin~! and flow rate of feed
solution in tube side was confined to 10.0 mL min~1.

100
o of A ho L
< P om0
>
2 60 F Ozi A - [ J .. °©
5 s
2 .
[
T 40 b X SDHFLM feed phase: 7.8 mL/min
é. A SDHFLM feed phase: 10.6 mL/min
= A SDHFLM feed phase: 13.9 mL/min
= i ® HFLM feed phase: 7.8 mL/min
20 O HFLM feed phase: 10.6 mL/min
B HFLM feed phase: 13.9 mL/min
0 1 1 1
0 2 4 6 8

Flow rate of despersion solution (mL/min)

Fig. 5. The comparison between SDHFLM and traditional HFLM about flow rates
effect on transport of Dy3* in both two phases (II).



L. Pei et al. / Journal of Membrane Science 378 (2011) 520-530 525

100

Transport efficiency (%)

0 40 80 120 160 200

Time (min)

Fig. 6. Effect of pH of the feed phase.

3.4. pH effect in feed phase

Based on mechanism of mass transfer process, the concentration
difference between feed phase and dispersion phase is the driv-
ing power of mass transfer process [11]. So in the feed phase the
lower the H* concentration is, the stronger the driving power of
mass transfer process will be. Stronger power will promote the
transport flux of Dy3*. Equally, the greater the pH value in the
feed phase is, the higher the transport flux of Dy3* is. The effect
of pH in the feed phase on transport of Dy3* was studied in the pH
range of 2.40-5.30. Initial concentration of Dy3* in the feed phase
was 1.50 x 10~ mol/L. HCI concentration solution was 4.00 mol/L,
volume ratio of membrane solution to stripping solution (O/W)
was 0.50, PC-88A concentration was 0.100 mol/L in the dispersion
phase. The results are shown in Fig. 6. The Dy3* transport efficiency
increased when the pH in the feed phase increased from 2.40 to
5.30, and a maximum transport efficiency observed at pH 5.00 was
88.2% during 170 min. When pH value was higher than 5.0, hydroxy
complex of Dy3* was formed in the feed phase and the transport
efficiency of Dy3* decreased. Contrast to the previous cases, the
literature [11,16] suggested the influence of pH on distribution
coefficient of extraction process. It is large because the transport
process is mainly governed by the driving power of mass transfer
caused by the distribution equilibrium, when the renewal effect of
the liquid membrane and the diffusion mobility of Dy3* ions are
determined under specific experimental conditions [12,17,18]. As
far as our researching conditions were concerned, considering sav-
ing chemical agents as well as increasing transport rate, we chose
pH of 5.00 as the optimum pH condition of the feed phase for the
following experiments.

3.5. Effect of HCl concentration in dispersion phase

The stripping reaction in the dispersion phase plays a vital
role in the transport of metal ion from the feed phase to the
stripping phase. So the effect of the HCI concentration of the
dispersion phase on transport flux of Dy3* was studied in this sec-
tion. Under the above subsection condition obtained, the effect of
HCI concentration of dispersion phase on transport flux of Dy3*
is shown in Fig. 7. It indicates that, with the increasing of acid
concentration in the dispersion phase, the transport flux of Dy3*
increased. It can be seen that the effective HCl concentration
for transport were 3.00 mol/L, 4.00 mol/L and 5.00 mol/L, which
gives a transport fluxes of Dy3* were about 49.4 x 10-6 mol/(s m?),
55.7 x 107 mol/(s m2) and 50.4 x 10~7 mol/(s m?2).

The increasing of concentration of HCl solution from 1.00 mol/L
to 2.00 mol/L had no significant effect on transport flux of Dy3*,
because the number of Dy3* complex and the concentration of
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Fig. 7. Effect of HCI concentration.

membrane solution which transport through the membrane per
unit area of the membrane per unit time are definite. Considering
controlling acidity as well as increasing transport flux, we chose
4.00mol/L as the optimum HCI concentration of the dispersion
phase for the following experiments.

3.6. Effect of the volume ratio (O/W) of dispersion phase

The effect of volume ratio of membrane solution to stripping
solution (O/W) in the dispersion phase on transport of Dy3* was
studied. Under the above subsection condition obtained, the effect
of volume ratio (O/W) of dispersion phase on transport of Dy3* is
shown in Fig. 8. The volume ratio increased from 0 to 2.00. It can
be seen that the most effective volume ratio was 0.50, which gave
rise to a transport flux of Dy3* much higher than others.

This indicates the Dy3* transport flux increases with the increas-
ing of the volume ratio of the dispersion phase. When volume
ratio in the dispersion phase increases, the droplets of the dis-
persion solution disperse obviously in the membrane phase and
the chances of contacting between PC-88A and Dy3* increase. In
this way, the mixing between the membrane phase and dispersion
phase provides an extra stripping surface and renewal percentage
of liquid membrane, which leads to extremely stripping percentage
for the target species from organic phase and life of liquid mem-
brane. Increasing to an extent of the volume ratio, the flux become
lower because of decreasing of H* of dispersion phase [11]. We
chose 0.50 as the optimum volume ratio of membrane solution to
stripping solution (O/W) in the dispersion phase for the following
experiments.
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Fig. 8. Effect of volume ratio of membrane solution to HCI solution.
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Table 1
Effect of initial Dy?>* concentration.

Time (min) Transport efficiency (%)
5.00 x 10~ mol/L 1.00 x 10~ mol/L 1.20 x 10~ mol/L 1.50 x 10~4 mol/L 2.00 x 1074 mol/L
0 0 0 0 0 0

20 51.3 39.7 24.8 27.5 17.3

60 79.8 58.6 52.1 36.9 19.9
100 92.1 714 70.3 62.9 48.7
130 - 87.0 80.4 74.1 53.5
170 - - 95.2 88.2 69.0

3.7. Effect of other stripping agents

The stripping agent at the membrane-dispersion side plays a
vital role in transport of metal ions from feed phase to stripping
phase. So the effects of different stripping agents in the dispersion
phase on transport of Dy3* were studied. Using hydrochloric acid
(HCI), sulfate acid (H,SO4) and nitric acid (HNO3) as the stripping
agent respectively under the same acidity condition, it was found
that hydrochloric acid is the most efficient stripping agent in this
investigation.

3.8. Effect of initial Dy3* concentration in feed phase

Effect of initial Dy3* concentration on transport efficiency
of Dy3* was studied in the Dy3* concentration range from
5.00 x 10-> mol/L to 2.00 x 10~4 mol/L. The results obtained are
presented in Table 1. With the increasing of initial Dy3* concentra-
tion of the feed phase from 2.00 x 10~> mol/L to 1.60 x 10~4 mol/L,
the transport efficiency of Dy3* decreased during the same time.
This is because the PC-88A number is definite through the
membrane when the interface between the feed phase and the
membrane phase is definite. That is to say, the Dy3* number
transported is definite in this transport process [11]. When the
Dy3* concentrations were 5.00 x 10~> mol/L, 1.00 x 10~ mol/L,
1.20 x 10-> mol/L, 1.50 x 10~4mol/L and 2.00 x 10~4 mol/L, the
transport efficiencies were up to 92.1%, 71.4%, 70.3%, 62.9 and 48.7%
in 100 min, respectively.

3.9. Effect of carrier concentration

PC-88A concentration in the membrane phase and dispersion
phase also plays a significant role in transport of Dy3*. Effect of PC-
88A concentration on transport efficiency of Dy3* was studied in
the PC-88A concentration range from 0.060 mol/L to 0.200 mol/L.
Under the above subsection condition obtained, the results are
shown in Fig. 9. With the increasing of concentration of carrier
in the membrane phase from 0.060 mol/L to 0.200 mol/L, the Dy3*
transport efficiency increased, however, when PC-88A concentra-
tion increased to 0.200 mol/L from 0.150 mol/L, the increasing of
transport efficiency of Dy3* was not obvious. Within this con-
centration of PC-88A range from 0.060 mol/L to 0.200 mol/L, the
availability of PC-88A at the feed-membrane-dispersion interfaces
increased with the increasing of concentration of carrier. The chem-
ical equilibrium moved toward left, vice versa, when concentration
of PC-88A became low, the equilibrium moved toward the right
[13]. The transport efficiency of Dy3* was no longer increase with
time with increasing of concentration of PC-88A to a significant
extent [11]. When the PC-88A concentrations were 0.100 mol/L,
0.120 mol/L, 0.150 mol/L and 0.200 mol/L, the transport efficiencies
were 88.2%, 91.8%, 95.4% and 96.1%, respectively. The PC-88A con-
centration is proportionate with Dy3* concentration in membrane
phase. When the concentration of PC-88A in the membrane phase
becomes higher in comparison to Dy3* concentration of feed phase,
there are not Dy3* to react on redundant PC-88A, so the increasing

of transport efficiency of Dy3* will become slow. This indicates that
the number of PC-88A used to transport Dy3* through the mem-
brane per unit area of the membrane per unit time is definite, when
the initial concentration of Dy3*, the effect area of membrane and
time are definite. 0.150 mol/L was chosen as the optimum concen-
tration of carrier. Under the conditions, the transport efficiency of
Dy3* was 95.4% during 170 min.

3.10. Effect of ionic strength in feed phase

The effect of ionic strength of feed phase on transport efficiency
of Dy3* was studied in this section. The results indicate that the
ionic strength had not obvious influence on the transport flux of
Dy3*, because the HCl effect surrounded by membrane solution is
weak, which leads to the ignorable ionic strength of the disper-
sion phase. When the concentration of ions in the feed phase is
low, the ionic strength of two phases is neglected. The operational
condition, comparing to other technologies of liquid membrane, is
further simplified [13].

3.11. The reuse of membrane solution

The reuse of membrane solution was studied under the opti-
mal conditions. From Fig. 10, we can know the membrane solution
in SDHFLM can be reused many times before the re-extraction
with the strong acid after every experiment. Membrane solution in
SDHFLM can be reused many times and the tendency of transport
efficiency changes was stable with SDHFLM in 4 experiments. After
4 experiments, the Dy3* transport efficiency decreased gradually.

3.12. The reuse of membrane module
The reuse of membrane module was studied under the optimal

conditions. The membrane solution was reused only 3 experiments
and we took new membrane solution or membrane solution after
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Fig. 9. Effect of carrier concentration.
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being purged by reversed extraction with the strong acid in the
forth experiment. The results are shown in Fig. 11. Membrane mod-
ule of SDHFLM with dispersion phase can be reused many times
and the tendency of transport efficiency changes was stable with
SDHFLM in 8 experiments, but under the condition of membrane
module of traditional HFLM without dispersion phase, the tendency
of transport efficiency changes was unstable and transport effi-
ciency decreased gradually after three experiments. In this study,
we can also draw the conclusion that stability of SDHFLM was better
than traditional HFLM.

3.13. Retention in membrane phase and effect of stripping

The retention in membrane phase and effect of stripping was
studied under the optimal conditions. According to the con-
centration of Dy3* in both feed phase and stripping phase, the
concentration of Dy3* in membrane phase can be obtained, then the
effect of stripping in dispersion phase and retention phenomenon
of membrane phase can be obtained. The results are shown in
Fig. 12. We can draw the conclusion that retention percentage of
Dy3* in membrane decreased gradually as time extended, because
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Fig. 12. Retention in membrane phase and effect of stripping.
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Fig. 13. Effect of thickness of membrane.

the stripping rate is faster than the complexing rate in transport
process.

3.14. Effect of structure parameters of membrane module

In this study, hollow fiber structure parameters (inner diameter
of fibers, membrane thickness, porosity, etc.) on the mass transfer
performance of SDHFLM process on transport of Dy3* were also
studied. Six kinds of polyvinglidene fluoride (PVDF) hollow fibers
were chosen and additional information about these modules are
listed in Table 2.

The thickness of fiber could have an effect on the thickness of
membrane phase in membrane module and transport rate of Dy3*
complex. The membrane modules N1, N2 and N3 were chosen to
study the effect of thickness of fiber on transport of Dy3* under the
optimum transport conditions. The results are shown in Fig. 13. We
can draw the conclusion that the thicker fiber, the lower transport
efficiency of Dy3*. The main reason might be that the thicker fiber,
the lower transport rate of Dy3* complex.

Table 2
Structure parameters of membrane and membrane module.
No PVDF hollow fiber structure parameters
Effective length of module, L (m) Porosity Number of fiber Inner diameter of fiber, d; (mm) Thickness of membrane, dp, (mm)
N1 0.20 62% 20 0.9 03
N2 0.20 62% 22 0.9 0.5
N3 0.20 62% 20 0.9 0.6
N4 0.20 62% 22 0.6 0.5
N5 0.20 62% 20 04 0.5
N6 0.20 21% 23 0.9 0.3
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Fig. 14. Effect of inner diameter of fiber.

The inner diameter of fiber could have an effect on the liquid
flowing state in membrane module system and transport efficiency
of Dy3*. The membrane modules N2, N4 and N5 were chosen to
study the effect of inner diameter of fiber on transport of Dy3* under
the optimal transport conditions. The results are shown in Fig. 14.
We can draw the conclusion that the larger inner diameter of fiber,
the higher transport efficiency of Dy3*. The main reason might be
that the larger the inner diameter of fiber is, the more dispersion
solution the membrane module system have. So more dispersion
solution can make the stripping and complexing reaction more
efficient.

The membrane porosity could play an important role in trans-
port rate of Dy3* complex. The membrane modules N1 and N6 were
chosen to study the effect of membrane porosity on transport of
Dy3* under the optimal transport conditions. The results are shown
in Fig. 15. We can draw the conclusion that the larger membrane
porosity, the higher transport efficiency of Dy3*. The main reason
might be that the larger membrane porosity, the larger effective
mass transport area of membrane.

4. Kinetic analysis

Based on the data of effect of pH in the feed phase, the rela-
tionship is developed between 1/Pc and [H*]® (Eq. (14)). When
concentration of carrier is definite, Fig. 16 can be obtained.

It indicates that the relationship between 1/Pc and [H*]? is lin-
ear. The value of R? is 0.973, which is in good agreement with
the theory from Eq. (14). The slope and intercept of the line are
1.61 x 108 s/(m2 mol) and 9.308 x 10° s/m. The thickness of diffu-
sion layer d;, which is obtained by diffusion coefficient of Dy3* in
the aqueous solution (5.0 x 10719 m2/s) determined using certain
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methods [22,23], is equal to ADf=4.65 x 10~ m=4.65 wm. Then
the diffusion coefficient DY, in the membrane, obtained by Egs. (13)
and (14), is that D%, = di/Am = 3.56 x 1077 m?2/s.

The new Kkinetic equation is determined by using df and DY, in
the SDHFLM system. It can be written as

Pe= ! (20)
9.308 x 10° + 1.61 x 10'8[H*]?

And when H* concentration in the feed phase is determined, the
effect of concentration of carrier on 1/P¢ is studied. The results are
shown in Fig. 17. It indicates that the relationship between 1/P¢
and [HR] -3 is linear. The value of R, is 0.9692, in good agreement
with the Eq. (14). In the same way, another kinetic equation can be
developed as below:

1
Pe = 6 4 3
3.713 x 10° +2.97 x 104[HR]

(21)

5. Conclusions

It has been found that Dy3* can be selectively transported from
HCl media using a SDHFLM system with PC-88A over the rare
earth metals. We can draw the following conclusions: Optimum
transport conditions of Dy3* in the SDHFLM system were that
the concentration of HCI solution was 4.00 mol/L, volume ratio of
membrane solution to stripping solution (O/W) was 0.50, the con-
centration of PC-88A was 0.150 mol/L in the dispersion phase, pH
value was 5.00 in the feed phase. When initial concentration of Dy3*
was 1.50 x 10~4 mol/L, the transport effect of Dy3* was very obvi-
ous in the optimum condition and the transport efficiency of Dy3*
was up to 95.4% during the transport time of 170 min.

The stability of SDHFLM was better than traditional HFLM. The
flow rate of solution in shell side had not obvious effect on the trans-
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port efficiency of Dy3* and the flow rate of feed solution in tube side
had a few effects on the transport efficiency of Dy3*. Membrane
solution in SDHFLM can be reused less than 4 times before the re-
extraction with the strong acid after every experiment. Membrane
module of SDHFLM with dispersion phase can be reused many
times and the tendency of transport efficiency changes was stable
with SDHFLM in 8 experiments. The retention percentage of Dy3*
in membrane decreased gradually as time extended.

The transport efficiency of Dy3* increased, when thickness of
membrane decreased, inner diameter of fiber increased and mem-
brane porosity increased, respectively.

Based on the surface renewal theory, a mathematical model for
the SDHFLM system was developed. The calculated overall per-
meability coefficients were in good agreement with experimental
results and the literature data.
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Nomenclature

A effective area of membrane (m?2)

Cr concentration of metal ion in the feed phase (mol/L)

Ch concentration of metal ion in the diffusion layer in
feed phase (mol/L)

c?nf concentration of metal ion in the membrane near
feed phase(mol/L)

Qs concentration of metal ion in the membrane near
dispersion phase(mol/L)

Cf(0) concentration of metal ion in the feed phase when
time =0 (mol/L)

Cr(t) concentration of metal ion in the feed phase when
time =t (mol/L)

ds thickness of diffusion layer between the feed phase
and membrane phase (m)

d; inner diameter of fiber (mm)

dm thickness of the membrane (m)

D¢ diffusion coefficient of metal ion in the feed phase
(m?/s)

DY, diffusion coefficient of metal ion in the membrane
(m?/s)

[HR] concentration of carrier PC-88A (mol/L)

(HR);  extractant/carrier PC-88A

[H*] concentration of H* (mol/L)

] membrane flux (molm—2s-1)

Kq forward reaction percentage constant at the left
interface of the membrane

K_1 backward reaction percentage constant at the left
interface of the membrane

Ky forward reaction percentage constant at the right
interface of the membrane

K_» backward reaction percentage constant at the right
interface of the membrane

Kex extraction equilibrium constant

Ky distribution ratio of metal ion

L effective length of module (m)

Pc permeability coefficient of metal ion (m/s)
DyR3-3HR dysprosium -carrier complex

Vi volume of the feed phase (m3)

Greek letter

& porosity of the membrane

T tortuosity of the membrane

n transport efficiency of Dy3* (%)

A¢ transport resistance due to diffusion by aqueous
feed boundary layer (s/m)

Am transport resistance due to diffusion through the

membrane (s/m)

Subscripts

f feed phase

m membrane phase

org organic phase

S dispersion phase
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