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Simultaneous Transport and Separation of Cu(ll) and Zn(ll)
in Cu-Zn-Co Sulfate Solution by Double Strip Dispersion

Hybrid Liquid Membrane (SDHLM)

Xiaojian Luo, Dingsheng He, and Ming Ma

Institute of Chemistry and Chemical Engineering, Hunan Normal University, Changsha, P.R. China

A double strip dispersion hybrid liquid membrane (SDHLM) was
successfully used in the simultaneous extraction and separation of
Cu(Il), Zn(II), and Co(Il) from Cu-Zn-Co dilute feed phase. In
the double SDHLM system, Acorga M5640-loaded membrane
was placed between the 1st and the 2nd compartment, whereas the
mono(2-ethylhexyl) 2-ethylhexyl phosphonate [HEH(EHP)]-loaded
membrane was placed between the 1st and the 3rd compartment of
the transport cell. The feed solution was filled in the central feed
compartment(1st compartment) of the transport cell. The effect of
the different experimental variables on separation was examined.
The optimum separation conditions were summarized.

An analysis of mass transfer resistances in the double SDHLM
system shows that the mass transfer resistance for the diffusion of
Zn(II) ions in the microporous membrane phase is dominant and
the mass transfer resistances for the diffusion of copper (II) ions
in the aqueous boundary layer and in the microporous membrane
phase are dominant in comparison with the overall mass transfer
resistance. The experiments verify that the double strip dispersion
hybrid liquid membrane (SDHLM) possesses the nonequlibrium
mass transfer characteristic.

Keywords copper ions; mass transfer resistance; separation; strip
dispersion hybrid liquid membrane; zinc ions

INTRODUCTION

There are two basic types of liquid membrane
processes—emulsion liquid membranes (ELMs) and sup-
ported liquid membranes (SLMs). The disadvantages of
the ELMs is that the emulsion swells upon prolonged con-
tact with the feed stream and membrane ruptures, resulting
in a leakage of the contents in the aqueous droplets into the
feed stream and a concomitant reduction of separation
efficiency (1).

The facilitated transport of solutes through the sup-
ported liquid membranes (SLMs) was widely studied in
the literature and attracts extensive attention in the separ-
ation and hydrometallurgy field (2-8). However, the
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instability of the supported liquid membranes (SLMs)
due to the uptake of the carrier and the membrane solvent
into an adjacent aqueous phase, limits the lifetime of
SLMs. Thus far, in the industrial application of liquid
membrane still there is a need for maximizing the stability
of liquid membrane and resulting in the efficient removal
and recovery of solutes from the aqueous feed solutions.
In order to satisfy a need of the industry a novel liquid
membrane configuration has been brought forward and
developed.

A combined supported liquid membrane (SLM)/strip
dispersion process was first reported for the removal and
recovery of the target species from a feed solution (9-10).
It is a new liquid membrane process. The reference
(11-13) used the same liquid membrane configuration as
the refs. (9,10)., incorporating the concepts of the supported
liquid membrane and the emulsion liquid membrane,
denoted the strip dispersion hybrid liquid membrane
(SDHLM). This liquid membrane has several advantages—
increased stability of membrane, reduced costs, increased
simplicity of operation, and extremely efficient stripping
of the target species from the organic phase to obtain a high
concentration of the recovered target species in the aqueous
strip solution (10-13). These advantages are very attractive,
nevertheless more studies are necessary for the application
of the SDHLM process in industry. Otherwise, scaling up
for the new liquid membrane configuration will fail unless
a complete understanding of the efficiency parameter is
done and reported in such a way that a concise and global
insight of the separation characteristics of a given system
can be easily drawn.

We selected the simultaneous transport and separation
of Cu(Il) and Zn(II) in Cu-Zn-Co sulfate solution as our
object of the study. In hydrometallurgy, the transport
and separation of Cu(Il) and Zn(II) in Cu-Zn-Co sulfate
solution is very significant to the comprehensive utilization
of the sulfate leaching solution of the flue dust. It seems
that the current three-compartment separation system
might be suitable for industrial use in a hydrometallurgical
plant. We think that the three-compartment simultaneous
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separation system has the advantages of the high separation
efficiency and the simplicity of operation. The industrial
realization of three-compartment simultaneous separation
will be allowed to consider the experimental study with a
module containing two sets of hollow fibers or the other
new devices.

For the industrial use of the process presented, the
present study is first concerned with the technical feasibility
of recovery and separation of Cu(Il) and Zn(Il) from
Cu-Zn-Co sulfate solution by the SDHLM process.
Another objective is to optimize the various operational
parameters for the development of the SDHLM process
in practical applications. Since relatively few studies
concerning the simultaneous separation of two or more
competitive solutes by the new liquid membrane process
are encountered in the literature, more work is required
in this field in order to approach more practical separation
problems. At the end, we should discuss and analyze the
transport mechanism in the SDHLM process.

THEORETICAL ANALYSIS

In this study SLM configuration employs a polypropyl-
ene microporus film as the liquid membrane support. The
aqueous strip solution comprises an aqueous phase con-
taining a stripping agent in solvent extraction, while the
organic phase contains an extractant in an organic solvent.

The SDHLM operation is as follows (9). First, a feed
solution containing one or more metal ions is passed on
one side of the SLM embedded in a microporous support
material. In the step the extraction takes place in the inter-
face between the feed solution and the membrane. Mean-
while, the metal-carrier complex diffuses to the other side
of the SLM and treated to remove the metal ions by the
use of a strip dispersion phase. In general, the usage of a
mixer can disperse an aqueous strip solution in an organic
liquid and form the droplets of the aqueous strip solution
in a continuous organic phase because of the weak surface
activity of extractant. It is called the strip-dispersion phase.
In the experimental process there is a constant supply of
the organic membrane solution, i.e., the organic liquid of
the strip-dispersion phase, contacting the pores of the
SLM. This constant supply of the organic liquid ensures
a stable and continuous operation of the SLM. In this
way, the metal-carrier complex could diffuse to the inter-
face between the aqueous strip solution and the organic
liquid in the pores of the SLM. Therefore, the direct con-
tact between the aqueous strip solution and the organic
liquid provides an efficient mass transfer for stripping.
Secondly, once removal of the target species is complete,
the mixer for the strip dispersion is stopped. The strip-
dispersion phase is allowed to stand, resulting in the separ-
ation of the strip-dispersion phase into two phases—the
organic phase readily wetting the pores of support and
the aqueous strip solution phase containing concentrated

metal ions. The concentrated strip solution is the product
of this process. Figure 1 is a schematic representation of
the SDHLM process.

On the feed side interface of the SLM, the extraction of
divalent metal cation (Zn*") from the aqueous solutions
with HEH(EHP) (abbreviation: HR) in kerosene can be
expressed as follows (14):

Zn{" +2(HR)

. = ZnRy(HR), . +2H7 (1)

2,0r; 2.,0rg
Where org and f stand for the organic phase and the feed
solution, respectively. The symbol (HR), indicates that
HEH(EHP) in low-polarity kerosene mainly exists as a
dimer.
The stripping reaction on the other side of the SLM is
written as follows:
ZnRz(HR)Z,org + 2H: = Zn§+ + Z(HR)Zﬁorg (2)
Where s represents the strip phase.
The extraction of copper(Il) by Acorga M5640 extract-
ant (abbreviation:HL) dissolved in kerosene can be
described by the next reaction (15):

Cu?" + 2HLoy = CuLy o + 2H] (3)

feed

FIG. 1. Scheme of the strip dispersion hybrid liquid membrane used for
performing transport experiments. 1. Feed phase compartment containing
Cu*", Zn*", Co**, and SO3~. 2. Compartment containing strip dispersion
phase for extraction of Cu®". 3. Compartment containing strip dispersion
phase for extraction of Zn>*. 4. Supported liquid membrane for extrac-
tion of Cu®*. 5. Supported liquid membrane for extraction of Zn>". 6.
Mixer for mixture of organic solution and strip solution. 7. Pump for
circulating flux. 8. Strip solution containing 3M HCI. 9. Strip solution
containing 2 M H,SOy,. 10. Organic solution impregnated in support pores.
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The stripping reaction on the other side of the SLM is
written as follows:

CuLgorg + 2H, = CuZ™ 4 2HLoy, (4)

The flux of a species removed from the feed solution can
be defined by the following formula (3):

Vi dCy
=1 5
A dt )

Where V;is the volume of the feed solution treated, A is
the effective area of the membrane, and C; is the concen-
tration of a species removed in the feed solution.

For discussing and describing the permeation of metal
species through the SDHLM process, a new mass transfer
coefficient, k, of the metal species removed from the feed
solution can be defined by the following formula (3):

J=k-C¢ (6)
Integrating Eqgs. (5)-(6), we have:

Cf(t) A
Ln =——k-t 7
Cf(O) Vf ( )

Cry and Cy,) are the concentration of metal ions in the
feed solution at time t =t and t= o, respectively. Equation
(7) furnishes the value of k from the slope of plot of
Ln(Cy,/Cyo)) versus t. Equation (7) quantitatively explains
the coupled transport of metal species through the
SDHLM system as a function of experimental variables.
We can choose the experimental conditions based on k.

EXPERIMENTAL SECTION
Materials

All reagents (CuSOy4-5H,0, Na,SO,4- 10H,0, CoSOy-
7TH>0, ZnSOy, - TH,0, HCI, and H,SO4) used in the present
work were of analytical grade. HEH(EHP) is a commercial
extractant and used without any further purification. It is
from the research institute of Shanghai Organic Chemistry.
Dodecanol, supplied by the Hunan Chemical Reagent Cor-
poration, was chemical pure grade. Acorga M5640 was a
product from Avecia (England) and was used without
further purification. The active substance of the reagent is
S-nonylsalicylaldoxime.

A stock solution of Cu(Il) was prepared by dissolving
CuSO4-5H,0 in deionized water, and analyzed by
Na,S,0; titration using starch as indicator.

Zn*" stock solution: a stock solution of Zn*" was prepared
by dissolving ZnSO4-7H,0 in deionized water and
analyzed by EDTA titration using eriochrome black
T as indicator.

Co”" stock solution: a stock solution of Co** was prepared
by dissolving CoSO,4-7H,0 in deionized water and
analyzed by EDTA titration using eriochrome black
T as indicator.

Zn>" or Cu?* feed solution: a known amount of the Zn>*"
or Cu®* stock solution was diluted with deionized
water to a given extent after adding a calculated
amount of Na,SO,- 10H,0, respectively.

Mixed feed solution containing Zn>*, Cu®*, and Co*": a
known amount of Zn>*, Cu’*, and Co>" stock sol-
ution was diluted with deionized water to a given
extent after adding a calculated amount of Na,SOy -
10H,O0.

Distilled kerosene: commercial kerosene was washed with
concentrated sulfuric acid and distilled at 165-225°C.

HEH(EHP) kerosene solution: a calculated amount of
extractant was diluted with kerosene.

M5640 kerosene solution: a calculated amount of extract-
ant was diluted with kerosene.

Stripping solution was prepared taking the required
amount of HCI or H,SO,4 and diluting it with deionized
water to a known volume, respectively. The membrane
supports for SDHLM process was polypropylene Celgard
2500 (25 um thickness, 45% porosity, 0.05 x 0.19 um effec-
tive pore size, and the tortuosity is 2.40.) (18).

Flux Measurement
Flux of the SDHLM Process

The experiments were accomplished at 30 £0.1°C with a
simple diffusion cell. The diffusion cell consists of a perspex
half cell and two poly-tetrafluoroethylene half cells. The
perspex half cell was placed between two poly-
tetrafluorocthylene half cells. A M5640-loaded membrane
was clampled between a poly-tetrafluoroethylene half cell
and a perspex half cell, whereas a HEH(EHP)-loaded
membrane was placed between another poly-
tetrafluorocthylene half cell and the perspex half cell.
Two membranes were used for simultaneous separation
of Zn*" and Cu®" in Zn-Cu-Co sulfade solution (see
Fig. 1). The effective area of the membrane was 22.6 cm?.
The aqueous feed solution (150 mL) consisted of 1.57 x
107°M Cu?t, 1.53x107°M Zn>", 1.70 x 107> M Co**,
and 0.167 M Na,SO,. It was poured into the Perspex half
cell. The role of Na,SO, is for maintaining the constant
ionic strength in the feed solution. For the extraction of
Zn”>*, the mixed strip dispersion system consisted of
110 mL organic solution containing 0.4 M HEH(EHP)and
0.24M dodecanol and 10mL 2M H,SO, strip solution
except for the experiments of the different volume ratio
and was placed into the polytetrafluoroethylene half cell.
For the extraction of Cu®", the mixed strip dispersion sys-
tem consisted of 100 mL organic solution containing 10%
M5640 (w/v) and 20mL 3M HCI strip solution except
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for the experiments of the different volume ratio and was
placed into another polytetrafluoroethylene half cell. The
samples from the feed solution and the strip dispersion
phase were taken at scheduled time intervals. The strip dis-
persion samples were allowed to stand until the phase sep-
aration occurred. Then, the aqueous phase from the strip
dispersion samples was collected. The samples containing
ions were analyzed for every ion content with atomic
absorption spectroscopy(16). In these experiments, a press-
ure differential (AP) between the feed (P,) and the organic
solution(P,) was required. We maintained a AP=P, —
P,=200Pa differential between the feed and the organic
solution.

For the feed solution containing single ion (only Zn*" or
Cu*"), the diffusion cell is the same as Fig. 1 and contains
one membrane.

Determination of pH and H' Concentration in Solution

The pH in solution was determined by a Mettler Toledo
Delta 320-S pH meter (Mettler Toledo Instruments
(Shanghai) Co., Ltd.). The H" concentration in solution
was analyzed by 0.1012M NaOH titration using methyl
orange as indicator.

RESULTS AND DISCUSSION
In the Feed Phase Containing Single Cation
Effect of Carrier Concentration on Transport

In order to investigate the effect of the carrier concen-
tration on the transport, the different concentrations of
the carrier were considered for Cu®" or Zn>", respectively.
Figure 2 shows that the mass transfer coefficient of Zn>*
increases with an increase of the carrier concentration
(0.1-0.3M) and the mass transfer coefficient of Cu’"
reaches a maximum when the concentration of M5640 is
10% (w/v). Then, the mass transfer coefficient of Cu*"
ion decreases when the concentration of M5640 continues
increasing. According to reference (17), M5640 possesses
surface activity and adsorbs at the interface. This adsorp-
sion of the carrier increases with an increase of the carrier
concentration in the bulk phase and is beneficial to the
interface extraction reaction. But the membrane viscosity
increases with an increase of the carrier concentration in
the bulk phase and this is not beneficial to the transport
and diffusion of copper (II). Because of the influence of
two opposite factors, in the later experiments the preferable
concentration of M5640 is 10%. For Zn(II), the interface
between the feed phase and the membrane is not saturated
by the carrier (0.1-0.3 M). Therefore, the mass transfer
coefficient of Zn(II) ions increases with an increase of the
carrier concentration. When the concentration of
HEH(EHP) is 0.4 M, the mass transfer coefficient of Zn(II)
ions is of access to the mass transfer coefficient of Zn(II)
ions at 0.3M HEH(EHP). In the later experiments the

Concentration of M5640 (w/v)

5% 10% 20%
10.0 . . ' . '
4 | |
9.0 f
cu®
»
£ 80- §
o
~
o
N
x 7.0+
| |
6.0 zn*
T/l T T T T T T T T
0.10 0.15 0.20 0.25 0.30 0.35 0.40

Concentration of dimer of HEH (EHP)( M )

FIG. 2. Effect of carrier concentration on transport of ions. For Cu(II),
feed phase: 1.57 x 107> M Cu?*, 0.167M Na,SO,, pH = 3.20, circulating
flux =9900 ml/h. strip dispersion system : 100 mL kerosene solution con-
taining 5-20% M5640 (w/v) and 20 mL 3 M HCI strip solution; the circu-
lating flux of strip dispersion system =560 ml/h. For Zn(Il), feed phase:
1.53x107°M Zn?*, 0.167M Na,SO,, pH=4.33, circulating flux=
5600ml/h. strip dispersion system: 110 mL kerosene solution containing
dimer of HEH(EHP) of different concentration, 0.12M dodecanol and
10mL 2M H,SOy strip solution; The circulating flux of strip dispersion
system = 560 ml/h.

concentration of HEH(EHP) is 0.4 M for maintaining a
higher viscosity in the membrane. This is beneficial to the
increase of membrane life.

Effect of Dodecanol in Membrane on Transport

Dodecanol is a modifier for the membrane stability.
Figure 3 shows that dodecanol is benificial to the transport
of Zn(Il) ions, but dodecanol in membrane hinders the
transport of Cu(II) ions. In the later experiments, the con-
centration of dodecanol in the membrane was 0.24 M for
Zn(IT) and no dodecanol was added in the membrane for
Cu(II).

Effect of Volume Ratio (x) in the Strip Dispersion System
on the Transport of Ion

For convenience of discussion, we define the volume
ratio (x) for the strip dispersion system:

x =volume (ml) of the aqueous strip solution: volume
(ml) of the organic solution

Figure 4 indicates that the mass transfer coefficient of
zinc (II) ions increases with an increase of x up to
x=10:110=0.091 and beyond x =10:110 the mass transfer
coefficient decreases. For the transport of Cu(II), the mass
transfer coefficient of Cu(II) increases with an increase of x
up to x=20:100=0.20 and beyond x=20:100 the mass
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FIG. 3. Effect of dodecanol on the transport on Zn(II) and Cu(Il) ion.
For Cu(Il), feed phase: 1.57x107°M Cu*", 0.167M Na,SO,,
pH =3.20, circulating flux =9900 ml/h. Strip dispersion system : 100 mL
kerosene solution containing 10% M5640 (w/v), dodecanol of different
concentration, and 20mL 3 M HCI strip solution. The circulating flux of
strip dispersion system = 560 ml/h. For Zn(II), feed phase: 1.53 x 107°M
Zn*, 0.167M Na,SO4, pH =4.33, and circulating flux = 5600 ml/h. strip
dispersion system : 110 mL kerosene solution containing 0.4 M dimer of
HEH(EHP), dodecanol of different concentration and 10mL 2M
H,SO, strip solution. The circulating flux of strip dispersion system -
=560ml/h.

transfer coefficient decreases. When x increases, the dro-
plets of the aqueous strip solution dispersed in the organic
phase obviously increase and the membrane thins out. In

10.0
4 L ]
— cu(ll)
9.0
J / ®
[}
. 80
o
2
E 7.0
X

60 =— TT— .

5.0 u

-—— 77
0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27
Volume ratio (x)

FIG. 4. Effect of volume ratio (x) on transport. For Cu(Il), the other
experimental conditions are the same as Fig. 3 except for 3M HCI of
different volume. For Zn(II), the other experimental conditions is the same
as Fig. 3 except for 2M H,SOy of different volume. The concentration of
dodecanol is 0.24 M.

this way, the mixing between the organic phase and the
aqueous strip phase provides an extra mass transfer surface
area, leading to the efficient stripping of the target species
from the organic phase. This efficient stripping enhances
the transport rate of zinc(Il) or Cu(Il) ions. Beyond
x =10:110 (for Zn>" ions) and x =20:100 (for Cu>" ions),
the excessive stripping solution is dispersed in the organic
phase. Because of the lack of the high active surfactant in
the organic phase, the excessive stripping solution acceler-
ates the coalescence of the droplets of the aqueous strip sol-
ution in a continuous organic phase. Consequently, the
membrane phase of the liquid membrane thickens out.
The diminution of the mass transfer coefficient of Zn(II)
and Cu(Il) was observed. Figure 4 indicates that the opti-
mum volume ratio for the transport of Zn*" and Cu®" is
10:110 and 20:100, respectively.

Effect of Circulating Flux of Feed Phase and Strip
Dispersion Phase on the Transport of Zn(1I) and Cu(1I) Ion

Figure 5 indicates that the transport of Zn(II) or
Cu(Il) increases with an increase of the circulating flux
of the feed phase. As seen, the increase of the circulating
flux of the feed phase brings about a decrease of the
thickness of the aqueous feed boundary layer. Then, the
transport of Zn(II) and Cu(Il) through the membrane is
accelerated.

Figure 6 shows that the maximum of the mass transfer
coefficient for Zn(II) is observed when the circulating flux
of the strip dispersion phase is 560 ml/h. Based on the
theoretical analysis of operation in SDHLM system, the
mixer can disperse an aqueous strip solution (2M H>SOy,

12.0

11.0 H Zn(ll

10.0 +

k (cm/ s)*10*
©
o
1

cu(lly

oo
o
1

"

6.0

T T T T T T T T T T
6000 7500 9000 10500 12000 13500
Circulating flux of feed phase(ml/ h)

FIG. 5. Effect of circulating flux of the feed phase on transport. For
Cu(Il), the other experimental conditions are the same as Fig. 3 except
for the circulating flux of feed phase. For Zn(Il), the other experimental
conditions are the same as Fig. 3 except for the circulating flux of feed
phase. The concentration of dodecanol is 0.24 M.



08:40 25 January 2011

Downl oaded At:

DOUBLE SDHLM SYSTEM 2135
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FIG. 6. Effect of circulating flux of strip dispersion phase on transport.
For Cu(Il), the circulating flux of feed phase is 12600 ml/h. The other
experimental conditions are the same as Fig. 3 except for the circulating
flux of strip dispersion phase. For Zn(II), the circulating flux of feed phase
is 9900 ml/h. The concentration of dodecanol is 0.24 M. The other experi-
mental conditions are the same as Fig. 3 except for the circulating flux of
strip dispersion phase.

density is 1.12g/cm?.) in kerosene (Density is 0.8 g/cm?)
and form the droplets of the aqueous strip solution in the
continuous organic phase because of the weak
surface-active extractant. If the circulating flux of the strip
dispersion phase is far beyond 560 ml/h, this brings about
two results:

1. To form hydrodynamic complications in the stripping
side of SLM (whirls, interface deformations, etc.).

2. To result in the collision and agglomerate between the
droplets of the aqueous strip solution in a continuous
organic phase because of the difference of the density
between 2M H,SO, and kerosene.

The collision and agglomerate give rise to separation of
the strip dispersion phase into two phases: the organic
phase and the aqueous strip solution. This reduces the
transport efficiency of the membrane because of the lack
of the efficient mixing between the organic phase and the
aqueous strip solution. For Zn(II), the excessive or lower
circulating flux of the strip dispersion phase reduces the
mass transfer coefficient of the ions. In the later experi-
ments, the circulating flux of the strip-dispersion phase
for Zn(II) ions is 560 ml/h. For Cu(Il), the maximum of
the mass transfer coefficient is not observed when the
circulating flux of the strip-dispersion phase increases. In
order to prevent the membrane from rupturing, the circu-
lating flux beyond 1080 ml/h was not choosed. In the later
experiments, 560, 780, and 1080ml/h is selected as the
circulating flux of the strip-dispersion phase for Cu(II)
ions, respectively.

In the Feed Phase Containing Three Metal lons
Effect of the Value of pH in the Feed Phase on Separation

Table 1 indicates that the value of k of copper (II) and
zinc (IT) increases with an increase of the value of pH in
the feed phase. This shows the importance of protons in
the feed phase. If the proton concentration in the feed
phase decreases, reactions (1) and (3) shift forward. This
is beneficial to the transport of copper (I) and zinc (IT) ions
through the membrane.

In the analysis of the overall mass transfer resistance we
first consider the influence of the transfer of copper species.
The overall mass transfer resistance through the SDHLM
is related to all individual mass transfer resistances
consisting of

1. the resistance due to Cu (II) species diffusion in the
aqueous feed/membrane boundary layer,

2. the interfacial reaction resistance due to the complex-

ation /extraction,

the membrane-phase diffusion resistance,

4. the interfacial resistance due to the decomplexation/
stripping reaction, and

5. the strip-side resistance due to diffusion in the aqueous
strip/membrane boundary layer (18,19).

(9%)

This can be expressed as

.ty .t 1 (8)
k B kfb kae kam kas (Kf/Ks)kas
ki = Da/d )
Dp e
Ky = —m& 10
5z (10)
ke = D.K¢/dp (11)

where the description of the symbols in Egs. (8-11). is given
in the section, List of Symbols. k is the overall mass trans-
fer coefficient (18,19).

The mass transfer coefficient across the feed boundary
layer (k) was estimated to be 2.6 x 10 *cm/s (D, =7.2 x
107 %cm?/s (20); dp=2.8x10">cm (3,21)). Obviously,
ki =2.6 x 10 >cm/s, k=10.39 x 10*cm/s (see Table 1),
this kg, value is the same order of magnitude as the overall
mass transfer coefficient. The mass transfer resistance for
the aqueous feed/membrane boundary layer is not insig-
nificant in comparison with the overall mass transfer resist-
ance. The term 1/kg, in Eq. (8) is not neglected while
considering the overall mass transfer resistance.

The membrane mass transfer coefficient, k,,,, was calcu-
lated from Eq. (10). For this calculation, a value of 6.89 x
107 "m?s~! (D,,), predicted by the Wilke-Chang equation
(22), was taken for calculating the membrane mass transfer
coefficient across the membrane (The tortuosity of Celgard



‘01 Jo uwn[od ur In3y-g JO uwnjod ur arngy = (¢) UONB[NWNIOY
1 9[qeL ul ([PUZ I0oq ‘7] JO uwnjod ul aIndy-g Jo uwnjod ur aInsy = (9,) UONB[NWNIIY :[ J[qeL Ul ([)ND IO :SMO[[0J Sk SI dueIquawW Ul punodwod uonLurpIood
JOLLIBD-UOT [BJOW JO UONB[NWINDIIL Y} JO UONR[NI[Rd Y} Ing ‘[ S[qBL UI PIISI[ 10U SI dUBIQUWIAW Ul Punodwiod UoBUIPIOOd IILLIBI-UOI [BIAUW JO UONRNWNIOR JY ],
/1w 9g = waysAs uorsiadsip dins jo xnpg Sunemnoio
oy L ‘wonnos dis YOSTH N ¢ TW (] Pue ‘qouedapop W20 (dHI)HAH JO IoWIp JA () SUIUIB}UOD UONN[OS OIULII0 TW ([ :Wa)sAs uorsiadsip dins ‘([))uz 104
/T gL = woshs
uorszadsip dins jo xnpg Sunemoro ay [, ‘uonnjos dins [DH A € TW 0T Pue (A/M) 0F9SIN %01 Sururejuod uonnjos sruesio Ju 0] ‘weisks uorsiadsip dins ‘(I))nD 10
q/Tur 09z [ =oseyd paay jo Xnp SUNBMIID Y} OSTEN N LIT'0 0D PUE °, UZ *, ND Jo uonnjos pady ay) [ur (G| :aseyd paag,

91°0 €1 91°0 ST IS €101 L901 4290
¥6°0 I'L 876 €90t1 0°¢ 86'8 866 Y 0101 Uz
816 7889 L€ 0SS CYIs  Sevl $'66 S0 0001 O 00°€
6070 L0 6070 vl 9°¢ 8701 9901 ve)
690 TS 6 006€1 I'6 91'8 616 S $001 Iy
06 £'€89 LET 6'S¢ ['65S 91Tl 8'86 1 0101 g} 0SC
600 L0 SLO0 Tl 6'1 9v01 9901 429D
0S°0 8¢ $06 0 1LET €ze 96°L v'€6 9 0101 L UZ
806 €189 96 0 4 9'87S  6£01 6°L6 1'C 0001 L) 00T
(%)  (1/3uw) 'wouo) (%) (7/3w) "uouo) 2 % (s/u) (%) 49 19))e pagy y9=1 0=1  pJ Pa9J

d
Y9 198 [DH N € Ul 49 1018 *OSTH N T Ul g 10100; LI Ul suor jo uonornxy (1/3w) poay uruoy ur g

SUOI JO AIA0IY SUOI JO AI9A00Y uoneredag SUOI JO "UdU0))

+Pady dinyip woay , 0H pue ‘, uz ‘. .n)H jo uoneredss uo aseyd pasy ur Hd Jo 303559
[ 419VL

1102 Alenuer Gz 0¥ :80 @IV Papeo |uwog

2136



08:40 25 January 2011

Downl oaded At:

DOUBLE SDHLM SYSTEM 2137

2500 was 2.40 (18)). The calculated membrane mass trans-
fer coefficient (ky,) was 5.17 x 10~*cm/s.

In our optimum condition of extraction, K; (for
Cu) » 1. According to Eq. (11), we have k. > kp,=2.6 x
10 *cm/s. In this way, the mass transfer resistance for
the interfacial reaction due to the complexation/extraction
is insignificant in comparison with the overall mass transfer
resistance (k). In other words, the term 1/K¢k, in Eq. (8) is
neglected while considering the overall mass transfer
resistance.

Table 1 indicated that the accumulation of Cu(Il) in the
membrane is neglected for SDHLM (/8% for Cu). These
experimental results show that the kg and k, are the same
order of magnitude as k.. If k, < k. or k. < k. the accumu-
lation of Cu(Il) in the membrane is not neglected for
SDHLM. Therefore, the mass transfer coefficient in
SDHLM was on the order of k.~ k=~ Kk, >k >k <k.
According to the literature (3,19), Ky is much greater than
K. However, in our optimum conditions of extraction, K¢
(for Cu) > 1. In this way, the interfacial resistance due to
the decomplexation/stripping reaction and the mass
transfer resistance due to the aqueous strip solution are
insignificant in comparison with the overall mass transfer
resistance (k). In other words, the term 1/K¢k, and
1/(K¢/Kyk,s in Eq. (8) are neglected while considering
the overall mass transfer resistance. Consequently, the
terms of 1/kg, and 1/K¢ky, in Eq. (8) are not neglected.

Then, it may be concluded that the overall mass transfer
process of Cu(Il) ions in SDHLM is simultaneously con-
trolled by the diffusion in the aqueous boundary layer
and the diffusion in the microporous membrane phase in
this study. This conclusion indicates that the membrane,
which is as thin as possible, is used in the operation because
of reducing the membrane transfer resistance.

By the same method, we analyze the overall mass trans-
fer resistance of Zn(Il) ions in this study. According to
references, D, =7.2 x 10°° cmz/s (20), 8, =6.3 x 10> cm
(3,21). The mass transfer coefficient across the feed bound-
ary layer (kp) was estimated to be 1.14x 1073 cm/s.
Because kg, =1.14 x 10 >cm/s > the mass transfer coef-
ficient of Zn(II) (the order of magnitude of 10~%), the term
1/kg, in Eq. (8) is neglected while considering the overall
mass transfer resistance. D,, is the diffusivity coefficient
of Zn-HEH(EHP) coordination compound in the mem-
brane. D, =2.69 x 10~ 'm?s~! (23). The calculated mem-
brane mass transfer coefficient (k,,) was 2.02 x 10 *cm/s
(from Eq. (10)). Table 1 indicates that the accumulation
of Zn(Il) in the membrane is neglected for SDHLM
(<5% for Zn). Therefore, the mass transfer coefficient of
Zn(II) in SDHLM was on the order of
ke = ks~ ko > ki, >k, ~k. Based on the above discus-
sions, the terms, 1/kg,, 1/Kke, 1/Kekg, and 1/(Kg/K)kqs
in Eq. (8), are neglected while considering the overall mass
transfer resistance. Because the value of k., is the same

order of magnitude as the mass transfer coefficient of
Zn(10), the term of 1/Kgk,, in Eq. (8) is not neglected.
Lastly, it may be concluded that the overall mass transfer
process of Zn(IT) ions in the SDHLM is controlled by the
diffusion in the microporous membrane phase in this study.

The accumulation of Zn(II) and Cu(II) ions in the mem-
brane (see Table 1) is obviously lower. This is attributed to
the efficient mixing and large stripping area between the
organic phase and the stripping solution in the SDHLM.
This illustrates that in the transport process of SDHLM
the extraction equilibrium limitation between the feed
phase and the organic phase is eliminated because of the
efficient stripping and the backdiffusion of the regenerated
carrier. This characteristic is called nonequlibrium mass
transfer, the most important feature of liquid membrane
processes. It is very essential to enhance the membrane
transport efficiency.

In the transport and separation of Cu(Il), Zn(II), and
Co(II) by the double SDHLM, the overall mass transfer
processes of Cu(Il) and Zn(II) ions are controlled by the
different transport mechanism, respectively. Since rela-
tively few studies on controlling the overall mass transfer
process of two or more competitive solutes by the different
transport mechanism, respectively, are encountered in the
literature, this study is very significant for recognizing the
characteristics of the transport and separation process of
the more competitive solutes in the feed phase.

Effect of the Concentration of Cu*" and Zn** Ions in
Feed Phase on Separation

Table 2 indicates that the value of k of copper (II)
decreases with an increase of zinc (II) concentration in
the feed phase (see No. 1-2 in Table 2). Table 2 also shows
that the value of k of Zn (II) decreases with an increase of
copper (II) concentration in the feed phase (see No. 1-3 in
Table 2). This is because of the competitive coordination
between the Cu(Il) or Zn(II) ions and the carrier molecule.
Table 2 shows that the value of k of copper (II) is higher
than the value of k of Zn (II). Tables 1-2 also show
that the separation of Cu(Il) and Zn(II) in Cu-Zn-Co sul-
fate solution is very successful by the double strip disper-
sion hybrid liquid membrane (SDHLM). The separation
factor (f) in Tables 1-2 is computed based on the below
Egs. (12-13). (18).

For the M5640-loaded membrane:
ﬁ (g) _ (Cu/zn)slrip (12)

Zn (Cu/zn)feed

For the [HEH(EHP)]-loaded membrane:

(Zn> (Zn/ Cu)Strip

a - (Zn/cu)feed (13)
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CONCLUSIONS

1.

The experiments demonstrate that the double strip dis-
persion hybrid liquid membrane (SDHLM) could
efficiently separate Cu(Il) and Zn(II) in Cu(II)-Zn(I1)-
Co(II) sulfate solution.

The optimum separation conditions are as follows:
Carrier concentration: 10% (w/v) M5640 for Cu(II),
0.4 M HEH(EHP) for Zn(Il);

Circulating flux of feed phase: 12600 ml/h;

Circulating flux of strip dispersion phase: 1080 ml/h for
Cu(Il) and 560 ml/h for Zn(II);

Volume ratio (x) in the strip dispersion system:
x=20:100 for Cu(Il); x=10:110 for Zn(II);

The value of pH in the feed phase: 2-3;

For Zn(II), the concentration of dodecanol in the mem-
brane is 0.24 M. For Cu(Il), no dodecanol is added in
the membrane;

. In this separation system the overall mass transfer pro-

cess of Cu(Il) and Zn(II) ions is controlled by the differ-
ent transport mechanism, respectively. The experiments
demonstrate that the mass transfer resistance of copper
(IT) ions in the SDHLM is simultaneously controlled by
the diffusion in the aqueous boundary layer and the dif-
fusion in the microporous membrane phase and that the
mass transfer resistance of Zn(II) ions in the SDHLM is
controlled by the diffusion in the microporous mem-
brane phase in this study.

LIST OF SYMBOLS

Mt OPR <=

ke

=flux (mol-m2-s7 )

=volume (L)

—membrane area (m?)

—concentration (mol-L™1)

=time (s)

=the overall mass transfer coefficient

=the mass transfer coefficient for the aqueous feed/
membrane boundary layer

=the mass transfer coefficient due to the complex-
ation/extraction reaction

=the mass transfer coefficient for the membrane
phase

=the mass transfer coefficient due to the decom-
plexation/stripping reaction

=the mass transfer coefficient for the aqueous strip/
membrane boundary layer

=the distribution coefficient of metal ion species
between the organic membrane phase and the
aqueous feed solution at the reaction equilibrium
for the feed-side interface

=the distribution coefficient of metal ion species
between the organic membrane phase and the
aqueous strip solution at the reaction equilibrium
for the strip-side interface

D, =the diffusivity coefficient of solute in the aqueous
feed solution (m?-s™ ")

O, =the thickness of boundary layer between feed and
membrane (um)

D,, =the diffusivity coefficient of solute in the mem-
brane (m*-s™ ")

Om  =the thickness of membrane (um)

€ =the porosity of membrane

T =the tortuosity

p =separation factor

Subscript

f =feed

S =stripping phase

m =membrane

b =boundary layer of feed and membrane
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