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a b s t r a c t

Removal of cadmium as a hazardous heavy metal is studied by applying a new design of hybrid cell
for liquid membrane process. Tri-iso-octyl amine (TIOA) is used as the carrier in the organic phase. The
concentration of cadmium in the samples is measured by atomic absorption spectroscopy. The effect
of various parameters including type of supporting membrane, pH of feed and stripping phases, initial
concentration of cadmium, carrier concentration, solvent nature, and also organic film resistance on mass
transfer rate and removal efficiency are studied. The effect of temperature on mass transfer flux is studied
by proposing a prediction model. The optimum carrier concentration is found to be about 0.05 M. The
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appropriate values of pH for feed and stripping phases are about 3 and 13, respectively.
© 2009 Elsevier B.V. All rights reserved.
odeling
ffect of temperature

. Introduction

Cadmium is a toxic heavy metal, which is found in industrial
ischarges of different industries such as manufacturing plants of
admium–nickel batteries, phosphate fertilizers, pigments, stabi-
izers, alloys and electroplating industries [1,2]. Various treatment

ethods including precipitation [3,4], ion exchange by ionic resins
5], clays [6] or zeolites [7], adsorption of cadmium on the surface
f materials such as carbon [8] or alumina [9] and biofiltration by
icroalgal [10] or bacteria [11] have been proposed for removal

f cadmium from wastewaters. However, each of these processes
as its own restrictions and disadvantages. Alternatively, a liquid
embrane process can be applied for removal of cadmium from
astewater. The process induces high driving force and selectiv-

ty, where the separation performance is enhanced by combination
f extraction and stripping processes in one step [12–14]. Besides

ulk liquid membrane (BLM) as the simplest from of liquid mem-
rane, two other processes of emulsion liquid membrane (ELM) and
upported liquid membrane (SLM) are typically used. In the ELM
rocess, which has been introduced by Li et al. in 1962 [15], and
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studied more in recent years for removal of heavy metals [16–20],
a dispersion of an emulsion included organic membrane and aque-
ous internal phase in a continuous external phase is incorporated.
However, the process suffers from defects such as instability, i.e.
breaking of the emulsion, and its swelling that renders the effec-
tiveness of the process [21]. Supported liquid membrane (SLM)
is more promising due to its advantages of high selectivity and
that the further treatment of feed phase is not needed. How-
ever, several problems make it difficult to scale up the SLMs for
industrial purposes. These difficulties are loss of liquid membrane
solution from the support due to evaporation or dissolution into
the aqueous phases. There are also problems due to the transmem-
brane pressure difference, rather low permeation rate because of
difficulties in preparing of very thin membranes with high stabil-
ity, and chemical degradation of carriers [22]. Some researchers
have tried to minimize the loss of membrane liquid in SLMs by
methods such as gelation of the membrane solution in the pores
of supported membrane [23], coating of an SLM surface with
a thin gel layer [23] and coating with a thin polymer layer by
interfacial polymerization technique [24]. However, these treat-
ments are technically difficult and may induce additional costs
on the process while they may retard the transport flux due to

higher mass transfer resistance of the membrane-side. On the
other hand, re-impregnation of support membrane may regen-
erate the lost liquid membrane as applied in several designs by
Teramoto and Tanimoto [25] and Nakao et al. [26] in hollow fiber
SLMs. However, re-impregnating of the support membrane does

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mortaheb@ccerci.ac.ir
mailto:mortahebfm@hotmail.com
dx.doi.org/10.1016/j.jhazmat.2009.12.082
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Nomenclature

A effective surface area of the membrane (m2)
Ccarrier concentration of carrier in organic phase (M)
C0

Cd initial concentration of cadmium in feed phase
(ppm)

CCd concentration of cadmium in feed phase at time t
(ppm)

C0
KI initial concentration of KI in feed phase (M)

D distribution coefficient of cadmium, as defined by
Eq. (8)

D̄ diffusion coefficient (m2/s)
J removal mass flux (mg/(m2 s))
K1, K2, K3, K4 stepwise complex formation constants, as

defined under Table 3
Keq complexation equilibrium constant
l thickness of organic phase (mm)
mcarrier mole of carrier (mmol)
pH0

f initial pH of feed phase
pH0

s initial pH of stripping phase
R ideal gas constant (J/(mol K))
RE removal efficiency, as defined by Eq. (4)
t experiment time (s)
T temperature (K)
V volume of feed solution (l)

Greek letters
�Hr heat of reaction (J/mol)
ε porosity of membrane
� dynamic viscosity (cP)

Subscripts
0 reference conditions
f feed–organic interface
feed feed phase
org organic membrane phase

n
p

c
c
w
c
b
o
d
d
t
c
i
m
s
s
d
e
t
m
t
t
m
a

s stripping–organic interface
strip stripping phase

ot solve the problem of contamination of feed and stripping
hases.

In recent years, some attempts have been made to construct new
onfigurations of liquid membranes. In one of these researches, a
ombination of a SLM and a stripping liquid dispersion (SDHLM)
as utilized to improve the extraction of heavy metals [27]. It is

laimed that such a configuration could increase membrane sta-
ility and reduce processing costs. Similar systems were used by
ther researchers [28–32]. Because of diversity in operational con-
itions, the evaluation of performance in those systems would be
ifficult. Gu et al. [33] conducted some experiments to compare
ransport of cadmium through SLM and SDHLM systems, and con-
luded that applying the hybrid system could lead to 1.5–4 fold
ncrease in transport rate of cadmium. However, such a system still

ay have problems with mixing and separation of the dispersed
tripping solution as the solution saturates with the transported
pecies and needs to be refreshed. Kislik and Eyal [34,35] intro-
uced a hybrid liquid membrane system, in which a stream of
xtractant phase flows between two supporting membranes where
he feed and stripping phases are located in the two sides of the
embranes. They could represent their experimental data by a
heoretical mass transfer model for transferring of titanium (IV)
hrough the system and concluded that an efficient mass transfer

ay be obtained by increasing the stripping side membrane area
nd stripping flow via hollow fiber or spiral membrane types of
Fig. 1. Schematic of transportation mechanism.

modules. They did not consider the effect of temperature on their
results. In a later paper [36], Eyal and Kislik states the problems
associated with the previous hybrid systems, such as losses of car-
rier through leakage and low diffusion rates due to high viscosity
of the concentrated organic membrane phase. They presented then
a more environment-friendly liquid membrane system, in which
the liquid membrane phase is an aqueous solution such as water-
soluble ionic or polyionic complexants. The carriers are blocked
from leakage into the feed and strip solutions by charged or neutral
hydrophilic membranes. The transport mechanisms in their sys-
tem still need to be confirmed. The optimization of membrane and
carrier selection is also required [36].

In the present research, a new configuration of hybrid liq-
uid membrane (HLM) is proposed, in which the organic phase is
placed between the two supporting membrane. The structure of
the proposed system is simpler than those proposed in the previous
researches by Kislik and Eyal [34]. In addition, the control of pro-
cess temperature is provided in the proposed system. The effects
of different parameters on removal of cadmium from wastewater
are then studied by the proposed system.

2. Transport mechanism

The transport mechanism can be explained by the following
steps and schematic of transport mechanism is given in Fig. 1:

(1) TIOA (shown as R3N) in the organic phase reacts with H+ of the
feed phase at the feed–membrane interface to form R3NH+A−,
where A− is a counter ion.

R3N(org) + H+
(feed) + A−

(feed) → R3NH+A−
(org) (1)

(2) At the feed–membrane interface, CdI42− is replaced by A− of
R3NH+A−:

CdI2−
4(feed) + 2R3NH+A−

(org) → (R3NH)2CdI4(org) + 2A−
(feed) (2)

(3) OH− in the stripping solution reacts with the transferred
(R3NH)2CdI4 at the membrane–stripping interface to transfer
cadmium into the stripping phase.

(R3NH)2CdI4(org)+2OH−
(strip) → 2R3N(org)+CdI2−

4(strip)+2H2O(strip)

(3)

3. Experimental
3.1. Chemicals

The chemicals applied in the present study were analytical grade
purchased from Merck and Aldrich with purity of more than 99%
and were used without further purifications. The double-distilled
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Table 1
The specifications of kerosene in organic membrane phase.

Property Value

Sp. gr. 0.779
Flash point 43 ◦C
Aromatics 17%
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Table 2
The specifications of supporting membranes.

Property Membrane type

F1 F2

Material Hydrophilic PVDF
Membrane code VVLP HVLP
Thickness (�m) 125 125
Membrane pore size (�m) 0.1 0.45

Based on the transportation mechanism, cadmium is trans-
Naphthenics 26%
Iso-paraffin 27%
n-paraffin 30%

ater was used for preparation of the solutions. In the present
esearch, tri-iso-octyl amine (TIOA) is used as the carrier in the
embrane phase. Kerosene with the specifications indicated in

able 1 was used as the organic solvent of the organic membrane
hase unless otherwise noted.

.2. Experimental setup and procedure

A schematic of the applied setup in the experiments is shown
n Fig. 2. The setup consists of a cylindrical-shape cell with two
eparate compartments for feed and stripping phases with capac-
ty of 50 ml each. Two membranes, which are impregnated in the
rganic phase for 24 h before the experiment, are placed between
he flanged-shape wall of each container and a spacer. The set
f support membranes and the spacer are fastened between the
wo glass flanges. By using the spacers with different thicknesses,

space with variable thickness is provided for injection of the
rganic phase. The setup is placed inside a coil-equipped water
ath whose temperature is controlled by a circulator (Julabo FP-
0). The aqueous phases are stirred by placing the whole setup on
magnet stirrer, where two magnets in circular wells at the bot-

om of each container stir the aqueous phases. Samples are taken
rom the feed phase at the specified time intervals and pHs of
he aqueous phases are recorded periodically. The concentration of
admium in the samples is measured by atomic absorption spec-
roscopy (PerkinElmer 1100B). Although the feed-phase samples
re basically analyzed, however by measuring the concentration of
admium in some of the stripping-phase samples, which are taken
t the same time, it is confirmed that almost all of the cadmium is
ransferred to the stripping phase.

The removal efficiency and removal mass flux are then calcu-
ated by using the following equations, respectively:

E = C0
Cd − CCd

(4)

C0

Cd

= −V

A

dCCd

dt
(5)

ig. 2. Schematic diagram of applied setup: (1) magnet stirrer; (2) water bath;
3) magnet; (4) sampling and measurement openings; (5) spacer; (6) supporting

embranes; (7) water circulator.
Porosity (%) 70 70
Membrane diameter (mm) 47 47
Water flow rate (ml/(min × cm2)) 2.5 29

4. Results

4.1. Effect of membrane type

In order to select the appropriate supporting membrane for the
system, two Durapore® membranes from Millipore Inc. with dif-
ferent pore sizes, as indicated in Table 2, were used. As seen in
Fig. 3, the removal efficiency is lower for the membrane with larger
pore size. This might be related to the bulk diffusion of aqueous
solution from the feed or stripping phases into the organic phase,
which decreases the concentration driving force. Also, formation
of an aqueous hindering film on the organic side of the supporting
membrane may cause a resistance against the formation and trans-
portation of the complex. Therefore, the membrane with lower pore
size (F1) was selected for the rest of experiments.

It is noticeable that the membranes applied in the present
research are hydrophile. Applying a hydrophile membrane may
cause a trouble in the case of SLM systems as the impregnated
membrane may be washed out by the aqueous phase. However,
this is not the case in our HLM system, in which there is a source of
bulk organic membrane adjacent to the membrane and the organic
phase is under the same hydrostatic pressure from both sides by
the feed and stripping phases. However, since two different aque-
ous and organic phases are placed in the two sides of the membrane,
either hydrophobe or hydrophile membranes may not be impreg-
nated well by one of the phases, respectively. It may be more
efficient to use a membrane with contrast interactions with water
on both sides.

4.2. Effect of carrier concentration
ferred faster as the concentration of carrier in the organic phase
is increased. As shown in Fig. 4, this trend is observed in the exper-
iments when the carrier is increased from 0.02 to 0.05 M. However,

Fig. 3. Effect of supporting membrane type on removal efficiency: C0
Cd

= 50 ppm;

pH0
f = 1.8; pH0

s = 13; Ccarrier = 0.1 M; C0
KI = 0.01 M; l = 5 mm.
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ig. 4. Effect of carrier concentration on removal efficiency: C0
Cd

= 50 ppm; pH0
f =

.8; pH0
s = 13; C0

KI = 0.01 M; l = 5 mm.

he removal efficiency remains to about the same level when the
arrier concentration is increased from 0.05 to 0.1 M. The removal
fficiency is then decreased significantly when the carrier con-
entration is increased to 0.15 M. This decrease in the removal
fficiency can be attributed due to increase in viscosity of organic
hase which decreases the transport. The optimum value is deter-
ined to be about 0.05 M.

.3. Effect of temperature

Experiments were made to indicate the effect of temperature
n mass transfer rate of cadmium through the membrane, where
ifferent temperatures were set for the setup in each experiment.
ig. 5 shows the observed fluxes of cadmium through the mem-
rane as a function of temperature. As the figure shows, the flux of
admium is increased by increasing of the temperature.

The effect of temperature can be modeled by considering its
ffects on the mass transfer rate of solute through the membrane
n two different ways:

(i) Increasing temperature will increase the diffusion coefficient
and therefore mass transfer flux.

ii) Increasing temperature will also reduce the viscosity of liquid
membrane. Since decreasing of viscosity inversely increases the

diffusion coefficient, it will be a further enhancing factor that
can increase the mass transfer rate.

hese effects can be described by the following relationships [37].

ig. 5. Effect of temperature on observed and predicted removal fluxes of cadmium:
0
Cd

= 50 ppm; Ccarrier = 0.05 M; pH0
s = 13; C0

KI = 0.01 M; l = 5 mm.
us Materials 177 (2010) 660–667 663

Complexation reaction of cadmium can be represented by sum-
mation of Eqs. (1) and (2):

CdI2−
4(feed) + 2R3N(org) + 2H+

(feed) → (R3NH)2CdI4(org) (6)

The complexation equilibrium constant, Keq, is expressed as:

Keq = [(R3NH)2CdI4(org)]

[CdI2−
4(feed)][R3N(org)]

2[H+
(feed)]

2
(7)

The distribution coefficient of cadmium, D, is defined as:

D = [(R3NH)2CdI4(org)]

[CdI2−
4(feed)]

(8)

Keq can then be rearranged:

Keq = D

[R3N(org)]
2[H+

(feed)]
2

(9)

The flux, J, of cadmium ions through the membrane, assuming that
it follows the Fick’s first law, is given by

J = D̄ε(Df[Cd2+]f − Ds[Cd2+]s)
l

(10)

where

Df = [(R3NH)2CdI4(org)]f

[Cd2+
(feed)]

(11)

and

Ds = [(R3NH)2CdI4(org)]s

[Cd2+
(strip)]

(12)

If Ds → 0, i.e. cadmium complex breaks on the stripping side of
membrane immediately after reaching there by depleting the con-
centration inside the membrane, then Eq. (10) becomes:

J = D̄ε
Df[Cd2+

(feed)]

l
(13)

In this case Df = D, and putting its value from Eq. (9) into Eq. (13)
gives:

J = D̄ε
Keq[R3N(org)]

2[H+
(feed)]

2[Cd2+
(feed)]

l
(14)

The diffusion coefficient, D̄, based on the Wilkie–Chang equation is
given by:

D̄ ∝ T

�
or

D̄�

T
= K ′ (const.) (15)

Therefore, the flux of solute can be written as:

J = KeqK ′Tε
[R3N(org)]

2[H+
(feed)]

2[Cd2+
(feed)]

�l
(16)

It can be seen from the above equation that at constant concentra-
tion and with the same membrane type and thickness, the flux is a
function of the following parameters:

J ∝ Keq
T

�
(17)

in which, Keq is a function of temperature as:

Keq = K0eq exp
(−�Hr

RT

)
(18)
Therefore, the flux of solute can be correlated as a function of tem-
perature as follows:

J ≡ c1

{
T exp[−c2((1/T) − (1/T0))]

˛T + ˇ

}
(19)
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Table 3
Complex formation constantsa of cadmium with some anions [40].

Anion log K1 log K2 log K3 log K4

Cyanide (CN−) 6.01 5.11 4.53 2.27
Iodide (I−) 2.28 1.64 1.08 1.0
Chloride (Cl−) 1.98 1.62 −0.2 −0.7
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Fig. 9 shows the effect of pH of stripping phase on the removal
efficiency using NaOH as the stripping agent. As seen in the figure,
insignificant increase in removal efficiency is observed when the
Thiocyanate (SCN−) 1.89 0.89 0.02 −0.5
Nitriloacetate N(CH3COO−)3 9.83

a Kn = [CdA2−a(n)
n ]/([CdA2−a(n−1)

n−1 ][A−a]) for CdA2−a(n−1)
n−1 + A−a ⇔ CdA2−a(n)

n .

n which, (˛T + ˇ) represents the viscosity of organic phase as a lin-
ar descending function of temperature, and c1 and c2 are constants.
y adopting the assumption made to derive Eq. (13), the model can
e applied in the temperature range of the experiments (5–50 ◦C).

The comparison between the trend of removal flux by increasing
f temperature based on the above model and the observed values
n Fig. 5 reveals that while the theoretical model predicts a steady
ncrease in flux by increasing of temperature, the slope of increment
n the observed fluxes levels off at higher temperatures. The slower
ncrease at higher temperatures can be interpreted by consider-
ng the mechanism of mass transfer in the system. The mechanism
omprises serial steps including mass transfer of solute in the feed
hase toward the supporting membrane, diffusion through the sup-
orting membrane, reaction with the carrier and diffusion through
he organic phase, de-complexation at the stripping side of support-
ng membrane, and finally mass transfer of solute in the stripping
hase. It is then predictable that while increasing of temperature
ill increase the reaction rate and diffusion through the organic
hase, some parameters such as resistance of supporting mem-
rane and limited concentration of carrier in the organic phase can
etard the overall mass flux in the serial mass transfer mechanism.

.4. Effect of complexing agent

Cadmium ion is transferred in the liquid membrane as an anion
y reaction with the protonated carrier. Among the variety of com-
lexing agents to form the anionic structure of cadmium, KI was
elected in the present research. The reason is that the complex for-
ation constant of CdI42− is much higher than that with the other

omplexing anions except with cyanide, which cannot be used in
cidic environments due to its high toxicity (see Table 3). Therefore,
t is expected that it can act more efficient in removing cadmium.
urthermore, iodide can be easily recovered in ionic form [38,39].

An alternative of iodide as the complexing agent is chloride. In
rder to study the effect of presence of chloride on removal per-
ormance, some experiments in the presence of chloride has been
erformed. As seen in Fig. 6, the removal efficiencies of cadmium in
he presence of 0.1 M chloride significantly decreases the removal
fficiency. However, as the concentration of chloride is increased
o 0.5 and 1 M, the removal efficiency slightly improves. The slight
ncrease of removal efficiency in higher concentrations of chloride

ay be related to increase in contribution of CdCl42− in transferring
f cadmium at the feed–organic membrane interface. In general, it
s observed that the presence of chloride may retard the transfer-
ing of cadmium in the process.

.5. Effect of pH of feed phase

Since H+ is absorbed by carrier at the feed–organic interface to
roduce R3NH+, the pH of feed phase, i.e. availability of H+ at the
nterface, promotes the transported cadmium through the mem-
rane. However, as shown in Fig. 7, among the experiments made
y using hydrochloric acid 36% with pH0

f of 0.5, 1.8, and 3.0, the
est removal efficiencies are obtained when pH0

f = 3.0 but very
lose to those when pH0

f = 1.8. The lower removal efficiencies of
Fig. 6. Effect of presence of chloride in feed phase on removal efficiency: C0
Cd

=
50 ppm; Ccarrier = 0.05 M; pH0

f = 1.8; pH0
s = 13; C0

KI = 0.01 M; l = 5 mm.

the feed with pH0
f = 0.5 may be due to the oxidation of I−, which

presents in the feed phase, into I2 indicated by its yellowish color.
This will reduce the concentration of CdI42− as the zwitterion of
carrier (R3NH+) at the feed–organic interface.

4.6. Effect of acid nature in the feed phase

In order to examine the effect of nature of acid in the feed phase
on removal efficiency, experiments were carried out using various
acids such as acetic acid, nitric acid, and hydrochloric acid with the
same pH0

f of 3.2. As seen in Fig. 8, the removal efficiencies show
the following tendency: CH3COOH > HCl > HNO3. The trend can be
explained by considering higher concentration of acetic acid, which
was used to obtain the same pH for all of the experiments. The
available H+, which is obtained by gradual dissociation of acetic
acid, facilitates the transferring of cadmium. On the other hand,
strong acidity of nitric acid oxidizes I− into I2 and decreases the
concentration of iodide available for transferring of cadmium. It
can be concluded that the removal efficiency is rather associated
to the availability of H+ in the feed phase than to the acidity of the
applied acid.

4.7. Effect of pH of stripping phase
Fig. 7. Effect of pH of feed phase on removal efficiency: C0
Cd

= 50 ppm;

Ccarrier = 0.05 M; pH0
s = 13; C0

KI = 0.01 M; l = 5 mm.
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ig. 8. Effect of nature of acid in feed phase on removal efficiency: C0
Cd

= 50 ppm;

carrier = 0.05 M; pH0
f = 3.2; pH0

s = 13; C0
KI = 0.01 M; l = 5 mm.

H of stripping phase is increased from 9 to 11. However, as the
H0

s is set to 13, the removal efficiency increases considerably. This
s because the concentration driving force between the feed and
tripping phases remains almost constant when pH0

s = 13 while
s observed in the experiments, pH of stripping phase and then the
riving force is decreased by time when pH0

s = 9–11. Therefore, the
H of about 13 is selected as the desired pH for the stripping phase.

.8. Effect of initial concentration of cadmium

Changing the solute concentration affects concentration driv-
ng force and possibly mass transfer rate. Fig. 10 shows the initial
nd average removal fluxes, and also removal efficiencies in the
ystems with four different solute concentrations of 10, 30, 70,
nd 100 ppm. As expected, by increasing solute concentration,
hich increases concentration driving force, both initial and aver-

ge removal fluxes increase. However, removal efficiencies that
rst increase by increasing solute concentration are declined after-
ard due to approaching to an ultimate removal capacity.

.9. Effect of different organic solvents

As seen in Fig. 11, by selecting 3 different solvents of toluene,
erosene, and n-hexane, the removal efficiencies show the fol-

owing trend; kerosene > toluene > n-hexane. The difference is
ttributed mainly to the difference of wettability of supporting
embrane by the solvent. The interaction between the transported

admium and the organic solvent also may affect the mass trans-

ig. 9. Effect of pH of striping phase on removal efficiency: C0
Cd

= 50 ppm;

carrier = 0.05 M; pH0
f = 1.8; pH0

s = 13; C0
KI = 0.01 M; l = 5 mm.
Fig. 10. Effect of solute concentration on removal efficiency and removal fluxes:
Ccarrier = 0.05 M; pH0

f = 1.8; C0
KI = 0.01 M; l = 5 mm.

fer rate through the organic phase. Since kerosene, which shows
the best wettability, has the highest removal efficiency, it may be
concluded that the former parameter is more significant than the
latter one.

4.10. Effect of organic phase thickness

Changing the thickness of organic phase may alter the resis-
tance against diffusion through this phase. The effect was examined
by three different thicknesses of 3, 4, and 5 mm, provided by
replacing of spacers in the experiments. The weight of carrier was
fixed in these experiments. As it can be seen in Fig. 12, the initial
removal fluxes of cadmium for the thicker organic phases (4 and
5 mm) are relatively higher than that in the thinner one (3 mm).
This is possibly due to less hindrance caused by large molecules
of the carrier against transferring of the complex molecules in
the thicker organic phases, i.e. lower carrier concentrations, at
initial times when enough concentration driving force exists.
However, as the concentration driving force is decreased after-
ward, the removal fluxes of cadmium in the systems with thicker

organic phases fall below flux in the system with thinner organic
phase due to the higher resistance against diffusion in the organic
phase.

Fig. 11. Effect of solvent on removal efficiency: C0
Cd

= 50 ppm; Ccarrier = 0.05 M;

pH0
f = 1.8; pH0

s = 13; C0
KI = 0.01 M; l = 5 mm.
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Fig. 12. Effect of organic phase thickness on removal flux: C0
Cd

= 50 ppm;

mcarrier = 0.2 mmol; pH0
f = 1.8; pH0

s = 13; T = 50 ◦C; C0
KI = 0.01 M.
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ig. 13. Effect of stirring on removal efficiency: C0
Cd

= 50 ppm; Ccarrier = 0.05 M;

H0
f = 1.8; pH0

s = 13; C0
KI = 0.01 M; l = 5 mm.

.11. Effect of stirring of aqueous phases

As the stirring of feed and stripping phases reduces the thickness

f boundary layers at the interfaces of these phases and the organic
hase, it reduces the resistance against mass transfer. This effect is
hown in Fig. 13, in which removal efficiencies with and without
tirring is compared. As seen in the figure, the removal efficiency

ig. 14. Effect of organic phase on removal efficiency: C0
Cd

= 50 ppm; Ccarrier = 0.05 M;

H0
f = 1.8; pH0

s = 13; C0
KI = 0.01 M.
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in the experiment without stirring is significantly lower than that
in the experiment with stirring.

4.12. Comparison of HLM with SLM

In order to investigate the effect of bulk organic phase, i.e. com-
parison of HLM and SLM processes, the results obtained by the
current system are compared with those obtained when instead
of two membranes and a specified thickness of bulk organic phase,
only one impregnated supporting membrane is applied between
the feed and stripping phases. As seen in Fig. 14, removal efficiency
in the HLM process is higher than that in the SLM process. Although
the mass transfer resistance for diffusing through the bulk liquid is
less in the SLM system, this advantage may be nulled by washing
out of the organic phase from the pores of the membrane in that
process. In addition, the solute in the HLM process is transferred
more efficiently possibly because of the larger amount of available
carrier.

5. Conclusion

Separation of cadmium from wastewater was investigated using
a hybride liquid membrane process. Effect of different parameters
on separation of cadmium can be summarized as follows:

• Increasing carrier up to 0.05 M increases the removal efficiency.
However, the efficiency declines when a higher concentration is
used possibly due to interference caused by the carrier.

• The optimum pH of external phase is about 3 while lower pHs
reduce efficiency due to oxidation of iodide in the feed phase.
Also, acetic acid shows the best removal efficiency due to avail-
ability of H+ by gradual dissociation of the acid.

• The optimum pH of the stripping phase is found to be about 13
because of constant concentration driving force between the two
aqueous phases.

• Higher solute concentration increases mass transfer flux due to
the higher concentration driving force.

• Kerosene, which induced the best wettability for the supporting
membrane shows highest removal efficiencies among the applied
organic solvents.

• When the same amount of carrier is used, the higher thickness
of organic phase shows higher initial removal fluxes possibly due
to less hindrance caused by the carrier. The removal fluxes of the
systems with thicker organic phase are then decreased due to
resistance against diffusion.

• Stirring of aqueous phases enhances the mass transfer efficiency
due to decreasing of film resistance at the interfaces.

• It is shown that the removal efficiency enhances significantly
when SLM process is replaced by the HLM process while the same
other conditions are used.
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