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ABSTRACT

Efficient transport of cadmium ions from chloride solutions through a bulk liquid
membrane was studied at 25˚C using Aliquat 336 in chloroform as carrier solution. The
influence of different parameters, including chloride concentration in the feed solution,
reagent concentration and type of organic solvent in the membrane phase, and type of
stripping solution as the receiving phase was investigated. The transport yield of cadmium
ions from a 0.05mol L−1 sodium chloride solution (pH = 6) through a chloroform solution
of Aliquat 336 (0.025mol L−1) into the receiving phase (distilled water) was found to be 93
(±1.3) % after 3 h. The efficiency and selectivity of the method were investigated by compet-
itive experiments on the mixture of Cd2+ with Co2+, Ni2+, Cu2+, Fe3+, Pb2+, Mn2+ and
Zn2+ ions. The accessibility of the method was tested for recovery of Cd from Ni–Cd cake
(zinc plant purification cake), spent Ni–Cd cells and wastewater samples.
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1. Introduction

Cadmium is generally associated with zinc and its
compounds; it is recovered as a by-product of the
smelting of zinc and lead–zinc ores [1,2]. So zinc pro-
cessing plant is considered as a primary source for
cadmium. The element has found vast applications in
different industries such as pigments, electroplating,
metallurgical products, chemicals and plastics, which
account for nearly one-fourth of its consumption.
Rechargeable Ni–Cd batteries account for three-fourth
of the cadmium consumed, hence, to be considered as
secondary cadmium source. Despite its useful and
vast applications, cadmium is known to be toxic ele-
ment which tends to be concentrated in environmental

systems and humans; it can cause dysfunction of the
kidneys, liver and lungs [3,4]. Most often, cadmium
could enter the water system through industrial dis-
charge, thus, its removal and/or recovery from the
various effluents have attracted much attention either
from the scientific and technological or environmental
and economical points of view. According to the liter-
ature, there are two major methods to reach cadmium
metal. If the material being treated (from any of such
sources) consists of Cd, Zn, Cu, Pb and other elements
(at trace concentrations), selectively leaching of this
material with sulphuric acid will precipitate Cu and
Pb and filtration will give a solution of Cd and Zn
sulphates. Then, cementation with zinc powder will
give spongy cadmium which can be melted with
addition of soda to remove any co-precipitated zinc or
re-leached to be electrowon.*Corresponding author.
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But if the beginning material consists of Cd associ-
ated with Ni, Co and Zn, the above-mentioned con-
ventional method cannot be used to separate Cd,
because Ni and Co; too will be dissolved together
with Cd and Zn and cementation will precipitate Ni
and Co along with Cd, giving an impure sponge [5].
The leaching of nickel and cobalt in chloride media
has been applied for many years at Falconbridge’s
nickel plant in Norway [6]. However, purification of
metal from such leach solutions can be difficult. Sol-
vent extraction could separate cobalt and nickel from
high concentrated chloride solutions, due to the more
stable chloride complex formation by cobalt than
nickel [7].

Removal of cadmium is more difficult because of
mixed chloride complex formation. Cadmium extrac-
tion along with zinc from chloride and thiocyanate
media has been reported by Wassink et al. [8]. Most of
the reports on selective extraction/separation of Cd
from Zn are based upon the application of synergic
effects. Jia et al. have used the mixture of primary
amine N1923 and organophosphorus acid Cyanex301
for this purpose [9].

Solvent extraction separation of Cd(II) and Zn(II),
with di-(2-ethylhexyl)-phosphoric acid (D2EHPA), and
an aqueous hexadentate ligand with nitrogen donors,
N,N,N´,N´-(tetrakis-2-pyridylmethyl) ethylenediamine
(TPEN) was studied by Takeshita et al., where TPEN
acted as a synergist for the extraction of Cd(II) and a
masking agent for that of Zn(II) [10]. They also have
reported the same process using Cyanex301 and TPEN
[11].

Many metal ions including cadmium form anionic
chloro complexes in chloride medium, which can be
extracted by protonated amines, for which acidic con-
ditions are required [12]. Quaternary ammonium salts
behave like protonated amines, in a wide pH range.
Moreover, quaternary ammonium salts extract cad-
mium from chloride solution more strongly than pro-
tonated amines, as MCl2�4 complexes [8,13].

The use of liquid membranes containing specific
metal ion carriers offers an alternative to the solvent
extraction processes for selective separation and con-
centration of the metal ions from aqueous solutions.
Facilitated transport by liquid membranes is a known
technique for separation of metal ions [14]. The
advantages of this technique include; low cost and
energy consumption. Several investigations on the
separation of cadmium by liquid membranes are
based on the anionic complexes of this metal ion. He
et al. have used amine extractants [15], Wang et al.
have used Aliquat 336/PVC membrane[16], Alguacil
et al. have reported the cadmium transport using
Cyanex921 and 923 [17], Yaftian et al. have used

hexadecyltrimethylammonium bromide for transport
of cadmium from iodide media [18].

The transport of Cd (II) through the supported
liquid membrane has been reported by Juang et al.
[19], where both the feed and receiving phases
contained HCl (0.1 and 0.01mol L−1, respectively).
This procedure is very slow and the HCl concentra-
tion in the receiving phase is crucial and a limiting
parameter, which limits the applicability of the tech-
nique. Although iodide is not a suitable media for
industrial application Kumbasar has reported the
emulsion liquid membrane transport of Cd(II) via
Aliquat 336, and Amberlite LA-2 into the ammonia
solution [20, 21]. We recently reported the transport/
separation of Cd(II) and Zn(II) as chloro complexes
with the aid of the same membrane (Aliquat 336
solution in benzene) using ammonia and/or ethylene
diamine tetraacetic acid (EDTA) as the receiving phase
with a good efficiency and selectivity [22].

In continuation to that the present work was an
attempt to systematically explore the application of
Aliquat 336 diluted with aliphatic solvents, in the
more convenient and milder conditions (i.e. to use a
neutral feed phase, and an easily available, cost effec-
tive and neutral stripping solution like distilled water
as the receiving phase), and also the effect of Cl− con-
centration on selectivity for extraction of cadmium.
Hence, the major difference with our previous work is
the use of: (i) almost neutral feed solution, (ii) replace-
ment of Benzene (toxic solvent) with a less-toxic ali-
phatic solvent as diluent and (iii) distilled water as
receiving phase.

The selectivity of method was evaluated by extract-
ing cadmium ions from its mixtures with some diverse
coexisting metal ions including cobalt, nickel and spe-
cially zinc by varying the Cl− concentration. Later, the
accessibility of the method was investigated by applica-
tion to removal of cadmium from leach solutions of zinc
plant purification cake and spent Ni–Cd cells. Finally, a
mechanism was suggested for cadmium transport
different from our previous report [22].

2. Material and methods

2.1. Chemicals and reagents

All chemicals and reagents were of highest available
purity, and all aqueous solutions were prepared in dou-
bly distilled deionized water. Aliquat 336 was supplied
by Henkel; nitric acid (65%), hydrochloric acid (32%)
and sulphuric acid (96%) with general reagent grade
were obtained from Merck (Darmstadt, Germany),
sodium chloride, sodium hydroxide, ethylene diamine,
ammonia and EDTA were analytical reagent grade
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(Merck). The solvents chloroform, dichloromethane,
1,2-dichloroethane and carbon tetrachloride were
obtained from Merck. Metal salts (mainly chloride)
were purchased from Fluka and used for preparation of
stock solutions (1,000mgL−1). Working solutions were
prepared by appropriate dilution of the stock solutions.
Diluted hydrochloric acid and sodium hydroxide solu-
tions were used for pH adjustment.

2.2. Apparatus

A Varian Model spectrAA220 atomic absorption
spectrometer (Mulgrave, Victoria, Australia) equipped
with deuterium lamp background corrector was used
for metal analysis. A circulating thermostatic water
bath (JULABO MP5) was used for temperature control
during the experiments. Magnetic stirrer (model
MR3001 K) Heidolph was used for agitation of the
phases. The pH measurements were accomplished
with a Metrohm model 692 pH/ion meter equipped
with a combined glass–calomel electrode.

2.3. Sample preparation

The zinc plant cadmium cake was obtained from
Calcimine Co., Dandy zinc industrial region, Zanjan-
Iran. The cake sample was crashed, grinded and dried
at 110˚C for 2 h. After cooling the sample to room tem-
perature, 2.5 g was taken in three replicates, leached in
100 mL HCl 2mol L−1 at 100˚C for 1 h. This sample con-
tains about 20% Zn, 9% Cd, 4% Ni and minor amounts
of iron. The majority of Zn, Ni and Fe were precipitated
using different reagents and pH adjustment. 10 mL of
this solution was diluted to 1,000 mL with distilled
water and after addition of NaCl and pH adjustment it
was subjected to the transport (this solution contains
23 mg L−1 Cd(II), 45 mg L−1 Zn(II), 8 mg L−1 Ni(II) and
2mgL−1 Co(II). An industrial wastewater prior to treat-
ment collected from zinc processing plant was filtered
to remove any particulate matter and performed the
extraction process within 48 h.

Spent Ni–Cd cells (Sony) were crashed out, then
three replicate samples of the dried material (2.0 g)
were leached with 20 mL of H2SO4 3mol L−1 for 4 h at
80˚C. The resulted leach liquor contains average of
6,744.6, 1,178.6 and 13,498.7 mgL−1 Cd(II), Co(II) and
Ni(II), respectively. This solution was diluted 100
times with distilled water, adjusted to desired chloride
concentration and pH.

2.4. Experimental method

A glass cylindrical cell (i.d. 4.5 cm) holding a glass
tube (i.d. 2.25 cm) which separates the source and

receiving aqueous phases was used for the transport
experiments (Fig. 1).

The cell was placed in a thermostatic water bath to
maintain the temperature at 25˚C. The feed phase (S)
was 10-ml aqueous solution of Cd (25mgL−1), contain-
ing NaCl 0.05 mol L−1 having pH 6–7. 10 mL distilled
water was used as receiving phase (R). 20 ml solution
of Aliquat 336 (0.025mol L−1) in chloroform (M) was
laid below these aqueous phases and bridged the two
phases. The organic layer (M) was stirred by Teflon-
coated magnetic bar at 150 rpm. The metal content
was measured by taking 3 mL from each aqueous
phase and analysing it by flame atomic absorption
spectrometry.

3. Results and discussion

3.1. Effect of chloride concentration in the feed phase

Cadmium can be found as CdCl�3 and CdCl2�4
complexes in aqueous chloride solutions, and Aliquat
336 could extract them into an organic phase by form-
ing an ion pair with such complexes. Therefore, the
influence of chloride concentration on the efficiency of
cadmium transport was investigated in the range of
0–0.8 mol L−1. Fig. 2(a) shows that cadmium concentra-
tion in the receiving phase increases rapidly with
increase in the concentration up to 0.05 mol L−1 chlo-
ride and it decreases with almost the same rate in the
feed phase (Fig. 2(b)). While the extraction efficiency
of zinc, cobalt and nickel is much less in this concen-
tration range (i.e. 11, 0.2 and 0.07% at the most),
respectively, and much of them remain in the feed
phase; which can be attributed to the different stability
constants of their chloro complexes. The result is

Fig. 1. Experimental set-up for the transport experiments:
(S) feed phase, 10 mL; (M) liquid membrane, 20 mL; (R)
receiving phase, 10 mL.

N. Dalali and H. Habibi / Desalination and Water Treatment 56 (2015) 1601–1609 1603



consistent with the previously reported extraction of
chloro complexes by quaternary ammonium salts from
NaCl, i.e. the separation of Cd and Zn can be achieved
by controlling the chloride concentration [8]. More-
over, the amount of Cl− required for Cd alone in pres-
ent work is more than that used for cadmium and
zinc in our previous work [22], where benzene was
used as solvent. This is due to the larger logK for Cd
in benzene (8.8) than in chloroform in present work
(5.6) [15]. Hence, a 0.05 mol L−1 concentration of
sodium chloride was selected for further experiments.

3.2. Influence of feed solution pH

According to the following equation (Eq. (1)), the
ion pair formation and extraction efficiency do not

directly depend upon the solution pH. However,
dependency of metal–chloride complexes formation
and/or the hydrolysis of the metal ions to pH provoke
to study the influence of pH on transport efficiency. A
set of experiments for the transport of cadmium ions
(25mgL−1) from sodium chloride solution (0.05 mol
L−1) through a chloroform solution of Aliquat 336
(0.05 mol L−1) into distilled water as a function of pH
was performed for 3 h. The results given as Fig. 3 con-
firms the expected behaviour, i.e. there was no metal
concentration variation in the pH range of 1–7. How-
ever, the transport efficiency decreased gradually
beyond pH 7 which might be due to the competition
of chloride and hydroxide ions for metal ions (i.e. Cd
(OH)+ and/or Cd(OH)2 formation) in alkaline pH, in
the feed phase. According to (Eq. (1)), neither of these
species can transfer into organic phase since the
extraction is based on anion-exchange mechanism.
Therefore, pH 6 was chosen as optimum value in fur-
ther experiments, which is usually found for distilled
water.

½MCln�2�n þ n� 2R4NClorg $ ðR4NÞn�2½MCln�org þ n

� 2Cl�

(1)

3.3. Effect of Aliquat 336 concentration in the membrane

In the transport process, carrier acts as a catalyst
for the phase transfer by forming a lipophilic complex
which diffuses into the membrane, and then releasing
the analyte into the receiving phase. Therefore, its
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Fig. 2. Effect of sodium chloride concentration in the feed
phase on the variation of metal ion concentration in the
receiving (a) and feed (b) phases. Conditions: feed phase
(Fp) 10 mL containing 25mgL−1 Cd(II), 30 mgL−1 Zn (II),
10 mgL−1 Co(II) and Ni(II) each), pH 7; membrane, 20 mL
Aliquat 336 (0.05mol L−1) in chloroform; receiving phase
(Rp), 10 mL distilled water; time, 3 h; t = 25˚C.
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Fig. 3. Percentage of Cd(II) transport against pH of feed
solution. Conditions: feed phase, 10 mL (Cd(II) 25 mgL−1),
containing NaCl 0.05mol L−1; membrane, 20 mL Aliquat
336 (0.05 M) in chloroform; receiving phase (Rp), 10 mL
distilled water; time, 3 h; t = 25˚C.
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concentration is an important factor affecting the
transport efficiency. In order to investigate the influ-
ence of Aliquat 336 concentration on the transport effi-
ciency, different concentrations of carrier were tested
in the range of 0–0.1 mol L−1. According to Fig. 4, no
mass transfer for metal ions occurs in absence of car-
rier, while the transport efficiency increased with
increase in concentration up to 0.025mol L−1 carrier.

However, the extraction percentage decreased
gradually at higher concentrations due to either an
increase in liquid membrane viscosity, leading to mass
transfer obstruction in the liquid membrane phase, as
described in a previous report [23], polymerization or
aggregation of aliquat 336. Hence, 0.025mol L−1 carrier
was selected for further studies.

3.4. Influence of Cd(II) concentration in feed solution

In order to evaluate the effect of initial Cd(II)
concentration in the feed solution on the efficiency of its
extraction, the transport experiments were performed
by varying Cd(II) concentration in the range of
10–250 mgL−1, while maintaining the other parameters
constant. Table 1 shows that the efficiency was decreased
at high concentrations of cadmium. The decrease in

extraction efficiency at higher concentrations of Cd(II)
may be because of increasing overall mass transfer
resistance with higher Cd(II) concentration.

3.5. Effect of organic diluent in membrane phase

The effect of organic diluent in membrane on the
efficiency of process was investigated performing a
series of experiments using carbon tetrachloride, chlo-
roform, 1,2-dichloroethane and dichloromethane. The
order of transport efficiency was found as: chloro-
form > carbon tetrachloride > 1,2-dichloroethane ≈
dichloromethane. Hence, chloroform was chosen as
suitable solvent for preparation of carrier solution.
Although there is some effort to describe the diluents
effect based on the polarity of the organic solvents,
this interpretation is not applicable for the results
obtained in the present work. Hence, there are other
parameters affecting the obtained results.

3.6. Selection of the receiving phase

Although distilled water was used in the prelimin-
ary experiments (being available, inert and cost effec-
tive), other solutions were also tested for the
comparison purpose.

Therefore, the stripping ability of ammonia
(2mol L−1), ethylene diamine (en) (0.2 mol L−1),
sulphuric acid (2mol L−1), nitric acid (2mol L−1) and
EDTA (0.1 mol L−1) was examined. As can be seen in
Fig. 5, the highest transport efficiency was observed
for EDTA (96%) and then distilled water (93%). In
contrast to our recent work [22], ammonia could not
act as efficient stripping reagent since it misses in
membrane phase through hydrogen bonding leading
to a decrease in its stripping capacity and finally, the
receiving and membrane phases are mixed up. Water
was selected as stripping phase due to its availability,
non-toxicity, ease of handling, low cost of
consumption and disposal.

3.7. Influence of temperature

Although transport is known to be mainly con-
trolled by a diffusion regime, the complex formation
rate (kinetic regime) also may take part in transport of

0 

20

40

60

80

100

0 0.025 0.05 0.075 0.1

%
 C

d

Aliquat 336, molL-1 

Rp

Fp

Fig. 4. Variation of Cd(II) percentage as a function of car-
rier concentration in the membrane phase. Conditions:
feed phase (Fp), 10 mL (Cd(II) 25 mgL−1), containing NaCl
0.05mol L−1, pH 6; membrane, 20 mL Aliquat 336 (0–0.1
mol L−1) in chloroform; receiving phase (Rp), 10 mL dis-
tilled water; time, 3 h; t = 25˚C.

Table 1
Percentages of Cd(II) transport at different initial concentrations

Cd(II) initial concentration, mgL−1 10 50 100 150 200 250

Transport efficiency, % 93.6 92.0 91.7 90.3 88.6 85.0
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cations through a liquid membrane. Temperature has
an important influence on the extraction process
because it affects both the extraction time and the
extraction efficiency. Increasing the temperature
increase the diffusion coefficients of the target ions
and also decreases the viscosity of the liquid mem-
brane phase; it also may alter the reaction rate. There-
fore, the influence of temperature on the efficiency of
extraction and stripping was examined for tempera-
tures in the range of 20–50˚C. The results showed that
the percentage of transport increases slightly with
increasing temperature, as illustrated in Fig. 6. The
variation in the percentage of transport was observed

as: from 92% at 20˚C with relative error of 2% to
approximately 97% at 50˚C with relative error of 3.2%.
Extraction efficiency tends to increase as the operating
temperature increases.

However, the chloroform has a restricted operating
temperature due to its boiling point ≈61˚C. Hence, all
the experiments were performed at 25˚C.

3.8. Kinetics and Influence of operating time

Fig. 7 shows that an increase in time increased the
amount of metal ions extracted from feed phase into
the membrane phase as well as those stripped in the
receiving phase.

Although the quantitative transport (95.5%) was
obtained after 4 h, but 3 h was selected as optimum
operating time since the rate of Zn2+ co-transport was
increased significantly beyond 3 h (result not shown).
The kinetics of process was investigated by the model
used by He and others [15,24], where the reduced con-
centrations were used.

Rf ¼ Cf

Cf 0
(2)

Rm ¼ Cm

Cf 0
(3)

Rr ¼ Cr

Cf 0
(4)

Here Cf, Cm and Cr denote the metal concentrations
in the feed, membrane and receiving phases at
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Fig. 5. Percentage of Cd(II) stripping versus different types
of stripping agents under optimum conditions: feed phase
(Fp), 10 mL (Cd(II) 25 mgL−1), containing NaCl 0.05mol
L−1, pH 6; membrane, 20 mL Aliquat 336 (0.025mol L−1) in
chloroform; time, 3 h; t = 25˚C.
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Fig. 6. Percentage of Cd(II) transport against temperature,
with 20 mL Aliquat 336 (0.025mol L−1) in chloroform; after
3 h; receiving phase (Rp), 10 mL distilled water.
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Fig. 7. Time dependency of Cd(II) concentration in the
feed, receiving and membrane phases. Conditions: feed
phase (Fp), 10 mL (Cd(II) 25 mgL−1), containing NaCl
0.05mol L−1, pH 6; membrane, 20 mL Aliquat 336
(0.025mol L−1) in chloroform; receiving phase (Rp), 10 mL
distilled water; t = 25˚C.
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time >0, while the subscript “0” denotes the corre-
sponding initial concentrations (t = 0). Obviously,
Rf + Rm + Rr = 1.

As can be seen from Fig. 7, Rf decreases mono-
exponentially with time, and Rr follows a monotoni-
cally increasing sigmoidal curve while Rm shows a
maximum. Therefore, it can be suggested that the
metal ions transport obeys the kinetic laws of two con-
secutive irreversible first-order reactions according to
the kinetic scheme [25], f!k1 m!k2 r. This kinetic scheme
may be described by the (Eqs. (2)–(10)):

dRf

dt
¼ �k1Rf (5)

dRm

dt
¼ k1Rf � k2Rm (6)

dRr

dt
¼ k2Rm (7)

where k1 and k2 are the rate constants in the feed–
membrane and membrane–receiving interfaces, respec-
tively. Integrating the above differential equations
gives the reduced concentrations as following:

Rf ¼ expð�k1tÞ (8)

Rm ¼ k1
k2 � k1

½exp �k1tð Þ � exp �k2tð Þ� (9)

Rr ¼ 1� 1

k2 � k1
½k2 exp �k1tð Þ � k1 exp �k2tð Þ� (10)

It can be seen that Rf vs. t yields a decreasing mono-
exponential curve where as the time variation of both
Rm and Rr is bi-exponential.

The experimental results were analysed by non-lin-
ear curve fitting. The transport rate constants calcu-
lated by Eqs. (7)–(9) are as: k1ð1:19h�1Þ, k2ð0:22h�1Þ,
indicating that mass transfer at the feed–membrane
interface is faster than that of the membrane–receiving
interface.

3.9. Stability and reusability of the membrane

In order to examine the stability of the membrane
phase, a single membrane was used for five replicate
experiments while renewing the feed and receiving
phases after each experiment. It was observed that the
performance of the membrane did not change consid-
erably; i.e. the transport efficiency of 93(±2)% at first
experiment was changed to 90 (±2.3)% at the fifth
experiment. Hence, the membrane phase was consid-
ered stable up to five transport experiments.

3.10. Selectivity and application of the method

The selectivity of the proposed method towards
cadmium ions was examined by performing the
process for its equimolar binary mixtures with Co(II),
Cu(II), Fe(III), Pb(II), Mn(II), Ni(II) and Zn(II) at the
optimum conditions for Cd(II). The results given in
Table 2 reveal the selectivity of the method towards
Cd(II) transport with the yield of 92.4–93.3%. In order
to access the applicability of the present method, it
was applied for the recovery of cadmium from leach
liquor of the zinc plant purification cake, spent Ni–Cd

Table 2
Transport of cadmium ions from its mixtures with other coexisting metal ions at optimum condition

Binary mixtures Initial concentration (mol L−1) % Transport

1 Cd+2 1 × 10−4 93.00
Zn+2 1 × 10−4 11.00

2 Cd+2 1 × 10−4 93.20
Ni+2 1 × 10−4 0.14

3 Cd+2 1 × 10−4 92.83
Co+2 1 × 10−4 0.20

4 Cd+2 1 × 10−4 92.40
Cu+2 1 × 10−4 1.30

5 Cd+2 1 × 10−4 93.00
Fe+3 1 × 10−4 Not detected

6 Cd+2 1 × 10−4 93.30
Pb+2 1 × 10−4 2.60

7 Cd+2 1 × 10−4 92.94
Mn+2 1 × 10−4 0.10
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cells and wastewater with satisfactory results. The
given results in Table 3 depict the effectiveness of the
present method for recovery of cadmium from the real
samples with high efficiency.

4. Conclusions

The present work investigated the transport of
Cd(II) from aqueous solutions and waste materials via
bulk liquid membrane. The significant parameters
were studied, i.e. the pH of the feed solution, Cd(II)
concentration in the feed solution, the concentration of
carrier,types of diluents, types of stripping agents,
operating time and temperature. The highest percent-
ages of Cd(II) transport (93%) were obtained with feed
solution containing 0.05mol L−1 NaCl at pH 6,
0.025mol L−1 Aliquat 336 dissolved in chloroform as
liquid membrane and distilled water as stripping
agent. Therefore, cadmium ions can be effectively sep-
arated from coexisting metal ions. As pointed out in
Section 3.10, the extraction of Cd(II) show higher
selectivity over associated ions from chloride solution,
this selectivity follows the tendency for each metal ion
to form anionic chloro complexes. In contrast to our
recent work [22], ammonia could not act as efficient
stripping agent since it misses in membrane phase
through hydrogen bonding and the phases are mixed
up. Water was selected as stripping phase due to its
availability, non-toxicity, ease of handling, low cost of
consumption and disposal.
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