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a b s t r a c t

Removal of cadmium from wastewater using emulsion liquid membrane (ELM) is studied in the present
study. A polyamine-type surfactant was used for stabilizing the emulsion phase. Tri-iso-octyl amine (TIOA)
has been used as a carrier for transferring of cadmium through the membrane. The results show good per-
formance in the separation process. To determine the optimum operation conditions, the effect of several
vailable online 19 October 2008

eywords:
iquid membrane
mulsion

parameters such as surfactant concentration, carrier concentration, pH of external and internal phases, oil
to internal phase volume ratio, emulsion to external phase volume ratio, solvent type, solute concentration,
presence of iodide and chloride in external phase, and mixing conditions have been investigated.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Cadmium as a toxic heavy metal, which is found in indus-
rial discharges of different industries such as manufacturing of
admium–nickel batteries, phosphate fertilizers, pigments, sta-
ilizers, alloys, and electroplating industries, has very harmful
nvironmental impacts [1,2]. In addition, cadmium exists naturally
s a minor constituent of base metal ores and coal deposits. As a
esult, it exists in effluent of related industries, e.g. zinc hydromet-
llurgical processes.

Various methods have been applied for treatment of wastewa-
ers containing cadmium. Precipitation of the metal hydroxide and
ltration is mainly used when higher concentrations are treated
3,4]. In contrary to its simplicity, it needs adjusting of pH to alkaline
onditions while most of these wastewaters have an acidic nature.
lso, disposal of produced sludge is considered as another problem

n this process. Ion exchange operation by ionic resins [5], clays
6] or zeolites [7] is considered as an alternative method. However,
xhausted ion exchange materials must be regenerated by adding
hemical reagents, and this causes a serious secondary pollution.

dsorption of cadmium on the surface of materials such as carbon

8] or alumina [9] gives good results but those methods are expen-
ive when pure sorbents are employed. Another alternative is to
pply a biofiltration process by using microalgal [10] or bacteria

∗ Corresponding author. Tel.: +98 21 44580751; fax: +98 21 44580762.
E-mail address: mortaheb@ccerci.ac.ir (H.R. Mortaheb).
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11]. However, the process needs a constant source of nutrients
nd strict control of treatment conditions for its consistent and
ffectiveness operation [12].

Liquid–liquid extraction from aqueous media by using specific
xtractants is also applied for separation of cadmium [13–17]. The
isadvantage of this method is that the large amount of solvent of
he extracted phase should be refreshed in a costly stripping step.

On the other hand, removal of heavy metals from wastewa-
er using membrane in the processes such as ultrafiltration and
everse osmosis has been attempted. However, those methods are
ubjected to the drawback of membrane fouling [18]. Alternatively,
eparation can be made in an emulsion liquid membrane (ELM) pro-
ess with significant advantages such as its very high driving force
nd selectivity, where the separation performance is enhanced
y combination of extraction and stripping processes in one step
19–22]. The stability of emulsion is a major problem in industrial
pplication of this process while the emulsions made by commer-
ial emulsifiers show week performances. In order to overcome this
eficiency, a new polyamine-type surfactant, which was previously
esigned and synthesized in our lab [23], was applied and the per-
ormance of the process in removal of cadmium from wastewater
s studied in the present research.
. Basic concept

Liquid membrane process incorporates a dispersed emulsion
ncluding organic membrane and aqueous internal phase in a con-
inuous external phase (W/O/W). The solute in the external phase

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mortaheb@ccerci.ac.ir
dx.doi.org/10.1016/j.jhazmat.2008.10.039
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Nomenclature

C concentration of cadmium in external phase at time
t [ppm]

C0 primary concentration of cadmium in external
phase [ppm]

Cacid concentration of acid in external phase [M]
Caq concentration of cadmium in aqueous phase at time

t [ppm]
C0

aq initial concentration of cadmium in aqueous phase
[ppm]

Ccarrier concentration of carrier in organic phase [M]
CKI concentration of KI in external phase [M]
Corg concentration of cadmium in organic phase [ppm]
Cs concentration of surfactant in membrane phase [M]
Cstripper concentration of stripper agent in internal phase [M]

d32 Sauter mean diameter =
∑

i

nid
3
i
/
∑

i

nid
2
i

di globule diameter [m]
dI impeller diameter [m]
kext mass transfer coefficient in continuous phase [m/s]
K1, K2, K3, K4 stepwise complex formation constants
KD distribution coefficient of cadmium in extraction

tests = Corg/Caq

ni number of globules
N impeller speed [rpm]
pHe pH of external phase at time t
pH0

e initial pH of external phase
pH0

i initial pH of internal phase
P/V power consumed by the propeller per unit volume

of reaction mixture [W/m3]
R0

ew initial volume ratio of emulsion to external
phase = Vem/Ve

R0
oi initial volume ratio of oil phase to internal

phase = Vo/Vi
t mixing time [min]
Vaq volume of aqueous phase in extraction tests [cm3]
Ve volume of external phase [cm3]
Vem volume of emulsion phase (=Vi + Vo) [cm3]
Vi volume of internal phase [cm3]
Vo volume of organic phase [cm3]
We Weber number = dI

3N2�c/�

Greek letters
ˇn overall complex formation constant
�c density of external phase [kg/m3]
� interfacial tension [N/m]
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phase, i.e. the feed phase, in a glass cell equipped with a variable-
speed propeller. For proper mixing, the cell is equipped with four
baffles with 10 cm height, 1 cm width, supported by top and bottom
enetrates through the membrane phase, in which carrier is added
o solubilize otherwise insoluble solute in the membrane phase.
he transferred solute by the carrier reacts with a stripping agent
t the interface of the membrane and internal phases and will be
rapped in internal phase. The emulsion phase is then broken in a
emulsifier and the oil phase is recycled for reusing in the emulsi-
cation process.

In the present research, tri-iso-octyl amine (TIOA) is used as
he carrier in the membrane phase. Although TIOA and tri-n-octyl
mine are structural isomers, TIOA was preferred due to its lower

rice.

The mechanism can be explained as follows:
o
t

Fig. 1. Co-transport of CdI4
2− and H+ with TIOA as the carrier.

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

R3N(organic) + H+
(feed) + A−

(feed) → R3NH+A−
(organic)

. At the external-membrane interface, A− is replaced by CdI42− of
R3NH+A−

CdI42−
(feed) + 2R3NH+A−

(organic)

→ (R3NH)2CdI4(organic) + 2A−
(feed)

. NaOH in the stripping solution reacts with the transferred
(R3NH)2CdI4 at the membrane-internal interface to transfer cad-
mium into the internal phase

(R3NH)2CdI4(organic) + 2 OH−
(internal)

→ 2R3N(organic) + CdI42−
(internal) + 2H2O(internal)

ig. 1 shows a schematic of the transportation mechanism.

. Experimental

As described in our earlier research [23], several evidences
f emulsion breakage were observed for the emulsions prepared
y commercial surfactants. On the other hand, it was found that
resence of carrier in the membrane phase may aggravate the

nstability problems of emulsions [24]. Based on these experiences
nd in order to increase the stability of liquid membrane, a new
olyamine-type surfactant was designed and synthesized in our

ab. The synthesis of the new surfactant consists of the following
teps:

1) thermal degradation of butyl rubber;
2) adding a hydrocarbon solvent;
3) reaction with maleic anhydride;
4) reaction with polyethylene polyamine with low molecular

weight.

he characteristics of synthesized surfactant were brought else-
here [23]. Emulsion breakage could be done by adding about 15%

v/v) petroleum sulphate as demulsifier.
The emulsion is prepared by mixing of the synthesized sur-

actant, the carrier, an organic solvent, and NaOH solution in a
omogenizer (Physcotron, Nition-i Co.) for 15 min with high rota-
ional speed. The emulsion is then gradually added to the external
-rings. 5 ml of mixture is taken from the extraction cell in cer-
ain intervals by using a micropipette. The sample, which contains



6 zardous Materials 165 (2009) 630–636

t
T
a
I
t

t

R

4

4

a
s
i
n
t
i
i
b
r
f
i
r
e
i
t
p

4

f
a
t
a
w
v
w
t
s
t

F
R

F
i
C

t
o
c
0
t
a
i
a

i
t
c
t
t
w
m
s

t
t
i
t
b
o
e

32 H.R. Mortaheb et al. / Journal of Ha

he emulsion and external phase, is then separated in a decanter.
he concentration of cadmium in the samples was measured by
tomic absorption spectroscopy (SAS7500A, SII, Seiko Instruments
nc.). Potentiometry titration method was applied for measuring
he amount of iodide ion in extraction experiments.

The removal efficiency of cadmium is then calculated by using
he following equation:

emoval of cadmium =
[

C0 − C

C0

]
. (1)

. Results and discussion

.1. Effect of surfactant concentration

In our experiments, it was observed that while other conditions
re kept constant, increasing concentration of surfactant results in
maller globules. Such a behavior is in accordance with the exper-
mental correlation [25], in which d32 ∝ We−0.6. Since the Weber
umber is increased by decreasing interfacial tension, it is expected
hat Sauter mean diameter, d32, will be decreased by increas-
ng interfacial tension due to adding more surfactant. Therefore,
ncreasing surfactant concentration results in higher contact area
etween the donor and receiving phases, and it may increase the
emoval efficiency. On the other hand, excessive amount of sur-
actant may inversely decrease the removal efficiency. As shown
n Fig. 2, by increasing of surfactant concentration from 1 to 4%,
emoval efficiency is increased steadily. However, the increment in
fficiency is not significant when the concentration of surfactant
s increased from 3 to 4 wt%. Therefore, the optimum concentra-
ion of surfactant is determined about 3 wt% of the membrane
hase.

.2. Effect of carrier concentration

The effect of carrier concentration in the oil phase on mass trans-
er was investigated by batch-wise extraction experiments. Since
wide range of concentration has been reported for cadmium in

he wastewater of different industries (10–240 ppm) [26,27], the
queous phase with an arbitrary concentration of about 117 ppm
as mixed with an equal volume of organic phase including sol-
ent (toluene) and carrier with different concentrations. The phases
ere then separated at the equilibrium conditions. The concen-

rations of other chemicals in the aqueous phase were selected
ame as those in the ELM experiments. Fig. 3 shows the distribu-
ion coefficient of cadmium between the two phases, KD = Corg/Caq,

ig. 2. Effect of surfactant concentration on removal efficiency. C0 = 33 ppm, R0
oi

= 1,
0
ew = 0.1, Ccarrier = 0.02 M, Cacid = 0.025 M, Cstripper = 0.05 M, and CKI = 0.01 M.

t
a
a
a
t
f
c
s
i

F
R

ig. 3. Effect of carrier concentration on distribution coefficient, transported
odide and pH of the aqueous phase. C0

aq = 117 ppm, Vo/Vaq = 1, Cacid = 0.025 M, and
KI = 0.01 M.

ransported iodide into the organic phase, and pH of the aque-
us phase in these experiments. The figure shows that maximum
oncentration of cadmium in the organic phase is attained where
.01 M carrier is used and it decreases when more TIOA is added
o the organic phase. On the other hand, the pH of aqueous phase
nd transported iodide into organic phase steadily increase with
ncreasing carrier concentration. Such a behavior can be interpreted
s follows.

As the amount of TIOA (shown as R3N) in the organic phase
s increased, the protonation reaction (reaction of mechanism 1)
ends to the right hand side and more H+ will be consumed. This
auses increase in pH of the aqueous phase. Also, as the concen-
ration of R3N increases, anions such as I− and I3− (produced from
he reaction of I− + I2 → I3−) can compete with CdI42− to conjugate
ith R3NH+. Therefore, although the amount of transported cad-
ium might be slightly decreased, the transported iodide shows a

teady increasing trend.
The effect of carrier concentration on removal efficiency in

he ELM experiments is shown in Fig. 4. The figure shows that
he removal efficiency increases as the concentration of carrier is
ncreased. However, lower increment is observed as the concen-
ration is increased from 0.02 to 0.04 M. As a result, 0.04 M might
e considered as the optimum value of carrier concentration in the
rganic phase. Higher amounts of carrier may even interfere in the
mulsion stability as a demulsifier. It is noticeable that, even in
he absence of carrier, cadmium is removed by a slower rate up to
bout 30%. This might be due to structural similarity of the carrier
nd surfactant. The structure of the synthesized surfactant includes
number of secondary amines in the polymeric chain and an addi-

ional tertiary amine conjugated with two carbonyl groups. Those

unctional groups have enough basicity to produce the ammonium
ation in order to subsequently act as the counter ion for CdI42−

pecies to help partial removal of cadmium when no carrier is used
n the experiment.

ig. 4. Effect of carrier concentration on removal efficiency. C0 = 33 ppm, R0
oi

= 1,
0
ew = 0.1, Cs = 3 wt%, Cacid = 0.025 M, Cstripper = 0.05 M, and CKI = 0.01 M.
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ig. 5. Effect of pH of external phase on transported cadmium into organic phase.
0
aq = 50 ppm, Vo/Vaq = 1, and CKI = 0.01 M.

.3. Effect of pH of external phase

Since H+ is absorbed by carrier at the external-organic interface
o produce R3NH+, the effect of pH of external phase, i.e. availabil-
ty of H+ at the interface, on transported cadmium was studied
n extraction experiments. The procedure of experiments was the
ame as described in the previous section. Fig. 5 shows that pH
1.5 is the most appropriate pH of aqueous phase for transfer-
ing of solute. It is then decreased by increasing pH. This result
s confirmed by ELM experiments as shown in Fig. 6. Among the
xperiments made by using hydrochloric acid 36% with pHs of
.6, 2.4, and 3.2, the best removal efficiencies are obtained when
H0

e is 1.6 but very close to those when pH0
e is 2.4. The dotted

ines in the figure also show the variation of pH of external phase
ith time. As seen, for the external phase with pH0

e 1.6, the pH
emains close to its initial value through the experiment while
or the other two experiments with pH0

e 2.4 and 3.2, pH increases
harply in the earlier times due to consuming of H+ in the experi-
ent.

.4. Effect of the type of acid

Experiments were also made to study the effect of type of
cid in the external phase. As seen in Fig. 7, when three different
cids acetic acid, nitric acid, and hydrochloric acid with the same

H0

e of 2.4 is used in the external phase, the removal efficiencies
how the following tendency: CH3COOH > HNO3 > HCl. The trend
an be explained by considering the dotted pHe curves in the figure:
mong these acids, pHe only for the weak acid CH3COOH does not

ig. 6. Effect of pH0
e on removal efficiencies (solid lines), and pHe (dotted lines).

0 = 33 ppm, R0
oi

= 1, R0
ew = 0.1, Ccarrier = 0.02 M, Cstripper = 0.05 M, and CKI = 0.01 M.

t
i

F
C

ig. 7. Effect of acid on removal efficiencies (solid lines), and pHe (dotted lines).
0 = 33 ppm, R0

oi
= 1, R0

ew = 0.1, Ccarrier = 0.02 M, Cstripper = 0.05 M, and CKI = 0.01 M.

hange through the experiment. This is because of higher concen-
ration of acetic acid, which was used to obtain the same pHs for all
f the experiments. The available H+, which is obtained by gradual
issociation of acetic acid, facilitates the transferring of cadmium.

t can be concluded that removal efficiency is rather associated to
he availability of H+ in the external phase than to the acidity of the
pplied acid.

.5. Effect of pH of internal phase

The effect of pH of internal phase was investigated by exper-
ments with different pHs of internal phase using NaOH as the
tripping agent. The results are shown in Fig. 8. As seen in the fig-
re, the removal efficiencies increase slightly as the pH of internal
hase is increased. Although the best results were obtained when
H0

i is 13.6 but the pH of external phase in that experiment was
ncreased from initial value of 1.7 to 11.5 while in all of the other
xperiments it varied in the range of 1.6–1.8. This shows an adverse
iffusion of OH− from internal to external phase when pH0

i is 13.6
hat may aggravate the emulsion stability and possible precipita-
ion of cadmium hydroxide in the external phase. Therefore, the pH
f about 12.3 might be considered as the desired pH for the internal
hase.

.6. Effect of volume ratio of oil phase to internal phase
As volume ratio of the oil phase to internal phase (R0
oi) increases,

he strength of emulsion wall and its resistance against breakage
ncrease. Therefore, it is expected to have more stable emulsion by

ig. 8. Effect of pH0
i on removal efficiencies. C0 = 33 ppm, R0

oi
= 1, R0

ew = 0.1,
carrier = 0.02 M, Cacid = 0.025 M, and CKI = 0.01 M.
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systems with higher feed concentrations show the same value of
about 0.44 mg Cd/ml emulsion while the capacity for the system
with lower feed concentration of 33 ppm is 0.27 mg Cd/ml emul-
sion.
ig. 9. Effect of oil to internal phases ratio on removal efficiency. C0 = 33 ppm, R0
ew =

.2, Cs = 3 wt%, mcarrier = 0.09 gr, Cacid = 0.025 M, Cstripper = 0.05 M, and CKI = 0.01 M.

ncreasing this ratio. Fig. 9 confirms this concept. The figure shows
hat for four different R0

oi ratios of 0.5, 0.67, 1, and 2, the removal
fficiency of the system with R0

oi = 2 at t = 20 min is 3% higher than
hat for the system with R0

oi = 0.5. Therefore, the larger value of 2 is
elected as the optimum value of R0

oi since it minimizes the waste
queous effluent, which is produced by breaking of emulsion in the
emulsifier.

.7. Effect of the type of solvent

The effect of solvent type on removal efficiency was exam-
ned by using three solvents including toluene, cyclohexane, and
erosene. It is expected that a non-polar solvent can transfer solute
ore efficiently through the membrane phase because of less hin-

rance against transportation. However, experimental results show
nly a marginal difference of 2–3% in removal efficiency in ear-
ier mixing times and even lower differences of <1% in longer

ixing times. As expected, cyclohexane has the highest cadmium
emoval but close to that by toluene. In addition, the removal effi-
iencies using kerosene are slightly less than those by the other
wo solvents. In the experiments made in this research, toluene
as used as the solvent. However, since a less volatile solvent is
referred because of environmental issues and since the results
how minor effect of solvent on extraction efficiency, toluene can
e replaced by kerosene in real applications with similar expected
esults.

.8. Effect of emulsion to external ratio

As the amount of emulsion in the external phase is increased,
he number of available globules and interfacial surface area per
nit volume of external phase is increased and thus the flux of
ransferred cadmium from external feed to emulsion, and removal
fficiency is increased. It is noticeable that according to litera-
ure [28], increasing R0

ew may slightly increase the size of globules

d32 ∝ (1 + 1/R0
ew)

−0.1
), which causes inversely a reduction in inter-

acial surface area. However, the effect of increment in the size of

lobule is suppressed by that of increment in the number of glob-
les [28]. Fig. 10 shows that the removal efficiency is increased by

ncreasing the emulsion to feed ratio from 0.05 to 0.2. However, total
emoval capacity, which is calculated from [(C0 − C)/R0

ew] × 10−3,
emains in a constant range of 0.20–0.25 mg Cd/ml emulsion in all
f the experiments.

F
C

ig. 10. Effect of emulsion to external ratio on removal efficiency. C0 = 33 ppm, R0
oi

=
, Cs = 3 wt%, Ccarrier = 0.02 M, Cacid = 0.025 M, Cstripper = 0.05 M, and CKI = 0.01 M.

.9. Effect of solute concentration in external phase

Changing the solute concentration affects concentration driving
orce and possibly mass transfer rate. Removal capacity is defined
s the total amount of removed cadmium per unit volume of the
mulsion as mentioned above. Therefore, at the same mixing con-
itions (the same size and distribution of globules in the external
hase) and at a specified time, the removal capacity can be applied
s an index of mass transfer rate. Fig. 11 compares the total removal
apacities in the systems with three different solute concentrations
f 33, 66 and 99 ppm. As seen in the figure, the removal capacities
n the system with lower solute concentration of 33 ppm are always
ower than those in the two other systems due to the smaller con-
entration driving force. The figure also shows that between t = 1
nd 3 min, the removal capacities for the system with the highest
olute concentration of 99 ppm is higher than those in the system
ith the solute concentration of 66 ppm. However, the capacity for

he former system will decrease as the experiment proceeds. Its
ecrement might be attributed to the possible swelling of emul-
ion due to difference in ion strength and thus difference in osmotic
ressure between the two phases [29] that partly hinders against
olute transferring. Ultimately the removal capacities in the two
ig. 11. Effect of solute concentration on removal capacity. R0
oi

= 1, R0
ew = 0.1,

s = 3 wt%, and Ccarrier = 0.02 M.
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Table 1
Complex formation constants for some ligands with cadmium.

Cation Ligand K1 K2 K3 K4 log (ˇn)

− 2.6 −4
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400 rpm.
Cd2+

Cl 85.11
SO4

2− 199.53
I− 251.19
CH3COO− 85.11

.10. Effect of iodide in external phase

Since cadmium is transferred through the membrane in the form
f complex with iodide (CdI42−), the role of presence of iodide in
he transportation phenomena was examined by experiments with
nd without adding KI to the external phase with the same other
arameters as those in Fig. 10. Only negligible removal of less than
% has been observed when no KI is added to the external phase
hile the transportation is done well in the presence of iodide,

s observed also in the previous sections. This behavior can be
xplained by considering the fact that in competition with small
ize ions such as I− and Cl−, CdI42− can be selectively coupled with
3NH+ to facilitate the transportation through the organic phase.
his may be attributed to the lower hydration enthalpy of large-
ize anions such as CdI42− in comparison to that of the small size
ons, which make them better candidates to form zwitterions with
3NH+ at the interface. On the other hand, as shown in Table 1,
he overall complex formation constant (ˇ4) of Cd2+ with I− as
dI42− is much higher than those with the other present anions,
.g. Cl−, SO4

2− in the external phase [30–32]. Therefore, CdI42−

s the only stable anion in the external phase, which can be cou-
led with R3NH+. It is noticeable that when iodide is present in
he solution, I− may be oxidized to I2, which introduces a yel-
owish color. However, this phenomenon was observed only in
ery low-pH conditions where sulphuric acid has been used in
he feed phase and for long exposure time of 1 day or more. In
ll other conditions both phases in the experiments were color-
ess.

.11. Effect of chloride in external phase

Since chloride is found in wastewater of some industries which
ontain cadmium [33], it might be helpful to study its effect on
emoval efficiency. Fig. 12 shows the effect of chloride with differ-

nt concentrations in the external phase on removal efficiencies.
s shown in the figure, the removal efficiencies at a specified mix-

ng time are decreased steadily as the concentration of chloride is
ncreased. For example, at t = 20 min, the removal efficiency of about

ig. 12. Effect of chloride in the external phase on removal efficiency. C0 = 33 ppm,
0
oi

= 1, R0
ew = 0.1, Cs = 3 wt%, Ccarrier = 0.02 M, Cacid = 0.025 M, Cstripper = 0.05 M, and

KI = 0.01 M.

b
b

F
0

9 0.54 4 × 10 −1.28
2.3

1 10.00 12.59 6.1
0 0.13 2.26

.96 for the system without Cl− is reduced to 0.71 for the system
ith Cl− = 1 M. The hindering effect of chloride against transport of

admium can be interpreted by the considering the data in Table 1.
s seen in the table, cadmium can make complexes with Cl− to pro-
uce CdCl42− via four consecutive steps. The formation constant
or the first step to produce CdCl+ is much higher than of the next
teps, which represents its more stability compared to the conse-
uent complexes. Since CdCl+ has been repelled by R3NH+, it has
o role in transferring of cadmium through the membrane phase.
n the other hand, when the concentration of chloride is signifi-
ant comparing to the concentration of iodide, it may block a part
f cadmium in the external phase in the form of CdCl+ (or even
dCl2), and therefore prevent cadmium to be transferred by iodide

ons.

.12. Effect of mixing conditions

Fig. 13 shows that by increasing the rotational speed of pro-
eller in the extraction cell from 150 to 280 rpm, the cadmium in
he external phase is removed more rapidly. This might be due
o reducing of boundary layer thickness for mass transfer at the
uter interface by increasing of mixing intensity (kext ∝ (P/V)0.25)
28]. However, assuming a first-order kinetics equation for cad-

ium transferring reveals that when the propeller speed in the
xtraction cell is increased from 150 to 280 rpm, increase in
verall mass transfer rate is much higher than increasing of the
ixing intensity. It can be related more to increase in mass

ransfer contact area due to reduction in the size of globules
d32 ∝ N−1.4) [28]. However, the emulsion might be broken under
igher mixing intensities. Such a tendency is observed in the
gure by increasing the impeller speed from 280 to 400 rpm,
here lower removal efficiency is observed for higher speed of
Comparing the results using extraction cells with or without
affles also shows about 5% increase in removal efficiencies when
affles were used due to improvement in mixing pattern.

ig. 13. Effect of mixing intensity on removal efficiency. C0 = 33 ppm, R0
oi

= 1, R0
ew =

.1, Cs = 3 wt%, Ccarrier = 0.02 M, Cacid = 0.025 M, Cstripper = 0.05 M, and CKI = 0.01 M.
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. Conclusion

Removal of cadmium from aqueous phase by emulsion liquid
embrane was studied. A synthesized polyamine type surfactant
as used for stabilizing of the emulsion.

1) Removal efficiency increases by increasing of surfactant up to a
certain concentration, and then levels off due to counter effect
of surfactant on mass transfer rate.

2) Mass transfer is facilitated as carrier concentration in the
organic phase is increased. The optimum concentration of car-
rier in the organic phase was found to be about 0.04 M.

3) Removal efficiency of cadmium depends on the availability of
H+ in the external phase. It also increases slightly as the pH of
internal phase is increased.

4) The removal efficiency of cadmium is increased as the ratio of
organic phase to internal phase is increased. R0

oi = 2 was found
as the optimum value for this ratio.

5) Although non-polar solvents are better candidates for mass
transfer, the solvent type has insignificant effect on removal
efficiency.

6) Removal capacity of the systems with higher solute concen-
trations is higher than that in the system with lower solute
concentrations due to the larger concentration driving force.

7) Chloride was found to have a hindering effect against transport
of cadmium as a blocking agent for cadmium in the external
phase.
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