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ABSTRACT

Nowadays, the green emulsion liquid membrane (GELM) is considered to be an attractive and
effective alternative technique for the separation and removal of toxic heavy metals from aqueous
wastewater. In the present study, the GELM method is used to separate and remove chromium in
the presence of other metal ions especially Fe(IllI), in a way that contributes to green chemistry.
The formulation of the GELMs consists of sunflower oil as vegetable solvent, PGPR, and Tween 80
as surfactants, tri-n-octylphosphine oxide (TOPO) as an extractant, and sodium carbonate Na,CO,
(0.5 M) as the internal water phase. The influence of several operational parameters are stud-
ied, namely: the pH of the external phase, the initial concentration of ions, and the stirring time
during the extraction of each metal alone (chromium and iron). The selective extraction of Cr(VI)
in presence of other six metals (iron, cobalt, copper, nickel, zinc, and cadmium) is also investigated.
The separation of Cr(VI) from the mixture of metal was possible by stirring 5 mL of the green emul-
sion with 25 mL of the external phase ( pH = 1) at a speed of 400 rpm for 20 min. The optimal GELMs
formulations with 4% (v/v) tri-n-octylphosphine oxide (TOPO), 4% (v/v) PGPR, and 1% (v/v) of
Tween 80 in sunflower oil showed very good selectivity for chromium at pH = 1 with an extraction
efficiency of 98.8%.
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1. Introduction

Membrane processes, especially those involving liquid

acid from xylose [8].

[5], cobalt [6], and dyes [7] from wastewater, and acetic

membranes, are gaining importance and are emerging as
a viable alternative to conventional separation processes
[1-3]. The growing interest in membrane processes can be
attributed toward their simplicity, requirement of small
quantities of carrier, and low energy consumption. Emulsion
liquid membrane (ELM) is one of the most promising meth-
ods to recover metal ions such as cadmium [4], tungsten

* Corresponding authors.

GELM processes are those involving a selective green
liquid membrane phase that are using vegetable solvents
for lessening the use of toxic and costly petroleum-based
organic solvents [9-15]. Separation is achieved by solute
permeation through this green liquid phase from the feed to
the receiving phase. The feed and receiving phases are nor-
mally miscible while the membrane phase is immiscible in
both. A GELM can be considered as a double emulsion con-
sisting of three phases: the external, membrane, and internal
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phases. The receiving phase is emulsified in an immiscible
liquid membrane using surfactants and high-speed agitation.
Emulsion droplets size ranges from 1 to 3 um in diameter,
thus providing good stability [16]. The emulsion is then dis-
persed in the feed solution with constant agitation and mass
transfer from the feed to the internal receiving phase takes
place. The use of sunflower oil in the formulation of ELM is
a good alternative to conventional organic solvents [17,18].
Furthermore, the choice of surfactant is very important to
have a stable emulsion. Polyglycerol polyricinoleate (PGPR)
is a synthetic emulsifier widely used to stabilize water-in-
oil (W /O) and water-in-oil-in-water (W,/O/W,) emulsions.
PGPR is commonly used to stabilize double emulsions
for the applications in food, cosmetic, and pharmaceutical
industries [19,20].

The rejection of various carcinogenic metal ions as a
mixture into the environment issue to numerous industrial
processes generate waste streams which have been viewed
as a serious threat to our ecosystem. So, their separation
and recovery from wastewater have been considered to be
a top priority in the area of wastewater treatment. Cr(VI)
receives particular attention because of its high toxicity
and numerous industrial applications, for example, elec-
troplating, metal finishing, and corrosion inhibition [21].
Because the Cr(VI) is carcinogenic, mutagenic, and terato-
genic in nature, its recovery and concentration from indus-
trial effluents become a necessary task for hydrosphere and
environmental safety [22,23]. Many types of wastewater
contain Cr(VI) ions mixed with numerous other ions metal
and particularly Fe(IIl) ions. Consequently, several meth-
ods have been developed in order to selectively separate
Cr and Fe from wastewater [24-27]. The ELM process is
known to be one of the most effective methods for sepa-
ration and concentration of metals. The ELM process can
prevent the disadvantages of other extraction techniques
by providing a very high interfacial area for the transport
of the desired components into the extractant phase. The
role of the pH is very important in the ELM process for
extraction and separation of metals [28] and so is the role of
the selected extractant agents that determine the reactions
at the liquid membrane interfaces [29].

The aim of this work is the separation and recovery of
chromium ions in the presence of other metal ion (iron,
cobalt, copper, nickel, zinc, and cadmium) using the ELM
method involving green solvent (sunflower oil) and sur-
factant (polyglycerol polyricinoleate). Although, Fe(Ill) is
less toxic than Cr(VI), its presence is troublesome during
the treatment of effluents. Results obtained indicated that
green emulsion liquid membrane (GELMs) are prom-
ising systems that allow the selective recovery of metal
ions present in wastewater in presence of other metals by
controlling the main operation conditions.

2. Materials and methods
2.1. Materials

The liquid membrane solution was formulated using
two different types of non-ionic surfactants as stabiliz-
ers: Tween® 80 (polyoxyethylene sorbitan monooleate), a
hydrophilic surfactant from Sigma-Aldrich (USA) with

hydrophilic-lipophilic balance (HLB) of 15.0, and the lipophilic
surfactant PGPR (polyglycerol polyricinoleate), supplied by
Brenntag AG (Germany), with HLB of 3.0. The mobile car-
rier (extractant) used was TOPO (tri-n-octylphosphine oxide)
supplied by Alfa Aesar, Germany. Locally produced market
purchased sunflower oil (P = 100%) was used as the green
solvent (density = 0.689 g/cm?, viscosity = 0.044 Pa).

Analytical grade hydrochloric acid (HCI), ace-
tone (C,HO), sulfuric acid (H,SO,), sodium carbonate
(Na,CO,-10H,0), and potassium chromate (K,CrO,) were
supplied from Sigma-Aldrich (USA) and were used without
purification.

2.2. Methods
2.2.1. GELM preparation

In a 100 mL container, 4% (v/v) tri-n-octylphosphine
oxide (TOPO), 4% (v/v) PGPR, and 1% (v/v) of Tween 80 in
sunflower oil were dissolved by stirring; the solution formed
was used as oily phase. Then a water-in-oil emulsion (W,/O)
was prepared by dispersing 9 mL of the stripping aqueous
solution (Na,CO,, 0.5 mol/L) into 30 mL of the oily phase
using high shear mixing in an Ystral X10 mixer (Ystral GmbH,
Germany), with a 6 mm stirrer at 5,000 rpm. The selection
of the stabilizers was optimized in our previous works [17,18].

2.2.2. Extraction experiments

The acidic external phase was prepared by adding HCl
to an aqueous solution containing appropriate amount of
metals ions (Cr(VI)/Fe(Ill)) over an range of 2-50 mg/L. Ten
milliliters of the prepared GELM were added to the 50 mL
of external phase containing Cr(VI) with others metal ions
in acid aqueous solution at different pH. The contents were
stirred by means of a magnetic stirrer at a speed of 400 rpm
for different time intervals. The stirred solution was allowed
to separate by simple decantation in a separator funnel and
the external phase was carefully separated. Samples were
taken from the external aqueous phase for determination
of chromium concentration by UV-vis spectrophotometry
(PG Instruments Ltd., UK) using 1,5-diphenylcarbazide as
an indicator at 542 nm and the others metals concentration
by AAS spectrophotometry (ASC-6000 SHIMADZU U.S.A.
Manufacturing, Inc.).

Extraction efficiency (R (%)) was calculated using
the following equation:

B [Cr(VI)]D - [Cr(VI)]

R(%)=
[Cr(vi)],
where [Cr(VI)], is the initial concentration of hexavalent
chromium in the external aqueous phase and [Cr(VI)], is the

concentration of hexavalent chromium at time £.

£ %100 Q)

2.2.3. GELMSs characterization

GELMs droplet size distributions were analyzed
using the laser light scattering technique in a Mastersizer
S long bench apparatus (Malvern Instruments, Ltd.,
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UK). The refractive index of the ELMs was taken as 1.54.
Samples were first diluted with deionized water to pre-
vent multiple scattering effects. Then, they were circulated
through the measuring zone using a hydro SM small vol-
ume sample dispersion unit, following the manufacturer’s
recommendations for this type of emulsion. For the pri-
mary W,/O emulsion, the water refractive index (1.33) was
used and the samples were dispersed in paraffin oil.

Three replicates were obtained for each emulsion.
Results were reported as typical droplet size distribution in
pm. The mean diameters, volume-weighted mean diameter
d,, and surface-weight diameter or Sauter mean d_, were

43/ 32
calculated using Egs. (2) and (3):
> nd
d,==—- 2
T @)
> nd’
d, = — (3)

YT

where d, is the droplet diameter and 7, is the number of
droplets with diameter d..

Micrographs of the emulsions were obtained with a light
microscope Olympus BX50 (Olympus, Japan) with 10-100x
magnification using an UV-vis lamp. Micrographs were used
for emulsions visual inspection and to confirm the droplet
size obtained by laser light scattering.

3. Results and discussion
3.1. ELMSs characterization

Once the extraction conditions, and therefore the for-
mulation, were fixed the GELMs used in this study were
characterized in terms of droplet size distribution and
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visual inspection. It will allow us to better know the inter-
facial properties of the system and how they could affect
the extraction method with future formulations.

Droplet size distributions of the primary (W,/O) and dou-
ble emulsions (GELM) are shown in Fig. 1a. The emulsions
showed a monomodal distribution of sizes and the d,, value
was 1.29 # 0.05 um for W /O emulsions: these results agree
with the range suggested by Li et al. [30] who produced a
stable W,/O emulsion at a d,, of 0.8-3 um. For GELM, the d,
value was 192.75 + 0.10 um, ensuring a good dispersion of
the W /O emulsion in the external phase that provides the
higher extraction efficiency.

Oil drops containing the inner small aqueous droplets
can be clearly identified in an optimal image of the formed
GELM (Fig. 1b), the presence of the inner water droplets con-
firms the formation of double emulsions. Visual inspection
of these micrographs indicates that droplet sizes are in
good agreement with experimental data given in Fig. la.

3.2. Effect of the pH of the external phase

The pH of the external phase can affect the degree of
ionization as well as the speciation of metallic species and
act as an important parameter during the extraction process.

In this work, the effect of the pH on the extraction of
Cr(VI) and Fe(IIl) with the GELM was studied in the range
from 0.5 to 7 for Cr(VI) and from 1 to 8 for Fe(Ill). HCI and
NaOH solutions were used to adjust the pH in each case.
The results obtained are given in Fig. 2.

In the aqueous solution, the present species of chromium
are Cr,0z, CrOZ, HCrO,, and H,CrO,. In highly acidic con-
ditions (at pH 0.5 and 1), chromium is rapidly protonated by
hydronium ions, and a stable chromic acid species H,CrO,
is formed [31]. In order to check the presence of different
species of Cr(VI) at different pH, Srivastata et al. [32] have
showed using the speciation diagram that H,CrO, is present
as a major species below pH =2.0.

(b)

Fig. 1. (a) Droplet size distributions of the primary W,/O emulsion and the final GELM formulated (W,/O/W,) with 5% of surfactant
(PGPR, Tween 80) in sunflower oil as oily phase, containing Cr(VI) in the external aqueous phase and (b) optical microscopy image

of the GELMs.
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So, since TOPO (used in this study) is nonionic extract-
ant, the formation of chromic acid species (H,CrO,) in the
best appropriate state for during the chromium extraction.

In their research work Robila et al. [33] indicated that
the transport of the chromium species proceeds through
membrane diffusion as a series of steps in which the equi-
librium between HCrO,/Cr,0OZ in the aqueous phase and
between H,CrO,(TOPO)/H,Cr,0,(TOPO), in the membrane
phase took place. At the optimum pH value (pH = 1), we
can presume that the transport of Cr(VI) is carried out by
a mechanism where an association of H,CrO, (represented
as an ion pair H*, HCrO,") with the TOPO. The reaction
mechanism is given by the following equation:

(H',HCrO, ) + TOPO « H,CrO,TOPO (4)

Kumbasar [34] suggested a similar transport mechanism
in the case of extraction of the hexavalent chromium by the
TOPO using kerosene as solvent.

The recovery of iron by ELM using TOPO was found to
be dependent on the pH of the aqueous phase too. A specia-
tion diagram of iron in aqueous phase shows that Fe(OH), is
present as a major phase at pH = 6 [35,36].

The equilibrium relation for the ELM extraction is
given by:

(Fe*,3(OH"))+ TOPO > Fe(OH), - 2TOPO )

For Fe(Ill), the extraction efficiency increasing from
5.06% to 85.39% with the increase of pH from 1 to 6 then a
decreases with the increase of pH from 6 to 8.

Therefore, optimal Cr(VI) extraction was found at pH
1.0 while Fe(Ill) extraction was optimal at pH 6.0. These
optimum pHs are related to the metal distribution species
as a function of pH and the concentration as indicated by
other research works [1,37] and also on the nature of the car-
rier to form the metal-carrier complexes to be transported
through the membrane [34].
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3.3. Effect of the initial concentration of ions in the external phase

The effect of the initial concentration of ions in the
external phase on the chromium and iron removal were
studied from 2 to 50 and 5 to 50 mg/L, respectively. The
results obtained are given in Fig. 3. It was found that for
Cr(VI) no noticeable effect was observed, the extraction
efficiency slightly decreases from 98.86% to 90% when
moving from the low to high concentration (2-50 mg/L).
As for Fe(Ill), no noticeable change was observed from
5 to 20 mg/L, then beyond 20 until 50 mg/L the extraction
efficiency decreased.

These results can be explained by the fact that at low
initial concentrations, all the solute diffusing inside the
globule of the emulsion rapidly undergoes a stripping by
the reagent contained in the droplets of the internal phase.
However, for large initial concentrations, the reagent con-
tained in the peripheral region droplets is rapidly depleted
by the solute. So, the rest of the solute must penetrate deep
inside the globule before its stripping. It means that an
increase in the concentration of the solute corresponds to
an increase in the length of its diffusion path in the glob-
ule. A comparable result was found by Chakraborty and
Datta [38] who confirmed that the Te(IV) extraction by
liquid surfactant membrane is more effective at low metal
concentrations.

3.4. Effect of the extraction time

The extraction time needed to extract the maximum
of solute from the external phase is considered to be
an important limitation in the ELM process. When the
extraction time increases, the movement of water from
internal droplets toward the external phase enhances. This
fact can lead to the swelling of the membrane phase and
subsequently increase the emulsion breakage. Also, ade-
quate extraction time is still required to increase the sol-
ute mass transfer rate from the aqueous feed phase to the
membrane phase [39].

—@— Cr(V])
—@— Fe(IlD)

5 6 7 8 9

pH of the external phase

Fig. 2. pH effect of the feed phase on the extraction efficiency of chromium and iron. Sunflower oil; 5% of surfactant (PGPR, Tween
80); 4% of carrier (TOPO); stripping solution: Na,CO, (0.5 M); feed solution,: [Cr(VI)], = 10 ppm, feed solution,: [Fe(IlI)], = 10 ppm.
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To investigate the effect of the extraction contact time
on the extraction of Cr(VI) and Fe(Ill) at the optimal pH
of 1 and 6, respectively, the extraction time was varied
from 2 to 50 min for chromium and from 5 to 50 min for
iron. The obtained results are shown in Fig. 4. For Cr(VI)
removal increases during the first 20 min (56%-99.51%) and
after that it increases slightly approaching a limiting value
(equilibrium condition), similarly for Fe(Ill), extraction
efficiency increase during the first 20 min (40.37%—65.32%)
and after that it slightly increases.

These results showed that the equilibrium is reached
after an extraction time of 20 min, so it is a relatively fast
kinetic. This equilibrium is due to the absence of emulsion
swelling and membrane breakage thanks to the higher
stability of the W /O formulated emulsions with PGPR
and Tween 80 as emulsifier. The opposite behavior was
observed by Elsayed et al. [40], in which the extraction effi-
ciency was reduced with the increase in extraction contact

100
90
80
70
60
50

40

Extraction efficiency (%)

30

20

10

0

10 15 20

M 1

25

327

time because it affects the stability of the emulsion, formu-
lated with Span 80 surfactant. In the present study, emul-
sions formulated with PGPR are more stable than those
formulated in the mentioned study [18].

Results are consistent with previous works [41] who
found that the selection of the surfactant is the key factor to
reduce emulsion swelling and membrane breakage resulting
more effective metal extraction.

Therefore, 20 min was considered the best and sufficient
extraction time to provide a good dispersion of emulsion
globules along with high extraction yield in short periods of
time.

3.5. Selective separation of Cr(VI)/Fe(III)

The selectivity is a very significant factor for the devel-
opment and industrial application of any technique for
wastewater treatment. To investigate the selectivity of the

1
I
—@— Cr(VD)
—@— Fe(1ll)

30 35 40 45 55

Initial concentration of metal in external phase (ppm)

Fig. 3. Effect of the initial concentration of ions in the external phase on the extraction efficiency of chromium and iron. Sunflower oil;
5% of surfactant (PGPR, Tween 80); 4% of carrier (TOPO); stripping solution: Na,CO, (0.5 M); feed solution, with Cr(VI), pH =1; feed

solution, with Fe(III), pH = 6.
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Fig. 4. Effect of the extraction time on the extraction efficiency of chromium and iron. Sunflower oil; 5% of surfactant (PGPR, Tween 80);
4% of carrier (TOPO); stripping solution: Na,CQO, (0.5 M); feed solution,: [Cr(VI)], =10 ppm, pH =1; feed solution,: [Fe(IIl)], = 10 ppm,

pH=6.
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obtained ELM with respect to the optimum composition,
we have started with a study of the extraction of a binary
mixture. The selective separation of Cr(VI)/Fe(Ill) was real-
ized by mixing the two ions at two values of pH (pH =1 and
6). The ratio concentration of the (Cr(VI)/Fe(Ill)) mixture
was varied as follows: (10/20), (20/20), (50/20), and (20/50).
The results obtained are shown in Table 1.

These results clearly show that the extraction of chro-
mium from the mixture (Cr(VI)/Fe(Ill)) is advantageous
over iron at pH =1, the ELM is in this case selective for the
chromium extraction. We can say that at pH =1 the trans-
port of Cr(VI) is carried out by a mechanism where an asso-
ciation of H,CrO, (represented as an ion pair H*, HCrO;)
with the TOPO. In the other hand, at pH = 6, the iron is
better recovered than chromium. However, lower value of
pH (pH 1 in this work), the formation of the neutral com-
plexes (Fe-TOPO) is disadvantaged and the quantity of
these ions recovered in the receiving phase remains negli-
gible compared to the Cr(VI) ions. In their study, Hariharan
et al. [42] have indicated that in acidic aqueous solutions,
at high pH, containing anions A~, the solvent extraction of
iron(Ill) with TOPO could be explained may by the forma-
tion of anionic complexes of Fe(IlI) with A~ anions.

Therefore, this technique allows a selective ion separa-
tion by pH control whatever the ratio concentration of the
(Cr(VI)/Fe(Ill)) mixture, that means chromium extracted
from the mixture (Cr(VI)/Fe(Ill)) at the optimum conditions
of extraction of Cr(VI) alone.

Table 1

The results published by Kumbasar [43] also showed that
it is possible to extract 99% of cobalt using ELM from strong
acidic leach solutions, containing cobalt and nickel ions,
at the optimum conditions of extraction of cobalt alone.

3.6. Selective separation of Cr(VI) in a mixture containing
six other metals

As industrial discharges usually contain a mixture of
heavy metals ions, the extraction of Cr(VI) from an aque-
ous mixture containing six other ions (Fe(III), Co(II), Cu(II),
Cd(II), Zn(Il), and Ni(Il)), at an identical initial concentra-
tion of 10 mg/L was investigated at the optimum pH value
of the chromium ions extraction (pH 1). The obtained
results are shown in Fig. 5. Chromium(VI) was extracted
successfully with an extraction efficiency of 98.8%. Thus,
this clearly suggests that ELM composed of sunflower oil
and TOPO displays a considerable selectivity to Cr(VI)
ions. No recovery for Co(II), Cu(Il), Cd(Il), Zn(Il), and
Ni(II) was observed and recovery less than 6% was detected
for Fe(II). As it is explained in the previous paragraph, at
low values of pH, the cationic metal ions formed anionic
ions complexes that are not adept to be extracted by the
neutral extractant TOPO.

Similar results were reported by Kumbasar [44], who
studied the Selective extraction of chromium(VI) from mul-
ticomponent acidic solutions by ELMs using tributhylphos-
phate (TBP) as a carrier.

Extraction efficiency (%) of different combination of concentration (Cr(VI)/Fe(Ill)) at pH 1 and 6

Concentration (ppm)

Extraction efficiency (%) at pH =1

Extraction efficiency (%) at pH =6

(Cr(VI)/Fe(IID) Cr(V) Fe(III) Cr(VD) Fe(II)
(10/20) 90.53 6 6.74 89.62
(20/20) 94.49 5 5.82 85.77
(50/20) 95.69 5.85 3.08 75.66
(20/50) 94.12 124 9.3 6.15
100
~ 90
S
\; 80
Q
5 70
Q
£ 60
(5]
£ 50
g 40
% 30
20
10
. 1 L
Cr Fe Co Zn Ni cd Cu
Metals

Fig. 5. Comparison of the extraction efficiency of metal ions contained as a mixture in the feed solution. Sunflower oil; 5% of
surfactant (PGPR, Tween 80); 4% of the carrier (TOPO); stripping solution: Na,CO, (0.5 M); feed solution: [Cr(VI)], = [Fe(Ill)], =

[Co(ID], = [Zn(ID)], = [Ni(ID], = [CA(1D)], = [Cu(ID)], = 10 ppm, pH = 1.
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4. Conclusion

Chromium(VI) is successfully extracted from acidic
chlorides solutions by a facilitated transport across GELM
by means of tri-n-octylphosphine oxide (TOPO) as an ion
carrier, sunflower as a green solvent, PGPR and Tween 80
as stabilizers, and 0.10 M Na,CO, as the receiving phase.
The influence of various parameters on the Cr(VI) extraction
has been experienced and the results show that the opti-
mum conditions were established, at pH = 1 of the external
phase stirring speed of 400 rpm for 20 min by GELMs for-
mulations with 4% (v/v) tri-n-octylphosphine oxide (TOPO),
4% (v/v) PGPR and 1% (v/v) of Tween 80 in sunflower oil.

Using GELMs for the extraction process of ions pres-
ent in wastewater revealed that is a selective technique that
allows to recover the desired ion of the ones present in the
wastewater solution. The results obtained in the current
study demonstrate that Cr(VI) and Fe(IlI) can be effectively
and selectively separated by GELM by just an accurate con-
trol of the pH used. The extraction of the Cr(VI) from the
mixture of Cr and Fe is advantageous over Fe extraction at
pH =1, the GELM is in this case selective for the extraction
of Cr(VI). However, at pH = 6 the Fe was better separated
than Cr(VI).

The optimal pH of the aqueous feed solution for selec-
tive separation of Cr(VI) in presence of several metals (Fe,
Co, Cu, Cd, Zn, and Ni) was found to be 1 with extraction
efficiency of 98.8%.

Therefore, the results presented in this work reveal the
excellent selectivity of GELMs-based on sunflower solvent
for Cr(VI) recovery, making it a potential technique to be
used in wastewater treatment field.

Acknowledgments

The authors are grateful to the Algerian MESRS
for the financial support in the PRFU program
no. A16NO1UN060120190004.

References

[1] O. Senhadji-Kebiche, S. Tingry, P. Seta, M. Benamor, Selective
extraction of Cr(VI) over metallic species by polymer inclusion
membrane (PIM) using anion (Aliquat 336) as carrier,
Desalination, 258 (2010) 59-65.

[2] N.M. Kocherginskya, Q.Yanga, L. Seelama, Recent advances
in supported liquid membrane technology, Sep. Purif. Technol.,
53 (2007) 171-177.

[3] O.Senhadji-Kebiche, L. Mansouri, S. Tingry, P. Seta, M. Benamor,
Facilitated Cd(II) transport across CTA polymer inclusion
membrane using anion (Aliquat 336) and cation (D2EHPA)
metal carriers, ]. Membr. Sci., 310 (2008)438-445.

[4] A.L. Ahmad, A. Kusumastuti, C.J.C. Derek, B.S. Ooi, Emulsion
liquid membrane for cadmium removal: studies on emulsion
diameter and stability, Desalination, 287 (2012) 30-34.

[5] A.B. Lende, P.S. Kulkarni, Selective recovery of tungsten from
printed circuit board recycling unit wastewater by using
emulsion liquid membrane process, J. Water Process. Eng.,
8 (2015) 75-81.

[6] A. Hachemaoui, K. Belhamel, Simultaneous extraction and
separation of cobalt and nickel from chloride solution through
emulsion liquid membrane using Cyanex 301 as extractant,
Int. J. Miner. Process., 161 (2017) 7-12.

[7] M. Djenouhat, O. Hamdaoui, M. Chiha, M.H. Samar,
Ultrasonication-assisted preparation of water-in-oil emulsions

(8]

(%1

(10]

(11]

(12]

(13]

[14]

[15]

[16]

(17]

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

329

and application to the removal of cationic dyes from water by
emulsion liquid membrane Part 2. Permeation and stripping,
Sep. Purif. Technol., 63 (2008) 231-238.

S.C. Lee, Development of an emulsion liquid membrane system
for removal of acetic acid from xylose and sulfuric acid in a
simulated hemicellulosic hydrolysate, Bioresour. Technol.,
192 (2015) 340-345.

A. Kumar, A. Thakur, P.S. Panesar, Lactic acid extraction
using environmentally benign Green emulsion ionic liquid
membrane, J. Cleaner Prod., 181 (2018) 574-583.

P. Daraei, S. Zereshki, A. Shokri, Application of nontoxic green
emulsion liquid membrane prepared by sunflower oil for
water decolorization: process optimization by response surface
methodology, J. Ind. Eng. Chem., 77 (2019) 215-222.

A. Kumar, A. Thakur, PS. Panesar, Statistical optimization
of lactic acid extraction using green emulsion ionic liquid
membrane (GEILM), J. Environ. Chem. Eng., 6 (2018) 1855-1864.
A. Kumar, A. Thakur, PS. Panesar, A comparative study on
experimental and response surface optimization of lactic acid
synergistic extraction using green emulsion liquid membrane,
Sep. Purif. Technol., 211 (2019) 54-62.

A. Kumar, A. Thakur, P.S. Panesar, Extraction of hexavalent
chromium by environmentally benign green emulsion liquid
membrane using tridodecyamine as an extractant, J. Ind. Eng.
Chem., 70 (2019) 394-401.

N.EM. Noah, N. Jusoh, N. Othman, R.N.R. Sulaiman,
N.A.M.K. Parker, Development of stable green emulsion liquid
membrane process via liquid-liquid extraction to treat real
chromium from rinse electroplating wastewater, J. Ind. Eng.
Chem., 66 (2018) 231-241.

N.FE.M. Noah, N. Othman, N. Jusoh, Highly selective transport
of palladium from electroplating wastewater using emulsion
liquid membrane process, J. Taiwan Inst. Chem. Eng., 64 (2016)
134-141.

W.S.W. Ho, KK. Sirkar, Membrane Handbook, Chapman &
Hall, New York, NY, 1992.

K. Anarakdim, M. Matos, O. Senhadji-Kebiche, M. Benamor,
Optimization of hexavalent chromium removal by emulsion
liquid membrane (ELM) using sunflower oil as eco-friendly
solvent, Desal. Water Treat., 72 (2017) 281-289.

K. Anarakdim, G. Gutiérrez, A. Cambiella, O. Senhadji-
Kebiche, M. Matos, The effect of emulsifiers on the emulsion
stability and extraction efficiency of Cr(VI) using emulsion
liquid membranes (ELMs) formulated with a green solvent,
Membranes, 10 (2020) 76-89, doi: 10.3390/membranes10040076.
M. Matos, G. Gutiérrez, O. Iglesias, J. Coca, C. Pazos,
Enhancing encapsulation efficiency of food-grade double
emulsions containing resveratrol or vitamin B12 by membrane
emulsification, J. Food. Eng., 166 (2015) 212-220.

L. Giilseren, M. Corredig, Interactions between polyglycerol
polyricinoleate (PGPR) and pectins at the oil-water interface
and their influence on the stability of water-in-oil emulsions,
Food Hydrocolloids, 34 (2014) 154-160.

C.D. Palmer, P.R. Wittbrodt, Processes affecting the remediation
of chromium contaminated sites, Environ. Health Perspect.,
92 (1991) 25-40.

M. Chiha, M.H. Samar, O. Hamdaoui, Extraction of
chromium(VI) from sulphuric acid aqueous solutions by a
liquid surfactant membrane (LSM), Desalination, 194 (2006)
69-80.

A K. Golder, AK. Chanda, A.N. Samanta, S. Ray, Removal
of hexavalent chromium by electrochemical reduction—
precipitation: investigation of process performance and reaction
stoichiometry, Sep. Purif. Technol., 76 (2011) 345-350.

V. Eyupoglu, Alkyl chain structure-dependent separation of
Cr(VI) from acidic solutions containing various metal ions using
liquid-liquid solvent extraction by butyl-based imidazolium
bromide salts, Desal. Water Treat., 57 (2016) 17774-17789.

A. Deep, PEM. Correia, ] M.R. Carvalho, Separation and
recovery of Fe(Ill) and Cr(Ill) from a tannery filtrate using
cyanex 272, Ind. Eng. Chem. Res., 45 (2006) 3200-3206.

JJ. Liu, GR. Hu, K. Du, ZD. Peng, W.G. Wang, Y.B. Cao,
The new technique on separation of Cr and Fe as well as



330

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

K. Anarakdim et al. / Desalination and Water Treatment 211 (2021) 323-330

Ni-Co-Mn impurity in leaching sulfate solution of ferrochrome
alloy, Russ. J. Nonferrous Met., 55 (2014) 533-537.

M. Gheju, 1. Balcu, Removal of chromium from Cr(VI) polluted
wastewaters by reduction with scrap iron and subsequent
precipitation of resulted cations, J. Hazard. Mater., 196 (2011)
131-138.

P.S. Kulkarni, V.V. Mahajani, Application of liquid emulsion
membrane (LEM) process for enrichment of molybdenum from
aqueous solutions, . Membr. Sci., 201 (2002) 123-135.

S.H.R. Rouhani, R. Davarkhah, P. Zaheri, S.M.A. Mousavian,
Separation of molybdenum from spent HDS catalysts using
emulsion liquid membrane system, Chem. Eng. Process.,
153 (2020) 107958-107965, doi: 10.1016/j.cep.2020.107958.

N.N. Li, R.P. Chan, D. Naden, RW.M. Lai, Liquid membrane
processes for copper extraction, Hydrometallurgy, 9 (1983)
277-305.

F. Sellami, O. Kebiche-Senhadji, S. Marais, N. Couvratc,
K. Fatyeyeva, Polymer inclusion membranes based on CTA/
PBAT blend containing Aliquat 336 as extractant for removal of
Cr(VI): efficiency, stability and selectivity, React. Funct. Polym.,
139 (2019) 120-132.

V. Srivastava, T.K.M. Sillanpaa, Potential of cobalt ferrite nano-
particles (CoFe,0,) for remediation of hexavalent chromium
from synthetic and printing press wastewater, J. Environ.
Chem. Eng., 4 (2016) 2922-2932.

N. Robila, A. Khurshid, A. Nauman, K. Alia, Removal of
chromium(VI) from industrial effluents through supported
liquid membrane using trioctylphosphine oxide as a carrier,
J. Braz. Chem. Soc., 27 (2016) 209-220.

R.A.  Kumbasar, Extraction of chromium(VI) from
multicomponent acidic solutions by emulsion liquid
membranes using TOPO as extractant, J. Hazard. Mater.,
167 (2009) 1141-1147.

X. Bernat, A. Fortuny, F. Stiiber, C. Bengo, A. Fabregat, J. Font,
Recovery of iron(Il) from aqueous streams by ultrafiltration,
Desalination, 221 (2008) 413-418.

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

I. Zongoa, J.-P. Leclerc, H.A. Maiga, J]. Wéthé, F. Lapicque,
Removal of hexavalent chromium from industrial wastewater
by electrocoagulation: a comprehensive comparison of
aluminium and iron electrodes, Sep. Purif. Technol., 66 (2009)
159-166.

D. Zhao, A.K.S. Gupta, L. Stewart, Selective removal of Cr(VI)
oxyanions with a new anion exchanger, Ind. Eng. Chem. Res.,
37 (1998) 4383-4387.

R. Chakraborty, S. Datta, Extraction of Te(IV) by liquid
surfactant membrane, Hydrometallurgy, 43 (1996) 169-174.
M.A. Hussein, A.A. Mohammed, M.A. Atiya, Application of
emulsion and Pickering emulsion liquid membrane technique
for wastewater treatment: an overview, Environ. Sci. Pollut.
Res., 26 (2019) 36184-36204.

H.M. Elsayed, E.A. Fouad, N.M.T. El-Hazek, A K. Khoniem,
Uranium extraction enhancement form phosphoric acid
by emulsion liquid membrane, J. Radioanal. Nucl. Chem.,
298 (2013) 1763-1775.

Y. Wan, X. Zhang, Swelling determination of W/O/W emulsion
liquid membranes, J. Membr. Sci., 196 (2002) 185-201.

A VLN.S.H. Hariharan, C. Sudhakar, A. Srinivasanaidu,
Solvent extraction of iron(Ill) by tri-n-octyl phosphine oxide,
J. Chem. Pharm. Res., 3 (2011) 945-950.

R.A. Kumbasar, Selective extraction of cobalt from strong acidic
solutions containing cobalt and nickel through emulsion liquid
membrane using TIOA as carrier, J. Ind. Eng. Chem., 18 (2012)
2076-2082.

R.A. Kumbasar, Selective extraction of chromium(VI)
from multicomponent acidic solutions by emulsion liquid
membranes using tributhylphosphate as carrier, J. Hazard.
Mater., 178 (2010) 875-882.



