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ABSTRACT

This study is conducted to indicate the importance of emulsion stability in the pertraction
operation. Emulsion liquid membrane is stabilized by the addition of a rubbery polymer
and dispersed in an external phase containing phenol. Moreover, various parameters such
as temperature, intensity of mixing, internal phase concentration, phase ratio, and pH of
external phase due to their effect on emulsion stability were studied. Emulsion stability
with a specified formulation of primary emulsion without polymer was found in about
5–10min, but results showed that the addition of the polymer increased the emulsion stabil-
ity time at least for 35min. In general, the results showed that by increasing the volume
ratio of phases (Rew), internal-phase concentration, and decreasing feed pH, the extraction
efficiency increases. It was found that under optimum conditions, more than 85% of phenol
presented in a feed solution containing 100 ppm phenol was removed within only 35min in
a single-stage operation.
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1. Introduction

Some compounds that are commonly used in
many industrial processes such as pesticides, dyes,
pharmaceuticals, and plastics are phenol and its deriv-
atives. These compounds are one of the important pol-
lutants that exist in wastewater from many industrial
sources, such as coal gasification, petrochemical, wood
products, paint, paper, and agroindustries [1–8].
Treatment of this industrial wastewater seems to be
necessary because of high toxicity of phenolic com-
pounds. For removal and recovery of phenol from
aqueous solutions, various processes and techniques

are investigated. Some of these various processes and
techniques such as biological digestion, adsorption on
active carbon, liquid-phase chemical oxidation, Fenton
oxidation, electro- and photo-catalytic oxidation, cata-
lytic wet air oxidation, wet air oxidation (WAO), super
critical water oxidation (SCWO), membrane tech-
niques, and liquid–liquid extraction [9–17] can be
referred to. For this aim, one of the widely and suit-
ably used methods that seem to be more successful is
the emulsion liquid membrane (ELM) technique
[18–21] (Fig. 1).

As shown in Fig. 2, an ELM process consists of
different steps [22]:
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� Preparation of primary emulsion:

One of the important parts in this process is its for-
mulation. A successful process depends on choosing a
suitable formulation that includes the selection of
organic phase, internal phase, emulsifier, carrier, and
diluents. As the first step, the primary emulsion
should be stable at long durations.

� Dispersing of primary emulsion in the feed
phase:

In this part, many emulsion globules can be pro-
duced and solutes that are contained in the feed phase
pass through the membrane phase and react with the
internal reagent. The internal-phase reagent converts
the oil-soluble solutes into oil-insoluble solutes, which
are trapped in the internal phase. In addition, agita-
tion makes the emulsion globules smaller so that a
high number of emulsion globules can be produced
and the mass transfer area and consequently mass
transfer rate is increased.

� Settling of the emulsion and external phases
after extraction:

In this stage, it is allowed to separate the heavy
phase (usually external aqueous phase) from the light
phase (usually the organic emulsion phase) by gravita-
tional-phase separation. Actually, the primary emul-
sion takes apart from the raffinate phase.

� De-emulsification:

To recover the internal phase and the depleted sol-
ute, the emulsion globules should be broken in this
step that is called de-emulsification. After de-emulsifi-
cation, the resulting phases are separated by gravita-
tional or centrifugal forces, and the membrane phase
containing emulsifier is recycled for preparation of
primary emulsion. It is necessary to notice that fre-
quent recovery of the emulsifier causes the emulsifier
to lose its stabilization property [22–27]. Because of
unique advantages of extraction by ELM over the
other liquid membranes (bulk, supported, and film
liquid membranes) and also liquid extraction methods,
many studies have been conducted on the extraction
of different species by ELM.

Some of the benefits of pertraction by ELM could
be summarized as:

(1) High mass transfer area and high surface area
to volume ratio for the removal of the solute
from aqueous solutions.

(2) Combining both extraction and stripping steps
into one stage. Thus, individual equipment for
extraction and stripping is not required.

(3) Increasing the solute transfer rate and selectiv-
ity through the membrane by using a carrier
that can react with solute in the membrane
phase which enhances transport of solute

Emulsion globule

Membrane phase

Internal droplet

Fig. 1. A schematic representation of an emulsion globule.

Fig. 2. A scheme of an emulsion liquid membrane process [22].
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through the membrane. That is called facili-
tated transport.

(4) Amount of required solvent in this process,
particularly at low solute concentrations, is
very small.

(5) The volume of the stripping phase is much
smaller than the external phase.

Although emulsion liquid membrane processes
have some significant drawbacks:

� De-emulsification: For recovery of internal and
membrane phases and also the emulsifier after
the extraction step, the emulsion globules should
be broken. For this purpose, some methods have
been reported such as coalescence of the dis-
persed droplets into larger droplets, application
of electric fields, heat treatment of the emulsion,
applying centrifuge and high shear forces, and
dilution of the emulsion by proper solvents. The
most popular method is the using of high-volt-
age electric field. However, this requires exten-
sive electrical power.

� Stability of emulsion liquid membrane: The
breakage of the emulsion globules happens in
the extraction step. The breakage of emulsion
globules and subsequent release of the internal-
phase reagent into the external feed phase
would nullify the extraction process. Some of the
important parameters that affected the stability
of emulsion globules in this step that can be
summarized are:

� Temperature of aqueous solution (feed phase):
At high temperatures, because of the decrease in
emulsion viscosity, breakage of the emulsion is
increased.

� Agitation speed: In this case, due to applying
high shear rates, the rupture of the emulsion
globules is highly expected.

� Amount of internal phase: Increasing the amount
of internal phase thins the membrane-phase
thickness and leads to breakage of the emulsion
globules [28–36].

In order to modify stability of emulsion globules,
several methods have been reported such as increas-
ing the amount of emulsifier, increasing the viscosity
of membrane phase by Newtonian additives, using a
viscose membrane and non-Newtonian conversion.

Skelland suggested, for the first time, the conver-
sion of the membrane phase from Newtonian to a
suitable non-Newtonian liquid by the addition of a
proper polymer. In fact, adding a suitable polymer to
the membrane phase in a new way would increase the

stability of ELM without reduction in permeability of
the membrane against the solute by non-Newtonian
conversion [37]. One of the predominant benefits of
using polymer in the formulation of emulsions is the
recovery of polymer without any changes in its
property. Some attempts have been made in order to
improve the stability of the emulsion globules by the
addition of a suitable polymer. Brugger and Richtering
studied the effect of poly(N-isopropylacrylamide)-co-
methacrylic acid polymers on the stability of the
emulsion [38]. Lee and Yeo studied the role of dilute
polymer solution on the stability of the emulsion [39].
Mortaheb et al. used a new polyamine-type surfactant
for the extraction of phenol by ELM from aqueous
solutions and showed it was more efficient than Span-
80 that is the most commonly used emulsifier for ELM
systems [40,41]. Park et al. studied the emulsion liquid
membranes stabilized by non-Newtonian conversion
in a Taylor–Couette flow [31].

In this study, the stability of the primary emulsion
during the pertraction of phenol from aqueous solu-
tions is investigated. The effect of polymer concentra-
tion, the internal-phase concentration, temperature,
feed pH, treat ratio, and speed of agitation on the sta-
bility of the emulsion during the pertraction operation
is studied.

2. Experimental

2.1. Reagents and apparatus

Phenol, sodium hydroxide, sulfuric acid, potassium
ferricyanide, and chloroform were of reagent grade
and purchased from Merck Co., Germany. Kerosene
was supplied from Tehran petroleum refinery from
the Isomax unit. Table 1 shows the specification of the
Iso-kerosene from Tehran petroleum refinery. A non-
ionic, surfactant sorbitan monooleate, (Montane-80,
HLB = 4.5) was kindly received from Seppic, France,
and used as emulsifier.

Table 1
The specification of Iso-kerosene from Tehran Refinery
Isomax unit

Property Value Unit

Density @ 15˚C 0.82 kg/dm3

Distillation:
Recovered 185˚C (max) 50 Vol. %
200˚C (min) 70 Vol. %
210˚C (min) 90 Vol. %
235˚C (min) 95 Vol. %
F.B.P (max) 275 ºC

2944 K. Abbassian and A. Kargari / Desalination and Water Treatment 57 (2016) 2942–2951



Ethylene–propylene–diene terpolymer (EPDM, Mn

= 41.204 and Mw = 45.308 kg/mol), Keltan 2340A (DSM
Elastomers B.V., the Netherlands) containing 53wt.%
ethylene, 41 wt.% propylene and 6wt.% ethylidene
norbornene was used as the polymer for stabilization
of the emulsions.

The concentration of phenol in the aqueous solu-
tions was determined by a sensitive spectrophotometric
method at 460˚nm using 4-aminoantipyrine as reagent
[42]. A visible-range spectrophotometer (Cecil model
CE-1010) was used in this regard. A thermostatic water
bath equipped with a water circulation system was
used to keep the solutions at the desired temperatures.
The stirring driver was a laboratory mixer model RZR
2020 (Heidolph, Germany) with a variable speed of
40–2,000 rpm. The stirring device was a 3-blades
Teflon® pitch blade impeller (model PR-39) with 75mm
diameter. The pH of the aqueous solutions was mea-
sured with a digital pH meter (Metrohm-780 Herisau,
Switzerland) equipped with a Pt-1000 RTD for tempera-
ture correction. An ULTRA-TURRAX®T-25 digital
homogenizer (IKA, Germany) with a speed range of
3,400–24,000 rpm, equipped with a high-speed dispers-
ing element (S25N-18G) was used for the preparation of
the primary emulsions.

The pertraction vessel was a cylindrical glass con-
tainer with 160mm diameter and 185 mm height,
equipped with four round baffles made of glass with
10 mm diameter and 10 mm clearance from the
bottom.

2.2. Procedure

The primary W/O emulsions were prepared by
emulsification of kerosene as the organic phase, sur-
factant (Montane-80) as the emulsifier, and NaOH
solution as the internal phase using the homogenizer
for 30 min with a rotation speed of 9,000 rpm. A 10
wt.% solution of EPDM in kerosene was prepared and
used for modifying the emulsions. A certain amount
of the polymer solution was added to the primary
emulsion during the homogenization step.

The primary emulsion was then added to the
aqueous phase containing phenol at controlled tem-
perature and under agitation. Samples were taken at
predetermined time intervals using sanitary syringes
and the aqueous phase was quickly separated
(within less than 10 s). Then the aqueous phase was
placed in a centrifuge to accelerate the separation of
the aqueous phase from the remaining droplets of
primary emulsion, and then the external aqueous
samples were analyzed for phenol concentration
(Fig. 3).

3. Result and discussion

3.1. Effect of polymer concentration

The effect of polymer dissolved in the emulsion
liquid membrane stability has been studied and the
results are shown in Figs. 4–7. The experiments were
performed at three different amounts of EPDM (0.8,
1.5 and 3%) and various internal phase concentrations
(1,250, 2,500, 5,000 and 7,500mg/l). As can be seen,
the stability of the virgin emulsion was lost after about
10min of the extraction. At this time, the emulsion
started to break and the concentration of phenol in the
external phase was increased rapidly. Addition of
0.8% polymer based on the organic phase to the emul-
sion stabilized the emulsion over 35min from the
extraction process. The rate of phenol extraction was
greatly enhanced by the addition of EPDM. The
increased extraction rate was caused by increased
stability of emulsion and subsequent reduction in the
rate of emulsion globules breakage and leakage. In
general, with the addition of polymer, the following
results can be obtained:

(1) Increased membrane stability against shear
stress.

(2) Increased membrane permeability and trans-
port through the membrane phase.

(3) Increase in apparent viscosity of the mem-
brane at near zero-shear rates, which causes
an increase in membrane resistance and its
stability [34].

3.2. Effect of internal-phase concentration

NaOH as the internal-phase reagent converts phe-
nol to sodium phenolate and traps it in the internal
phase. Therefore, high concentration of NaOH may be
more favorable for the extraction process. However, it
should be mentioned that the difference in electrolyte
concentrations between the internal and external

Fig. 3. A scheme of the experimental setup.
Notes: (1): Speed adjuster, (2): Mixer drive, (3): Tempera-
ture controller, (4): Heating element, (5): Agitator, (6):
Cooling water coil, and (7): Water bath.
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phases increases by increasing the NaOH concentra-
tion, which increases the osmotic pressure between
these two phases. The higher the osmotic pressure,
more water is transferred from the external phase into
the internal phase. This results in swelling and emul-
sion breakage and subsequently decreasing the
removal efficiency. In addition, excessive NaOH con-
centrations may hydrolyze the emulsifier and decrease
the emulsion stability [22]. Thus, an optimum concen-
tration of NaOH should be found. Fig. 8 shows the
effect of NaOH concentration on the removal effi-
ciency of phenol by ELM. As it can be seen in this
figure, by increasing NaOH concentration from 1,250
to 7,500 mg/l, the removal efficiency is increased from
50 to more than 80% within 35 min.

3.3. Effect of temperature

Both extraction rate and emulsion stability are
affected by temperature, which is an important param-
eter. According to the previous studies, emulsions’
stability due to the temperature dependence of
liquid’s viscosity is very sensitive to extraction tem-
perature. The results of increasing the extraction tem-
perature can be expressed as follows:

(a) Mass transfer rate is enhanced because of a
decrease in the viscosity of external, mem-
brane, and internal phases.

(b) Increase in the rate of reaction between the
solute and the internal reagent.

(c) Improvement in the overall mass transfer
coefficient.

(d) Decrease in the resistance and interface ten-
sion against permeation of the solute through
the membrane.

(e) Reduction in the emulsion stability because of
an increase in emulsifier hydrolysis rate and
decrease in the emulsion phase viscosity.

However, viscosity of the emulsion phase has a
key role in the stability of the emulsion during the
extraction period [5]. Then, the temperature of the
extraction should be at an optimum value.

The effect of temperature on the extraction efficiency
is shown in Fig. 9. Four levels of 20, 30, 40, and 50˚C
were considered as the extraction temperature. Accord-
ing to the obtained results, temperature had a great
influence on the emulsion stability. The stable emulsion
was obtained at 20–30˚C. However, at 40–50˚C, after
nearly 10min the emulsion started to break. As shown
in this figure at the initial times, the extraction efficiency
for 50˚C was more than that for other temperatures and
the effect of temperature on the extraction rate for the
40–50˚C interval was greater than that for the 20–30˚C
interval. In addition, the emulsion breakage for 50˚C
was higher than that for 40˚C. Thus, it is reasonable to
choose 30˚C as the optimum temperature (with a safe
margin) for the extraction operation.

Fig. 4. Effect of polymer concentration (wt.%) on extraction
of phenol with 1,250 (mg/l) internal-phase concentration.
Notes: Roi ¼ 1; pHF ¼ 1; Rew ¼ 1:10; Cs ¼ 4%; Co ¼ 100 ðmg=lÞ;
T ¼ 30�C; 10 rpm:

Fig. 5. Effect of polymer concentration (wt.) on phenol
extraction with 2,500 (mg/l) internal-phase concentration.
Notes: Roi ¼ 1; pHF ¼ 1; Rew ¼ 1:10; Cs ¼ 4%; Co ¼ 100 ðmg=lÞ;
T ¼ 30�C; 210 rpm:
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3.4. Effect of feed phase pH

Phenol is a weak base and is dissociated in aque-
ous solutions to form ionic components as follows:

Ph-OH !k1
k2

Ph-O� þHþ (1)

The equilibrium constant at 25˚C has been reported as
[43]:

Ka ¼ k2
k1
¼ ½Ph�O��½Hþ�

½Ph-OH� ¼ 1.047� 10�10 (2)

The molecular form of phenol as pH-OH is oil soluble
where the ionic form is oil insoluble. A decrease in
pH value (increase in H+ concentration) reverses the
dissociation reaction and phenol remains in an oil-sol-
uble state, which is desirable for ELM extraction.
Fig. 10 shows the effect of pH on the extraction rate of
phenol from aqueous solutions. The result shows that
the extraction rate of phenol increases with a decrease
in pH. At low pH feeds, the emulsions remained
stable for more than 35min which is desirable for a
good pertraction operation. But, the amount of needed
acid for a feed solution having pH 0.5 is nearly three
times more than that for pH 1. However, as shown in
Fig. 10, the extraction efficiency in low pH feeds (i.e.

pH 0.5–1) becomes almost equal after nearly 35min,
and it does not seem to be considerably increasing in
extraction efficiency for the pH < 1. Thus, pH 1 was
selected as the most suitable pH for the pertraction
process.

Fig. 6. Effect of polymer concentration (wt.%) on phenol
extraction with 5,000 (mg/l) internal-phase concentration.
Notes: Roi ¼ 1; pHF ¼ 1; Rew ¼ 1:10; Cs ¼ 4%; Co ¼ 100 ðmg=lÞ;
T ¼ 30�C; 210 rpm:

Fig. 7. Effect of polymer concentration (wt.%) on phenol
extraction with 7,500 (mg/l) internal-phase concentration.
Notes: Roi ¼ 1; pHF ¼ 1; Rew ¼ 1:10; Cs ¼ 4%; Co ¼ 100 ðmg=lÞ;
T ¼ 30�C; 210 rpm:

Fig. 8. Effect of internal-phase concentration (wt.%) on
phenol extraction with Cp= 3%.
Notes: Roi ¼ 1; pHF ¼ 1; Rew ¼ 1:10; Cs ¼ 4%; Co ¼ 100 ðmg=lÞ;
T ¼ 30�C; 210 rpm:
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3.5. Effect of treat ratio

Another parameter that plays an important role in
the efficiency of extraction by emulsion liquid mem-
branes is the volume ratio of emulsion to external
phase which is known as the treat ratio or Rew. As
shown in Fig. 11, the extraction rate of phenol

increases with an increase in the Rew, which was
caused by some reasons, as follows:

(a) Increasing in the hold-up of the dispersed
phase of the emulsion globules.

(b) Increasing in the amount of internal-phase
reagent in a unit volume of the ELM system
because of an increase in the volume ratio of
emulsion to external phase.

(c) Increasing the interfacial area for mass transfer.
(d) Increasing the capacity of the internal stripping

phase for the trapping solutes [6].

An increase in the rate of phenol extraction from
almost 65 to more than 80% can be observed because
of increasing Rew from 1:15 to 1:5. It is clear that an
increase in the volume ratio of emulsion to external
phase does not have any considerable effect on emul-
sion breakage. In addition, Fig. 12 shows that after 35
min, the extraction percentage with Rew= (1:10) is
almost the same and equals Rew= (1:5). In general,
increasing Rew beyond the optimum value has some
disadvantages:

(a) A greater amount of material is needed for
preparing the primary emulsion.

(b) For suitable dispersion, more energy and high-
speed agitation is needed. High-speed agita-
tion leads to emulsion breakage.

Fig. 9. Effect of operating temperature on phenol extrac-
tion with Cp = 3 wt.%.
Notes: Roi ¼ 1; pHF ¼ 1; Rew ¼ 1:10; Cs ¼ 4%;Co ¼ 100ðmg=lÞ;
Ci ¼ 5000 ðmg=lÞ; 210 rpm:

Fig. 10. Effect of feed-phase pH on phenol extraction with
Cp = 3wt.%.
Notes: Roi ¼ 1; Rew ¼ 1:10; Cs ¼ 4%; Co ¼ 100 ðmg=lÞ; T ¼ 30�C;
Ci ¼ 5000 ðmg=lÞ; 210 rpm:

Fig. 11. Effect of volume-phase ratio on phenol extraction
with Cp= 3wt%.
Notes: Roi ¼ 1; pHF ¼ 1; Cs ¼ 4%; Co ¼ 100 ðmg=lÞ; T ¼ 30�C;
Ci ¼ 5000 ðmg=lÞ; 210 rpm:
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(c) Dispersion of phases and recovery of the
internal phase from emulsion become more
difficult, and also the internal phase does not
saturate completely.

(d) It causes cohesion between the emulsion glob-
ules and a decrease in the mass transfer area.
The above-mentioned points reveal that Rew

should be kept at an optimum value for both
economical and operational concerns.

3.6. Effect of stirring speed

Two main reasons for increasing extraction effi-
ciency by increasing the agitation speed are:

(1) The shear forces which act on the emulsion
globules increase due to an increase in agitation
speed.

(2) Increasing mass transfer area because of smaller
globules.

Fig. 13 shows the effect of the extraction efficiency.
It is stated that the extraction process with ELMs are
controlled by the external surface area of globules
rather than the internal-phase droplet surface area, so
higher extraction efficiencies could be attained by
increasing the area for mass transfer by increasing the
agitation speed. It was observed that increasing the

agitation speed over a certain limit has the following
drawbacks:

(1) Decrease in extraction efficiency due to unsta-
ble emulsion.

(2) Increasing the leakage of the internal reagent
(including the extracted phenol) because of
the rupture of emulsion globules.

(3) The osmotic swelling of the membrane will be
increased.

(4) Decrease in globules viscosity because of high
shear rates [4,44–47].

As can be seen, the experiments were done in feed
phase containing 100mg/L of phenol at speeds of 210,
260, 330, and 500 rpm. The results show that the high-
est extraction efficiency was obtained after 5min by a
speed of 500 rpm. As a result of high shear forces act-
ing on the emulsion globules for longer times, the
emulsion globules become smaller and the emulsion
breakage and leakage were increased, and conse-
quently, the extraction efficiency was decreased con-
siderably. However, at low agitation speeds, i.e. 210
rpm, the emulsion globules seem more stable than
higher agitation speeds. At lower agitation speeds, a
layer of the emulsion was formed on the surface of
the aqueous external phase which is unfavorable.
Then, 210 rpm was selected as the optimum value for
agitation speed.

Fig. 12. Effect of volume-phase ratio on phenol extraction
with Cp = 3wt.% after 35min.
Notes: Roi ¼ 1; pHF ¼ 1; Cs ¼ 4%; Co ¼ 100 ðmg=lÞ;T ¼ 30�C;
Ci ¼ 5000 ðmg=lÞ; 210 rpm:

Fig. 13. Effect of agitation speed on phenol extraction Cp =
3wt.%.
Notes: Roi ¼ 1; pHF ¼ 1; Rew ¼ 1:10; Cs ¼ 4%; Co ¼ 100 ðmg=lÞ;
T ¼ 30�C; Ci ¼ 5000 ðmg=lÞ:
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4. Conclusion

It was found through this research that emulsion
stability is the most important criterion for achieving a
successful ELM process. As suggested in previous
studies, non-Newtonian conversion is a good method
for stabilization of the emulsions applied for ELM per-
tractions. In this regard, it was showed that EPDM
which is an inexpensive and readily available rubbery
polymer is a good candidate for stabilization of the
emulsions for ELM application. The effect of addition
of EPDM to the membrane phase as a non-Newtonian
modifier was investigated. Effect of different parame-
ters on the extraction efficiency was considered during
the extraction of phenol from aqueous solutions such
as pH of the feed phase, speed of agitation, polymer
concentration, internal-phase concentration, tempera-
ture, and treat ratio. It was found that the concentra-
tion of EPDM in the membrane phase affects the
stability of the W/O/W emulsion, considerably and in
lesser amount to the speed of agitation, internal-phase
concentration, and temperature.

In the range of the studied feed pH and the treat
ratio, it was found these parameters have little effect
on the emulsion stability. The best stabilized emulsion
was obtained by the addition of 3 wt.% of the EPDM
to the membrane phase. The best phenol removal by
this stabilized emulsion from a 100 (mg/l) feed con-
centration was obtained at 3˚C with a mixer speed of
210 rpm, 5,000 (mg/l) internal-phase concentration at
pHF 1, Rew= 1:10, Roi = 1 and an emulsifier concentra-
tion of 4 vol. %. Under this condition, the phenol
extraction efficiency obtained was more than 85%
within 35min.

Acknowledgment

The authors gratefully acknowledge Mrs Anoush
Ahghar from Palace Co. (Seppic Co. agent) for supply-
ing the emulsifier.

References

[1] A. Daneshfar, T. Khezeli, Extraction of phenolic
compounds from environmental water samples using
oil-in-water emulsions, Microchim. Acta. 167 (2009)
211–216.

[2] G. Busca, S. Berardinelli, C. Resini, L. Arrighi, Tech-
nologies for the removal of phenol from fluid streams:
A short review of recent developments, J. Hazard.
Mater. 160 (2008) 265–288.

[3] K. Abbassian, A. Kargari, T. Kaghazchi, Phenol
removal from aqueous solutions by a novel industrial
solvent, Chem. Eng. Commun. 202 (in press) 408–413.

[4] T. Kaghazchi, M. Takht Rravachi, A. Heydari, A. Kar-
gari, Application of liquid membrane in separation
processes, J. Sep. Sci. Eng. 1(1) (2009) 81–89.

[5] P.F.M.M. Correia, J.M.R. de Carvalho, Recovery of
phenol from phenolic resin plant effluents by
emulsion liquid membranes, J. Membr. Sci. 225 (2003)
41–49.

[6] A. Kargari, Simultaneous extraction and stripping of
4-chlorophenol from aqueous solutions by emulsion
liquid membrane, Desalin. Water Treat. 51 (2013)
2275–2279.

[7] F. Khazaali, A. Kargari, M. Rokhsarans, Application of
low-pressure reverses osmosis for effective recovery of
bisphenol A from aqueous wastes, Desalin. Water
Treat. (in press), doi:10.1080/19443994.2013.831795.

[8] Sh. Mohammadi, A. Kargari, H. Sanaeepur, Kh. Ab-
bassian, A. Najafi, E. Mofarrah, Phenol removal from
industrial wastewaters: A short review, Desalin. Water
Treat. (in press), doi:10.1080/19443994.2014.883327.

[9] M.S.A. Palma, C. Shibata, J.L. Paiva, M. Zilli, A.
Converti, Batch liquid–liquid extraction of phenol
from aqueous solutions, Chem. Eng. Technol. 33
(2010) 39–43.

[10] X. Hao, M. Pritzker, X. Feng, Use of pervaporation for
the separation of phenol from dilute aqueous solu-
tions, J. Membr. Sci. 335 (2009) 96–102.

[11] N.N. Rao, J.R. Singh, R. Misra, T. Nandy, Liquid–
liquid extraction of phenol from simulated sebacic
acid wastewater, J. Sci. Ind. Res. India 68 (2009)
823–828.

[12] W. Kujawski, A. Warszawski, W. Ratajczak, T.
Porębski, W. Capała, I. Ostrowska, Removal of phenol
from wastewater by different separation techniques,
Desalination 163 (2004) 287–296.

[13] H. Jiang, Y. Fang, Y. Fu, Q.X. Guo, Studies on the
extraction of phenol in wastewater, J. Hazard. Mater.
101 (2003) 179–190.

[14] H. Jiang, Y. Tang, Q.X. Guo, Separation and recycle of
phenol from wastewater by liquid–liquid extraction,
Sep. Sci. Technol. 38 (2003) 2579–2596.

[15] D.C. Greminger, G.P. Burns, S. Lynn, D.N. Hanson,
C.J. King, Solvent extraction of phenols from water,
Ind. Eng. Chem. Process Des. Dev. 21 (1982) 51–54.

Nomenclatures

Ci — internal-phase concentration (mg/l)
Co — initial phenol concentration (mg/l)
Cp — polymer concentration in the membrane

phase (wt.%)
Cs — emulsifier concentration (vol.%)
Ct — phenol concentration at time t (mg/l)
EPDM — poly ethylene-propylene diene monomer
PhOH — phenol
Roi — volume ratio of emulsion phase to internal

phase

Rew — volume ratio of emulsion phase to external
phase

T — temperature (˚C)

2950 K. Abbassian and A. Kargari / Desalination and Water Treatment 57 (2016) 2942–2951

http://dx.doi.org/10.1080/19443994.2013.831795
http://dx.doi.org/10.1080/19443994.2014.883327


[16] A. Kargari, S. Mohammadi, Evaluation of phenol
removal from aqueous solutions by UV, RO, and UV/
RO hybrid systems, Desalin. Water Treat. (in press),
doi:10.1080/19443994.2014.891077.

[17] A. Kargari, F. Khazaali, Effect of operating parameters
on 2-chlorophenol removal from wastewaters by a
low-pressure reverse osmosis system, Desalin. Water
Treat. (in press), doi:10.1080/19443994.2014.913993.

[18] A. Kargari, T. Kaghazchi, M. Soleimani, Role of emul-
sifier in the extraction of gold(III) ions from aqueous
solutions using the emulsion liquid membrane tech-
nique, Desalination 162 (2004) 237–247.

[19] M.T.A. Reis, O.M.F. Freitas, S. Agarwal, L.M. Ferreira,
M. Ismael, Removal of phenols from aqueous solu-
tions by emulsion liquid membranes, J. Hazard.
Mater. 192 (2011) 986–994.

[20] Y.S. Ng, N.S. Jayakumar, M.A. Hashim, Performance
evaluation of organic emulsion liquid membrane on
phenol removal, J. Hazard. Mater. 184 (2010) 255–260.

[21] W.S.W. Ho, K.K. Sirkar, Membrane Handbook,
Chapman & Hall Inc., New York, NY, 1992.

[22] V.S. Kislik (Ed.), Liquid Membranes Principles and
Application in Chemical Separation and Wastewater
Treatment, Elsevier Science B.V., Amsterdam, 2010.

[23] P.F.M.M. Correia, J.M.R. Carvalho, Recovery of 2-chlo-
rophenol from aqueous solutions by emulsion liquid
membranes: Batch experimental studies and model-
ling, J. Membr. Sci. 179 (2000) 175–183.

[24] P.S. Kulkarni, S. Mukhopadhyay, M.P. Bellary, S.K.
Ghosh, Studies on membrane stability and recovery of
uranium(VI) from aqueous solutions using a liquid
emulsion membrane process, Hydrometallurgy 64
(2002) 49–58.

[25] O. Bechiri, F. Ismail, M. Abbessi, Stability of the emul-
sion (W/O): Application to the extraction of a Dawson
type heteropolyanion complex in aqueous solution, J.
Hazard. Mater. 152 (2008) 895–902.

[26] Y. Wan, X. Zhang, Swelling determination of W/O/W
emulsion liquid membranes, J. Membrane Sci. 196
(2002) 185–201.

[27] M.Takht Ravanchi, A. Kargari, New advances in
membrane technology, in: K. Jayanthakumaran (Ed.),
Advanced technologies, InTech, Rijeka, 2009, pp. 369–
394 (Chapter 21).
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