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The  present  study  deals  with  the  extraction  of  phenols  from  aqueous  solutions  by  using  the
emulsion  liquid  membranes  technique.  Besides  phenol,  two  derivatives  of  phenol,  i.e.,  tyrosol  (2-(4-
hydroxyphenyl)ethanol)  and  p-coumaric  acid  (4-hydroxycinnamic  acid),  which  are  typical  components
of the  effluents  produced  in  olive  oil  plants,  were  selected  as  the  target  solutes.  The  effect  of  the  compo-
sition  of  the  organic  phase  on  the  removal  of solutes  was  examined.  The  influence  of pH  of  feed  phase  on
the extraction  of  tyrosol  and  p-coumaric  was  tested  for the  membrane  with  Cyanex  923  as  an  extractant.
The  use  of  2%  Cyanex  923  allowed  obtaining  a very  high  extraction  of  phenols  (97–99%)  in  5–6  min  of
mulsion liquid membranes
yrosol
-Coumaric acid
henols mixture

contact  time  for either  single  solute  solutions  or  for their  mixtures.  The  removal  efficiency  of  phenol  and
p-coumaric  acid  attained  equivalent  values  by  using  the  system  with  2% isodecanol,  but  the  removal  rate
of tyrosol  was  found  greatly  reduced.  The  extraction  of  tyrosol  and  p-coumaric  acid  from  their  binary
mixture  was  also  analysed  for  different  operating  conditions  like  the  volume  ratio  of  feed  phase  to  strip-
ping phase  (sodium  hydroxide),  the  temperature  and  the  initial  concentration  of  solute  in  the  feed  phase.
. Introduction

Phenol and its derivatives are often present in wastewaters from
any industrial sources, such as coal gasification, petrochemical,
ood products, paint, paper and agro-industries [1].  Phenols are

ery difficult to degrade biologically because they are toxic for
icroorganisms. Therefore, the discharge of any phenolic effluent

nto aquatic or land environment must be prohibited. For instance,
live mill wastewater (OMW), generated by the oil extraction
ndustry, represents a severe environmental problem to Mediter-
anean countries due to its highly polluting organic load arising
rom phenols content. However, OMW  is also regarded as a potent
ource of natural antioxidants, like tyrosol, hydroxityrosol and phe-
olic acids, the recovery of such compounds being a benefit [2].

The chemical composition of OMW  is not constant, depending
n the kind of the olive, its level of maturation and especially the
xtraction process of the olive oil. OMW  contains water, 83–96%,
rganics, 3.5–15%, and minerals, 0.5–2% [3].  The organic material
n OMW  includes lipids, sugars, organic acids, amino acids and

henolic compounds (acids, alcohols and tannins). Phenolic acids
re mainly syringic acid, p-hydroxyphenylacetic acid, vanillic acid,
eratric acid, caffeic acid, protocathechuic acid, p-coumaric acid

∗ Corresponding author. Tel.: +351 218417311; fax: +351 218 499242.
E-mail address: jcarv@ist.utl.pt (J.M.R. Carvalho).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.05.092
© 2011 Elsevier B.V. All rights reserved.

and cinnamic acid. Phenolic alcohols include tyrosol and hydrox-
ityrosol. The concentration of these phenols in the OMW  usually
exceeds 10 g/L whereas the content of tannins is in the range of
8–16 g/L and lipids can reach 50 g/L [4].

The aim of the present work was  to study the removal of
phenols, i.e., phenol (as the reference compound), tyrosol (2-(4-
hydroxyphenyl)ethanol) and p-coumaric acid (4-hydroxycinnamic
acid), from aqueous solutions by using emulsion liquid membranes.
These phenol derivatives were selected because they are typical
components of the OMW  and also can be beneficial to health due to
their antioxidant properties [5]. Furthermore, these phenolic com-
pounds were found chemically stable under basic medium, which
allows the use of sodium hydroxide as the stripping reagent for
their recovery [6].

The effluents containing phenols can be treated using
physical–chemical processes [7–10], biological processes [11–13]
or by electrochemical oxidation [14,15]. However, when the phe-
nol content in the effluent is above 50 mg/L, solvent extraction is
the most economic non-destructive process [16]. For instance, sol-
vent extraction has been applied with good results for recovering
phenol from industrial effluents [17–19].  Also, the emulsion liquid
membrane (ELM) technique has been tested as an alternative to

the conventional solvent extraction due to its specific advantages.
In this technique, the extraction and the stripping steps occur in
a single contactor and the carrier that is an expensive reagent can
be used in small quantities. Besides, the interfacial area of mass

dx.doi.org/10.1016/j.jhazmat.2011.05.092
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jcarv@ist.utl.pt
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Nomenclature

A surface area of emulsion globules (m2)
c concentration of solute (mg/L)
Nextr. extraction rate per unit area of interface (g/(m2 s))
V volume of phase (L)

Subscripts
I denotes internal stripping phase (phase I)
II denotes organic membrane phase (phase II)
III denotes external feed phase (phase III)
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ransfer is very high and the kinetics of stripping is particularly
avoured because of the small size of the internal droplets of receiv-
ng phase.

ELM is a liquid membrane based process initially proposed by
orman Li [20], where a primary emulsion is dispersed in the feed
hase to be treated. In the actual case, it is necessary to prepare a
ater-in-oil emulsion. Thus, the emulsion consists of an aqueous

eceiving phase (i.e., sodium hydroxide solution), which is encap-
ulated in the organic phase (membrane phase). The membrane
hase consists of a diluent and a surfactant to stabilize the emulsion,
esides other possible additives such as a carrier reagent (extrac-
ant) and a modifier. After permeation, the emulsion is separated
rom the raffinate and is broken up for separating the enriched
nternal phase (i.e., with phenolates) from the membrane phase,

hich can be reused for successive extractions.
In the literature, there are several studies on the extraction of

henolic compounds from aqueous phases by using ELM [21–31].
ll these works revealed that such process is very efficient, but they
imply deal with single solute solutions. Regarding the permeation
f phenol and its derivatives using mixtures of compounds, the
nformation is already scarce. Luan and Plasier [32] applied the ELM
echnique to remove nitro, dinitro and trinitrophenols from a real
astewater. They showed that under the suitable operating condi-

ions (concentration of surfactant in the membrane, concentration
f NaOH in the internal phase, pH and phase ratios) it was possible
o reduce the concentration of nitrophenols from 1005 mg/L to less
han 1 mg/L and from 6700 mg/L to 2.2 mg/L. Park et al. [33] studied
he permeation of phenols by ELM using a Taylor vortex column
nstead of a conventional mixing reactor to minimize the rup-
ure phenomena [34]. The process was found to be highly efficient
over 96%) for either single solute or their mixtures (chlorophenols,
itrophenols), nevertheless the tests with the mixtures showed a
light retardation in the mass transfer rate due to the competition
etween the solutes.

In this study the performance of the ELM process was  also evalu-
ted for the mixtures of target compounds under various operating
onditions. The success of this process will allow the recovery of
aluable antioxidants from a relatively cheap raw-material, i.e. the
MW,  and the research will provide important data for the treat-
ent of phenolic wastewaters.

. Experimental

The emulsion was prepared by mixing the internal aqueous
olution with the organic membrane phase using a rotor-stator type
igh-speed disperser (IKA Ultra Turrax T50) at 7000 rpm during
00 s. A 0.2 M NaOH solution was used as internal stripping phase
n most experiments. A predetermined volume ratio of 1.5:1 was
aintained for the organic phase to the internal stripping phase.

he organic phase included a isoparaffinic hydrocarbon solvent
ith an aromatic content lower than 0.1% (ShellSol T, Shell Chemi-
 Materials 192 (2011) 986– 994 987

cal Ltd.) and 2 wt.% of a non-ionic surfactant (polyamine ECA 4360J,
Essochem Europe Inc.). In some experiments, 2 wt.% of a modifier
(isodecanol, Riedel-de-Haën) and/or 2 wt.% of an extractant were
added to the organic phase. The extractants tested were the ter-
tiary amines, Hostarex A327 (Clariant Chemical Co.) and Alamine
336 (Cognis), the quaternary ammonium salt Aliquat 336 (Cognis)
and Cyanex 923 (Cytec), which is a mixture of four trialkylphos-
phine oxides. The diluent, surfactant and extractant reagents were
used as supplied.

The emulsion was  dispersed in 800 mL  of the external aqueous
phase, which contained the phenols to be extracted. The solutes
used were of high purity analytical grade (Merck). In some experi-
ments, the pH of the external phase was adjusted by adding H2SO4
or NaOH. The three-phase dispersion was  stirred for 360–1200s
with a stainless steel paddle (45 mm × 45 mm × 1 mm)  in a baf-
fled glass reactor with 84 mm internal diameter and 1 L capacity,
immersed in a water bath with temperature control. The stirring
speed was kept at 300 rpm, which was  previously optimized to
achieve complete dispersion and minimize the breakage of the
emulsion.

During permeation, samples were periodically taken for analy-
sis. Also, several photographs were taken for measuring the Sauter
mean diameter of the emulsion globules under the operating con-
ditions tested. A Nikon F90X camera attached to a Nikon PB-6 and
to a micro Nikkor 60 mm f/2.8D lens was  used for this purpose. A
Nikon SB-26 flash was used as light source. The size of the emulsion
globules was  obtained by using the KS100 image analysis software
(Kontron Elektronik GmbH) after the digitalization of the negatives
(Epson FilmScan200).

After permeation, the phases were settled and the emulsion
was  broken in a coaxial electrocoalescer. Demulsification was
performed by applying a 2 kV and 3–6 kHz electric field. The con-
centration of each phenolic compound in both the aqueous phases
was  measured in a Dionex HPLC system including a Chromeleon
software and equipped with a GINA50 Autosampler, a P580 PUMP,
a UVD340S UV–visible diode array detector and a LiChrospher
100RP18 (5 �m)  column. The HPLC analyses were performed using
an aqueous solution with 1% (v/v) o-phosphoric acid and 40% (v/v)
acetonitrile as the mobile phase, with a flow rate of 0.7 mL/min.
The column employed (RP18 Reverse Phase) was maintained at
25 ◦C. The usual channels 254, 280, 320 and 360 nm were tested. All
the reagents used in the analysis had a high purity. In the case of
simple solutions, containing a single phenolic compound, a double-
beam visible-UV spectrophotometer Hitachi U2000 was used to
measure the concentration in the aqueous phases. The analyses of
phenol, tyrosol and p-coumaric acid were performed at 270, 275
and 308 nm,  respectively, under acidic medium.

Distribution data were obtained by contacting the external
aqueous phase with the organic phase (with 0–2 wt.% of surfac-
tant) for at least 16 h. The agitation of the phases was  kept at a low
level (i.e., 70–90 rpm) and was performed by an orbital shaker with
temperature control.

3. Results and discussion

3.1. Effect of membrane composition

The extraction of phenol from aqueous effluents was found
to be easily accomplished using emulsion systems with mem-
branes containing only an aliphatic diluent and an emulsifying
agent [25,31,35].  Therefore, the same approach was tried to check

the removal of tyrosol and p-coumaric acid from aqueous solution.
The results obtained are presented in Fig. 1. As can be observed,
these compounds showed a different behaviour from the one exhib-
ited by phenol. In contrast to phenol, the extraction of tyrosol and
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Fig. 2. Effect of additives (2 wt.%) in the organic phase on the percentage removal
of tyrosol and p-coumaric acid. Feed phase: 200 mg/L of solute, natural pH (tyrosol:

T
E

A

ol:  6.1, tyrosol: 6.5, p-coumaric acid: 3.7); organic phase: ShellSol T, 2 wt.% ECA
360J; internal phase: 0.2 M NaOH; VIII/VI = 10; 25 ◦C.

-coumaric acid with ShellSol T was very slow. The removal of phe-
ol from a feed solution with 200 mg/L solute achieved 99% after
00 s and was 97% after 180 s. On the other hand, the removal of
yrosol and p-coumaric acid merely attained 68 and 76%, respec-
ively, after 1200s of permeation. These results might be related to
he hydrophobicity of these substituted phenols, which should be
ower than that of phenol. In fact, the measurement of the partition
oefficients for the system octanol/water indicated the following
alues for the extraction of phenol, tyrosol and p-coumaric acid:
0, 4.2, and 20, respectively. These data support the low extrac-
ion rate of tyrosol but the relatively high partition coefficient of
-coumaric acid does not corroborate the results depicted in Fig. 1.
egarding the recovery obtained, which was calculated from the
oncentration ratio cI,final/cIII,0 multiplied by the volume ratio VI/VIII,
t indicates that some accumulation of solute occurred in the mem-
rane. In particular, the recovery of p-coumaric acid was quite

esser than the corresponding removal, which can be ascribed to
n additional resistance due to stripping.

The results obtained with the simple organic phase, constituted
y the diluent and the surfactant, led us to the introduction of
dditional reagents with the purpose of improving the extraction
inetics of phenols, like tyrosol and p-coumaric acid. The effect
f the presence of the modifier isodecanol and/or a reagent as an

xtractant in the organic phase on the removal of phenols is pre-
ented in Fig. 2. The partition data were also obtained to examine
he affinity of the target compounds for the different organic phases
ested. The results are listed in Table 1.

able 1
ffect of additives (2 wt.%) in the organic phase on the distribution ratio of tyrosol and p-

Additives Tyrosol Tyros
Without ECA 4360J With 

– <0.005b 0.01
Isodecanol 0.007 0.01
Alamine 336 + isodecanol <0.005 0.00
Aliquat 336 + isodecanol 0.20 0.26
Cyanex 923 + isodecanol 0.10 0.12
Cyanex 923 0.45 0.43
Hostarex A327 + isodecanol <0.005 <0.00

queous phase: 200 mg/L of solute, natural pH; A/O = 1:1; 25 ◦C.
a From [26].
b From [27].
6.5,  p-coumaric acid: 3.7); internal phase: 0.2 M NaOH; VIII/VI = 10; 25 ◦C. Permeation
time: 360 s.

As shown in Fig. 2, the addition of isodecanol and/or an
extractant in the membrane increased significantly the percent-
age removal of phenols, particularly in the case of the p-coumaric
acid. In fact, the simple introduction of isodecanol in the membrane
allowed achieving a very high removal of this substituted phe-
nol, which was  equivalent to the one attained with the extractant
Cyanex 923 (i.e., 99%). It should be also emphasized that a decrease
of 30–40% in the size of the emulsion globules was noticed for the
extraction of phenols, when the alcohol was added to the mem-
brane with diluent and surfactant, which increased the interfacial
area of mass transfer.

Regarding the partition data, the system with Cyanex 923 was
the most favourable for the extraction of p-coumaric acid and
tyrosol, which supports the high removal of these compounds. It
should be emphasized that the distribution ratio of p-coumaric acid
with the diluent and the surfactant is also relatively large. As stated
in a previous study [26], the acidic character of this substituted
phenol seems to be recognized by the surfactant ECA 4360J, which
may  act as an extractant. Therefore, the slow kinetics of p-coumaric
acid extraction displayed in Fig. 1 was not expected. The addition of
isodecanol to the membrane did not influence the equilibrium but
was  found to enhance the kinetics of extraction with the polyamine.
Other authors also pointed out the similar effect of isodecanol on
the extraction kinetics of citric acid with trioctylamine [36].

Besides the magnitude of mass transfer and kinetics, there are
other factors to be considered for selecting the most adequate
membrane phase of the ELM system, namely the demulsification
time and the occurrence of non-ideal phenomena, such as water
transport and break-up, which must be minimized. The system

with Cyanex 923 was found the most attractive while taking into
account all these aspects. It is noteworthy to mention that some
breakage of the emulsion was  observed, but it was kept below 5%.

coumaric acid.

ol p-Coumaric acid p-Coumaric acid
ECA 4360J Without ECA 4360J With ECA 4360J

0 0.022a 10a

0b 0.056a 10a

5 0.40 3.7
 6.7 23
 6.4 18
 70 22
5 0.20 3.6
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5 ◦C.

hus, the two  organic systems were chosen to pursue the present
tudy, i.e., the membrane with Cyanex 923 and the membrane with
sodecanol because of its simplicity.

Fig. 3 shows the depletion of tyrosol, p-coumaric acid and phenol
long with the permeation time for the selected organic systems.
ike phenol, the extraction rate of p-coumaric acid was  very high
n the earliest stage of permeation for both systems. The maximum
fficiency of p-coumaric acid removal (i.e., ∼99%) was  achieved
t 300–360 s with isodecanol and with Cyanex 923. The removal
f phenol also reached 99% after 360 s with isodecanol, whereas
0–120 s of contact time allowed attaining a similar extraction
sing Cyanex 923. Regarding tyrosol, which is very less hydropho-
ic, its removal was 97% at 360 s for the system with Cyanex 923 and
o significant improvement was noticed with the increase in the
ermeation time. On the other hand, the removal of this phenolic
lcohol with isodecanol reached 96% only at the end of 1200s.

.2. Effect of pH of feed phase
The compounds tyrosol and p-coumaric acid differ essentially
n their acidity. Tyrosol is an alcohol and its acidity is similar to
hat of phenol (pKa ≈ 10); p-coumaric acid is much more acidic
acid (b). Feed phase: 200 mg/L of solute (tyrosol: natural pH 6.5; p-coumaric acid:
natural pH 3.7); organic phase: 2 wt.% Cyanex 923, 2 wt.% ECA 4360J; internal phase:
0.2  M NaOH; VIII/VI = 10; 25 ◦C.

(pKa1 ≈ 4.5). Therefore, the effect of pH of the feed phase on the
extraction of these phenols using single solute solutions was exam-
ined. The results obtained are illustrated in Fig. 4. Fig. 5 displays the
distribution ratio for both phenols against the equilibrium pH. As
can be observed, the pertraction of tyrosol and p-coumaric acid
with Cyanex 923 was  affected by the pH of the external aqueous
phase, the effect being particularly pronounced for the acidic phe-
nol. In terms of equilibrium, the extraction of tyrosol with Cyanex
923 is strongly decreased for pH above 8 (see Fig. 5) reflecting the
growing dissociation of this compound. Similar behaviour is exhib-
ited by phenol [28]. So, the worst results achieved at pH 9.3 are
easily explained. On the other hand, the decrease in pH from nat-
ural pH 6.5 to pH 1.5 was  found to increase the extraction rate of
tyrosol with Cyanex 923. Also, the extraction rate of p-coumaric
acid increased for natural pH 3.7 to pH 1.5. Above natural pH, the

extraction rate was significantly reduced due to the rise in the
concentration of the anionic species, with a lesser affinity for the
extractant.
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Table 2
Effect of pH of the feed phase on the Sauter mean diameter of globules (see operating
conditions of ELM experiments in Fig. 4); (tyrosol: natural pH 6.5; p-coumaric acid:
natural pH 3.7).

Compound Sauter mean diameter, d32 × 104 m

pH 1.5 pH 3.7 pH 4.5 pH 5.7 pH 6.5 pH 9.3

F
o

ig. 5. Effect of the equilibrium pH on the distribution ratio D of tyrosol and p-
oumaric acid. Aqueous phase: 200 mg/L solute; organic phase: 2 wt.% Cyanex 923
0.04 M); A/O = 1:1; 25 ◦C.

The enhancement in the extraction kinetics at pH 1.5 should

e related to the increase in the interfacial area of mass trans-
er. Table 2 presents the values of the Sauter mean diameter of
he emulsion globules for the experiments conducted at different
Hs. It was found that the globules diameter was reduced to about
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rganic  phase: 2 wt.% isodecanol, 2 wt.% ECA 4360J; internal phase: 0.2 M NaOH; VIII/VI = 1
Tyrosol 2.33 – – – 4.36 3.86
p-Coumaric acid 2.36 4.90 4.80 4.50 – –

the half when the pH of the natural solution (deionized water plus
solute) was  adjusted to 1.5 by adding H2SO4. The adjustment of pH
with NaOH also caused a decrease in the size of globules, although
quite small. In the particular case of low pH, the small size of glob-
ules should be caused by a possible interaction between sulphuric
acid and the surfactant polyamine, which led to the decrease in the
interfacial tension. A similar effect was noticed using the system
isodecanol/ECA 4360J/ShellSol T for the extraction of tyrosol at pH
lower than the natural pH [27]. On the other hand, the decrease in
the size of the globules at pH 1.5 favoured the occurrence of non-
ideal phenomena, leading to the dilution of the internal phase with
the consequent loss of solute recovery.
3.3. Single solute solutions vs mixtures of phenols

The performance of the liquid membrane process was evaluated
using single solute solutions with phenol, tyrosol and p-coumaric
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rganic  phase: 2 wt.% Cyanex 923, 2 wt.% ECA 4360J; internal phase: 0.2 M NaOH; V

cid and also using mixtures of the target compounds. Fig. 6 displays
he comparison of the removal rates of these phenols when present
ndividually in solution and when present in mixtures (binary and
ernary) for the selected organic system with isodecanol. The equiv-
lent results obtained with the extractant Cyanex 923 are presented
n Fig. 7.

As shown, the depletion of the concentration for each solute in
ixture followed the trend very similar to that obtained with the

ingle solute solution. The main difference was  the concentration
f the first sample (i.e., 1 min), which was generally higher when
he phenols were processed as a mixture. To discern this effect, the
nitial extraction rate was calculated from the experimental data

nd divided by the specific interfacial area (surface area of glob-
les/feed phase volume). The values of the Sauter mean diameter
f globules are listed in Table 3. The initial extraction rate per unit
rea of interface, Nextr.,0, is given in Table 4.

able 3
auter mean diameter of the emulsion globules: single solute solutions and mixtures of p

System Sauter mean diameter, d32 × 104 m

Tyrosol p-Coumaric Phenol Tyrosol + p-coumaric 

Isodecanol 6.90 4.32 5.20 4.44 

Cyanex 923 4.36 4.90 4.80 4.30 

eed phase: 200 mg/L of each solute, natural pH; VIII/VI = 10; 25 ◦C; isodecanol system: A/
y mixtures; (d) ternary mixture. Feed phase: 200 mg/L of each solute, natural pH;
 10; 25 ◦C.

Regarding the system with isodecanol, the extraction of the
less hydrophobic solute, tyrosol, was  found to be retarded in the
presence of the other phenols, which had higher affinity to the
membrane phase. In fact, the initial flux of tyrosol entering in the
membrane in the case of mixtures was  about 70% of the one esti-
mated for single solution. On the other hand, the values of Nextr.,0
for phenol and p-coumaric acid are quite similar, when mixtures
are compared with single solute. Park et al. [33] also noticed the
reduction of the initial extraction rate due to competitive effect of
solutes on the mass transfer.

The use of the extractant Cyanex 923 against isodecanol made
the initial extraction rate per unit area of interface higher for tyrosol

and p-coumaric acid, whereas phenol was  not significantly affected.
It is worth mentioning that Cyanex 923 reacts with the target
solutes facilitating the transport, but also interacts with the sur-
factant polyamine. On the other hand, this additive also acts as a

henols.

Tyrosol + phenol p-Coumaric + phenol Tyrosol + p-coumaric + phenol

5.90 4.65 4.60
4.32 4.90 4.81

VIII = (2.2–3.4) × 103 m2/m3; Cyanex 923 system: A/VIII = (3.1–3.5) × 103 m2/m3.
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Table 4
Initial extraction rate per unit area of interface (operating conditions: see Figs. 6 and 7; data of Sauter mean diameter: see Table 3).

System Initial extraction rate/unit area of interface, Nextr.,0 × 104 g/(m2 s)

Single Tyrosol + p-coumaric Tyrosol + phenol p-Coumaric + phenol Tyrosol + p-coumaric + phenol

Tyrosol p-Coumaric Phenol Tyrosol p-Coumaric Tyrosol Phenol p-Coumaric Phenol Tyrosol p-Coumaric Phenol
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was noticed when single solute solutions were processed. In the
latter case, the flux entering in the membrane was 2.2 × 10−4 and
6.7 × 10−4 g/(m2 s) for tyrosol and p-coumaric acid, respectively,
at 17 ◦C, and augmented to 4.7 × 10−4 and 8.4 × 10−4 g/(m2 s),
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V III/V I:
Isodecanol 3.7 7.8 11 2.5 7.2 

Cyanex 923 8.7 11 11 8.2 9.4 

arrier of p-coumaric acid, which can support the high fluxes found
or this solute.

The results showed that Cyanex 923 was a potential extrac-
ant for the removal of the target phenols from their mixtures. The
emoval of tyrosol was about 97% after 300–360 s of permeation,
hile the removal of p-coumaric acid and phenol achieved 99%.
lso, p-coumaric acid and phenol were efficiently removed from
ixtures (i.e., 98–99%) using the system with isodecanol. In the

ase of tyrosol, its removal was in the range of 68–77% after 360 s,
ut it might be higher with increasing permeation time.

The simple system with isodecanol was further exploited in
xamining several factors that can influence the performance of
LM. Therefore, several experiments were conducted to study the
ffects of the volume ratio of feed phase to stripping phase, the
emperature and the initial concentration of solute on the removal
f tyrosol and p-coumaric acid from binary mixture. The concen-
ration of the stripping reagent was also tested in the range of
.2–0.5 M,  but was decided to be kept at 0.2 M to minimize the
ccurrence of non-ideal phenomena. The results are presented in
he following sections.

.4. Effect of the volume ratio of feed phase to stripping phase

The volume ratio of feed phase to stripping phase plays an
mportant role in the treatment of effluents. As shown in Fig. 8,
he extraction rate of tyrosol and p-coumaric acid decreased with
he increase in the ratio VIII/VI, which was caused by the reduction
n the hold-up of the dispersed phase, i.e. the emulsion globules.
his reduction decreases the interfacial area of mass transfer and
ecreases the capacity of the internal stripping phase for trapping
olutes simultaneously. In fact, increasing the ratio VIII/VI from 10
o 40, decreased the Sauter mean diameter from 0.44 to 0.32 mm
ut the interfacial area per unit volume of feed phase decreased
rom 3.4 × 103 to 1.2 × 103 m2/m3.

The initial extraction rates per unit area of interface were
lso estimated from the experimental data displayed in Fig. 8. It
as found nearly constant (i.e., 1.7–2.5 × 10−4 g/(m2 s)) for tyrosol
nder the conditions tested. In the case of p-coumaric acid, it var-

ed from 7.2 × 10−4 g/(m2 s) at VIII/VI = 10 to 1.1 × 10−3 g/(m2 s) at
III/VI = 40. The initial fluxes entering in the membrane were also
etermined using single solute solutions for comparison. The val-
es were found to be in the range of 3.5–3.7 × 10−4 g/(m2 s) for
yrosol and 7.8–9.7 × 10−4 g/(m2 s) for p-coumaric acid. Thus, the
epletion of solutes in mixture and single solution followed a simi-

ar trend against the treatment ratio VIII/VI, but tyrosol was  retarded
n the presence of the other phenol, which corroborates the findings
f the preceding section.

.5. Effect of temperature

Fig. 9 depicts the effect of temperature on the removal of tyrosol
nd p-coumaric acid from binary mixture. As observed, increasing

emperature in the range of 17–35 ◦C increased the extraction rate
f each solute. The flux entering in the membrane was found to rise
rom 1.5 × 10−4 to 2.8 × 10−4 g/(m2 s) for tyrosol, whereas it varied
rom 6.3 × 10−4 to 8.3 × 10−4 g/(m2 s) for p-coumaric acid over the
12 7.8 9.5 2.8 8.1 9.4
9.4 11 10 9.2 10 10

range of temperatures tested. It is worth noting that a similar trend
Fig. 8. Effect of the volume ratio of feed phase to stripping phase on the extrac-
tion of tyrosol and p-coumaric acid from binary mixture; (a) tyrosol, (b) p-coumaric
acid. Feed phase: 200 mg/L of each solute, natural pH 3.7; organic phase: 2 wt.%
isodecanol, 2 wt.% ECA 4360J; internal phase: 0.2 M NaOH; 25 ◦C.
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Fig. 10. Effect of the initial concentration of solute in the feed phase on the extrac-
inary mixture; (a) tyrosol, (b) p-coumaric acid. Feed phase: 200 mg/L of each solute,
atural pH; organic phase: 2 wt.% isodecanol, 2 wt.% ECA 4360J; internal phase: 0.2 M
aOH; VIII/VI = 10.

espectively, when the temperature was 35 ◦C. Since the effect of
emperature on the equilibrium was found to be negligible for these
onditions and taking into account the results of modelling per-
ormed in previous studies [26,27] the increase in the extraction
ate was attributed to the kinetics of stripping that was  faster with
ncreasing temperature. Also, the diffusivity of solute through the

embrane increased with temperature.

.6. Effect of solute concentration in the feed phase

The effect of the initial concentration of solute in the feed
hase on the extraction of tyrosol and p-coumaric acid is illus-
rated in Fig. 10.  It is observed that the extraction rate of tyrosol
id not change significantly in the range of 100–300 mg/L solute,

he degree of removal being decreased when the initial concen-
ration increased. The initial extraction rate per unit interfacial
rea was evaluated to be 1.9–2.6 × 10−4 g/(m2 s) for tyrosol. On the
ther hand, the kinetics of extraction was found more dependent on
tion of tyrosol and p-coumaric acid from binary mixture; (a) tyrosol, (b) p-coumaric
acid. Feed phase: 100, 200 and 300 mg/L of each solute, natural pH; organic phase:
2  wt.% isodecanol, 2 wt.% ECA 4360J; internal phase: 0.2 M NaOH; VIII/VI = 10; 25 ◦C.

the initial concentration of p-coumaric acid. The degree of solute
removal from 100 to 200 mg/L solution was approximately con-
stant in the earliest stage of permeation and was lowered when
the initial concentration augmented to 300 mg/L. Regarding the ini-
tial extraction rate per unit interfacial area, it was  determined to
be 3.7 × 10−4, 7.8 × 10−4 and 9.8 × 10−4 g/(m2 s) for 100, 200 and
300 mg/L solute, respectively. When the concentration of solute
increases, the length of the diffusional path through the emul-
sion globule increases, since the internal droplets in the peripheral
region are saturated more rapidly. So, more strippant reagent is
necessary to provide a larger capacity of the emulsion for extrac-
tion.

In addition, the effect of solute concentration in the feed
phase was examined for the single component system. The ini-

tial extraction rate per unit interfacial area was found to be
2.0–4.8 × 10−4 g/(m2 s) for 100–300 mg/L tyrosol, whereas it was
4.0–12 × 10−4 g/(m2 s) for 100–300 mg/L p-coumaric acid. The
results obtained corroborate the former statement related to the
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. Conclusions

The results obtained are quite promising for the application
f the emulsion liquid membranes in the treatment of aqueous
olutions containing phenol and its derivatives like tyrosol and
-coumaric acid. The process was found to be highly efficient for
ither single solute solutions or their mixtures. The use of 2% Cyanex
23 in the membrane allowed attaining 97–99% removal of phenols
200 mg/L of each solute) after 5–6 min  of permeation. A similar
erformance regarding the removal of phenol and p-coumaric acid
as obtained using a membrane with 2% isodecanol, while the

emoval of tyrosol was more difficult. The initial extraction rates
er unit interfacial area were evaluated for both membrane sys-
ems and revealed that tyrosol was retarded in the presence of the
ther phenols when the membrane with isodecanol was used.

The simple system with the modifier isodecanol was exploited
n examining the influence of several factors on the extraction rate
f tyrosol and p-coumaric acid from binary mixture. The extraction
ate of these phenols was found strongly dependent on the volume
atio of feed phase to stripping phase and was moderately enhanced
y increasing temperature. The extraction rate of p-coumaric acid

ncreased with the initial concentration of solute in the feed phase
100–300 mg/L) but the same variable had no significant effect on
he removal of tyrosol. The initial fluxes data are also in agree-

ent with the statement of the retardation of mass transfer rate
f tyrosol.
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