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a b s t r a c t

Micellar-enhanced ultrafiltration (MEUF) was used to remove phenol from simulant aqueous solu-
tions. The effect of groups difference of cationic surfactant on the solubilization of phenol was
investigated through orthogonal experiment, namely, surfactants with the same length of hydrocar-
bon chain but different hydrophilic head group and vice versa. The effects on the solubilization of
eywords:
icellar-enhanced ultrafiltration(MEUF)

henol
urfactant
roups difference

phenol of various operating parameters in the practical application of MEUF with OTAB were stud-
ied, including surfactant concentration, electrolyte concentration, feed phenol concentration, operating
pressure, temperature, respectively. The results showed that the rejection of phenol increased in the
order as follows: cetyltrimethylammonium bromide (CTAB) < octadecyl trimethyl ammonium bromide
(OTAB) < cetylpyridinium chloride (CPC). With the introduction of feed surfactant concentration, the
retention recovery of phenol increased. Electrolyte concentration, feed phenol concentration, operating
pressure and temperature all had a slight influence on the retention of phenol.
. Introduction

The wastewater containing phenol discharges into environment
nd creates serious problems due to its impact on human health and
nvironmental contamination. At present, some technologies such
s adsorption, chemical oxidation, precipitation, biodegradation
re extensively applied for removal of phenols from wastewater
1,2]. These methods, however, possess significant and inherent
isadvantages. For example, adsorption is widely used but it is a
low process and its performance is limited by the equilibrium;
hemical oxidation is a technology with high cost and stringent
unning conditions; Precipitation is of low efficiency and biodegra-
ation is susceptible to water temperature and so on. Otherwise,
hey are not feasible in the case of low molecular weight (LMW)
olutes such as phenol, and they are also ineffective to the aque-
us solutions containing trace amounts and low levels of phenol
3]. Thereafter, a novel and promising technology MEUF (micellar-
nhanced ultrafiltration) which exhibits low energy consumption,

igh removal efficiency, small space requirement, economical char-
cteristics for removing trace amounts and low levels of organic
ollutants appears [3–9]. When a surfactant is added into pol-

uted aqueous streams, it forms large amphiphilic, transparent
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micelles at a concentration higher than its critical micellar concen-
tration (CMC), then the micelles containing solubilized solutes are
separated subsequently by a filtration membrane with pore sizes
smaller than the diameter of micelles [10].

In MEUF, organic contaminants are removed by virtue of solubi-
lizing within the palisade layer or interior of micelles. Heavy metal
and inorganic pollutants, however, are rejected through different
mechanism that bound on the surface of the opposite-charged
micelles via electrostatic interactions [11–14]. However, when the
bulk solution has less than one CMC of surfactant, the removal
of solutes may take place because of the influences of adsorption
and concentration polarization [15]. So the aqueous stream that in
the co-presence of organic and inorganic pollutants [16] /organic
pollutants and heavy metals can also be disposed of using MEUF dis-
tinctly. Many literatures in recent years are published concerning
removal of single phenol/phenol and heavy metals such as investi-
gate the effect of CTAB upon ultrafiltration of oxyethylated methyl
dodecanoate solutions and separation of phenol, 4-nitrophenol
and 4-methylphenol [17]; study the effect of the pollutant and
the presence of salts on permeation during micellar-enhanced
ultrafiltration (MEUF) with different surfactants (CTAB, SDS, OMD,

APG) [18]; determination of equilibrium distribution constants of
phenol between surfactant micelles and water using ultrafiltering
centrifuge tubes [19]; simultaneous removal of phenols and Cr3+

using MEUF [5]; removal of Cu2+and dissolved phenol from water
using MEUF with mixed surfactants [20]; MEUF of nitrobenzene

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zgming@hnu.net.cn
dx.doi.org/10.1016/j.jhazmat.2009.08.106
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nd 4-nitrophenol [4]; micellar-enhanced ultrafiltration of pheno-
ic derivatives from their mixtures [6]; MEUF of phenol in synthetic

astewater using polysulfone spiral membrane [8] and so on. To
ake the MEUF system more economical, it is also necessary to

ecycle the surfactant molecules that are present in the permeate
nd retentate stream before final disposal. For example, the use of
oam fractionation to recover valuable surfactant (SDS) in the per-

eate of micellar-enhanced ultrafiltration (MEUF) [21]; Free CPC
urfactants molecules presented in the permeate are recovered by
two-step chemical treatment procedure [22]. Several researches
ave studied phenol removal from MEUF in terms of retention,
owever, the optimum kind of surfactant and the effect of groups
ifference on the solubilization of phenol is hardly monitored.

In this present work, the aim of the work is to examine the
emoval efficiency of phenol during micellar-enhanced ultrafiltra-
ion in the presence of different cationic surfactants such as CPC,
TAB or OTAB. We utilize orthogonal design experiment to ana-

yze the effect of groups difference on the removal efficiency of
henol. Some various operational parameters such as surfactant
oncentration, electrolyte concentration, feed phenol concentra-
ion, transmembrane pressure and temperature are investigated,
espectively in the single factor test.

. Material and methods

.1. Chemicals

Cetylpyridinium chloride (CPC, purity 99%) was obtained from
hanghai Sinopharm Chemical Reagent Company, China. Hex-
decyltrimethylammonium bromide (CTAB, analysis purity) was
upplied by Shanghai Pushan Chemical Reagent Company, China.
ctadecyl trimethyl ammonium bromide (OTAB, analysis purity)
as purchased from Xiamen Pioneer Technological Company,
hina. Electrolytes of KCl, K2SO4 were purchased from Shanghai
ushan Chemical Reagent Company, China. K2CO3 was delivered by
hanghai Sinopharm Chemical Reagent Company, China. KSCN was
urchased from Tianjin Fushen Chemical Reagent Company, China,
espectively. Phenol (analysis purity) was purchased from Tianjin
ushen Chemical Reagent Company, China. All reagents were used
ithout further purification. Distilled water was used for solution
reparation.

.2. Ultrafiltration

Ultrafiltration was carried out using a cross-flow unit purchased
rom Dalian Yidong Membrane Engineering Equipment Company,
hina. It is made of polysulfone which is hydrophobic in nature
ith an effective area of 0.4 m2 and compatible in the pH range of

–13. The pore size of membrane was 6K of molecular weight cut-
ff (MWCO). A schematic diagram of the ultrafiltration is presented
n Fig. 1.

Feed solution for each experiment was prepared by weighing
pecific amounts of phenol, surfactant and electrolyte and dissolv-
ng them in 1000 mL distilled water, then the solution was mixed
ound adequately to ensure that the solutes are evenly distributed
n the feed solution. Ultrafiltration was a cross-flow type in which
he retentate was recirculated to the feed tank and permeate solu-
ion was collected in a separate tank, process was stopped when
bout 700 mL aqueous streams were taken as permeate, corre-

ponding to retentate volume of about 300 mL. After each run, tap
ater was filtered without pressure to rinse out the exterior of
embrane within 30 min, then the distilled water of about 40 ◦C
as recycled at 0.05 MPa for 20 min. At last, the membrane perme-

bility of the initial measured value was determined.
Fig. 1. Schematic diagram of the ultrafiltration unit: (1) feed solution, (2) peri-
staltic pump, (3) polysulfone membrane, (4) manometer, (5) retentate rotameter,
(6) permeate rotameter, (7) permeate and (8) retentate.

Two sets of experiments were carried out. In the first one,
orthogonal experiment was conducted, the variations of surfactant
(CPC,CTAB,OTAB) concentration were in the range of 5–30 mM, and
operating temperatures were from 20 ◦C to 50 ◦C, transmembrane
pressures were from 0.05 MPa to 0.2 MPa, the electrolytes were KCl,
KSCN, K2SO4, K2CO3. The feed concentration of phenol in the first
series was kept a constant value of 1 mM. In the second series, sin-
gle factor test was conducted, but only OTAB was adopted as the
surfactant in view of removal efficiency and economical feasibility.

2.3. Analysis

The concentration of CPC and phenol were analyzed by Extinc-
tion Coefficients method [23] with Shimadzu UV-2550(P/N206-
55501-93) spectrophotometer from Japan. In the synthetic solution
of CTAB/OTAB and phenol, the concentration of phenol was mea-
sured by UV absorption at a wavelength of 270 nm with a UV-2550
spectrophotometer (Shimadzu). CTAB and OTAB were determined
by Congo red spectrophotometric method. The apparent hydro-
dynamic diameter (dapp) of the micelle was determined by DLS
(Dynamic light scattering) with Zetasizer Nano instrument (Model
ZEN3600, made by Malvern Instruments Ltd., England).

2.4. Calculations

The rejection of an organic pollutant is the ultimate goal of
MEUF. This is conditioned by two parameters: the rejection of sur-
factant and the relative affinities of the organic for the micelles and
for water [24,25].

The effici30ency of the ultrafiltration process (rejection, R and
enrichment ratio, E) are defined by the classical factor:

R(%) = Ci − Ce

Ci
× 100

E = Cf

Ci

where Ci and Ce are the surfactants or organics concentrations
(mg/L) in the feed solution and permeate streams, respectively,
and Cf is the surfactant or organics concentration in the retentate
solution (mg/L).

The second parameter has often been quantified through an
equilibrium distribution constant, Ks, which has been defined in
several ways. One definition is
Ks =
Sm · Ow

where Sm is the concentration of surfactant present as micelles, Ow

and Om are the concentrations of organic pollutant dissolved in the
bulk water and in the micelles, respectively[19].
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Table 1
Factor and level.

Level Factor

Surfactant
concentration (A) (mM)

Temperature
(B) (◦C)

Pressure
(C) (MPa)

Electrolyte
(D)

1 5 20 0.05 K CO
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Table 3
Particles size of surfactant micelles.

Kind of surfactant Particles size

CPC + K2CO3 4.19 nm
CTAB + K2CO3 4.57 nm
2 3

2 10 30 0.1 K2SO4

3 20 40 0.15 KSCN
4 30 50 0.2 KCl

. Results and discussion

.1. Orthogonal design experiment

The variations of phenol rejection with orthogonal experiment
or different surfactants concentrations, various temperatures,
ressures and different electrolytes are presented in Tables 1 and 2.

It is clearly observed that the optimal rejection of phe-
ol increases in the order as follows: CTAB (85.9%) < OTAB
92.4%) < CPC (93.8%). This obviously indicates that the surfactant
ith hydrophilic pyridinium head group has better effect on solu-

ilization of phenol in micelles. In the case of surfactant with the
ame hydrophilic head group, the surfactant with longer hydropho-
ic tail does better influence on the solubilization of phenol, which

s explained as follows: the increase of hydrophobic alkyl chain
f surfactant results in the decrease of CMC of surfactant so as to
nhance the solubilization capability. The effect of surfactant with
yridinium head group on the phenol solubilization is better com-

ared with other surfactants selected, which may be attributed to
he rule of similarity and intermiscibility, because CPC and phenol
ll possess an aromatic ring. The same phenomenon is also obtained
n the solubilization of dichloroethane (DCE) on the CTACl micelle
26]. In the range of factors observed, the most important factors

able 2
ejection of phenol after solubilization in micelles.

SN A B C D RCPC (%) RCTAB (%) ROTAB (%)

1 5 20 0.05 K2CO3 74.8 71.6 75.5
2 5 30 0.1 K2SO4 44.3 66.9 63.7
3 5 40 0.15 KSCN 10.7 64.7 ×
4 5 50 0.2 KCl 23.9 57.1 61.1
5 10 20 0.1 KSCN 47.1 66.4 ×
6 10 30 0.05 KCl 68.7 64.9 67.4
7 10 40 0.2 K2CO3 83.2 76.3 80.7
8 10 50 0.15 K2SO4 57.3 66.1 69.7
9 20 20 0.15 KCl 78.9 78.3 78.9
10 20 30 0.2 KSCN 75.9 82.5 ×
11 20 40 0.05 K2SO4 79.1 76.6 74.7
12 20 50 0.1 K2CO3 90.9 82.7 86.9
13 30 20 0.2 K2SO4 85.6 80.9 79.9
14 30 30 0.15 K2CO3 93.8 85.9 92.4
15 30 40 0.1 KCl 83.9 79.6 75.9
16 30 50 0.05 KSCN 75.9 74.1 ×
I 153.7 286.4 298.5 342.7
II 256.3 282.7 266.2 266.3
III 324.8 256.9 240.7 209.6
IV 339.2 248 268.6 255.4
R(CPC) 185.5 38.4 57.8 133.1
I 260.3 297.2 287.2 316.5
II 273.7 300.2 295.6 290.5
III 320.1 297.2 295 287.7
IV 320.5 280 296.8 279.9
R(CTAB) 60.2 20.2 9.6 36.6
I 200.3 234.3 217.6 335.5
II 217.8 223.5 180.8 288
III 240.5 235.3 221.3 ×
IV 248.2 217.7 201.7 283.3
R(OTAB) 47.9 17.6 40.5 ×
ue to the fact that the mixture of KSCN and OTAB is a flocculent material, the KSCN

n the OTAB is wiped off.
OTAB + K2CO3 5.68 nm
CPC + K2CO3 + Phenol 4.20 nm
CTAB + K2CO3 + Phenol 4.78 nm
OTAB + K2CO3 + Phenol 5.96 nm

that based on range analysis are surfactant concentration, kinds of
electrolyte. The optimal experimental conditions of solubilizing of
CPC on phenol are surfactant concentration of 30 mM, electrolyte of
K2CO3, pressure of 0.05 MPa, temperature of 20 ◦C, and to CTAB and
OTAB are surfactant concentration of 30 mM, 30 mM, electrolyte of
K2CO3, K2CO3, pressure of 0.2 MPa, 0.15 MPa, temperature of 30 ◦C,
40 ◦C, respectively. Furthermore, in view of removal efficiency and
economical feasibility, OTAB is preferential to solubilize phenol of
stimulant aqueous stream in the following single factor test.

KsCPC = 0.076 mM−1, KsOTAB = 0.056 mM−1, KsCTAB = 0.045 mM−1.
The higher the Ks value, the larger the affinity of the organic com-
pound for the micelles, which improves the efficiency of the MEUF
process. Ks is usually considered to be independent of, or slightly
dependent on, the surfactant/phenol ratio and independent of the
operation variables. Xm is the mole fraction of the organic com-
pound in the micelles. XmCTAB = 0.023, XmOTAB = 0.041, XmCPC = 0.07.
It showed that Xm increases as Ks increases.

3.2. Micellization of surfactants

The apparent hydrodynamic diameters of the micelles in the
presence and absence of phenol are reported in Table 3. It is
observed that the apparent hydrodynamic diameters of micelles
in the presence of phenol are larger than that of in the absence of
phenol, and the particle diameter of OTAB (6.48 nm) is the biggest of
three kinds of surfactants due to the longest hydrophobic tail. The
increase of particles diameters with the increase of hydrophobic tail
can be explained as follows: the CMC of surfactant diminishes with
the increase of hydrophobic tail extent, so the solubilization of sur-
factant micelle on the phenol is enhanced and lead to the increase of
micelle size, which have been elucidated in aforementioned Section
3.1. CPC with the smallest micelle size of three surfactants, how-
ever, has the best solubilization on phenol, which is shown in the
Orthogonal design experiment. So we can know that the decrease
of micelle size has no influence on the rejection of phenol in the
investigated range of conditions, which indicated that the pore size
of membrane used were smaller than all surfactant micelles size
selected.

3.3. Single factor test

3.3.1. Effect of OTAB concentration
The effects of feed surfactant concentration on the separation

efficiency of phenol and OTAB are reported in Figs. 2 and 3. With
the introduction of surfactant OTAB continuously, the correspond-
ing retention of phenol increases from 86.9% to 96.1%, and then the
slope levels off. So the effect of OTAB addition becomes less signifi-
cant when the feed OTAB concentration is higher than 60 mM, since
feed OTAB concentration is increased, and the micelle concentra-
tion in the solution increases, which results in more solubilization
of phenol on OTAB micelles, and then the solubilization of phe-

nol on OTAB micelles is saturated, which compares well with the
phenomenon in the work that flux and retention analysis during
micellar-enhanced ultrafiltration for the removal of phenol and
aniline [3]. The permeate concentration of OTAB goes up from
135 mg/L to 430.75 mg/L upon the addition of OTAB in feed solu-
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ig. 2. Effect of feed OTAB concentration on rejection of phenol and OTAB. Oper-
ting pressure, 0.15 MPa; feed concentration of phenol and K2CO3, 1 and 10 mM;
emperature, 40 ◦C.

ion stream, the OTAB that penetrate into the permeate ascend
istinctly, however, the rejection of OTAB nearly keeps constant
about 98%), which is explained as follows: Though the feed con-
entration of OTAB increases, the pores of ultrafiltration membrane
s greatly less than the sizes of OTAB micelles, so feed concentration
ad little effect on OTAB rejection.

Fig. 3 describes the enrichment ratio of Phenol and OTAB
ith different feed surfactant concentrations. With the addition

f surfactant concentration, the enrichment ratio of phenol keeps
ncreasing from 1.39 to 2.55, while that of OTAB increases with
eed surfactant concentration increasing, then decrease sharply
hen OTAB concentration is above 60 mM, which is reasonable.

t is worth nothing that in the ultrafiltration process, the retention
f micelles by membrane results in the concentration polarization
nd the deposition of micelles on the membrane surface or mem-
rane pore [8]. Consequently, the free OTAB monomers which are
etained in the retentate solution decrease and enrichment ratio
iminishes accordingly.

.3.2. Effect of K2CO3 concentration
It is well known that the presence of salts decreases the CMC

f ionic surfactants, due to the electrostatic shielding effect: the
epulsive forces between the head groups are normally fighting
gainst the aggregation, which becomes easier in the presence of
lectrolyte. Consequently, the addition of small amounts of elec-
rolyte to solutions of ionic surfactants increases the extent of

olubilization of hydrocarbons and decreases that of polar com-
ounds [27,28]. In this study, K2CO3 (potassium carbonate) acting
s an optimal electrolyte according to orthogonal design experi-
ent was chosen to study the effect of electrolyte concentration

ig. 3. Effect of feed OTAB concentration on enrichment ratio of phenol and OTAB.
perating pressure, 0.15 MPa; feed concentration of phenol and K2CO3, 1 and
0 mM; temperature,40 ◦C.
Fig. 4. Effect of feed K2CO3 concentration on rejection of phenol and OTAB. Oper-
ating pressure, 0.15 MPa; feed concentration of phenol and OTAB, 1 and 30 mM;
temperature, 40 ◦C.

on solubilization of phenol, which are shown in Figs. 4 and 5. It
is observed that the rejection of phenol decreases slightly from
90.09% to 87.26% with the addition of K2CO3 concentration con-
tinuously. It can be explained as follows: Though the CMC of OTAB
decreases upon the addition of electrolyte K2CO3, at higher elec-
trolyte concentration, phenol has to compete with excessive CO3

2−

ions to get adsorbed on the OTAB micelle, which may be attributed
to strong electrostatic force between anionic phenol and cationic
OTAB micelles [3]. As a result, less rejection of phenol is observed
at a higher K2CO3 concentration. This phenomenon has also been
explained for cationic surfactant CPC for phenol removal [8]. As for
the rejection of OTAB, which is from 98.51% to 98.44% with elec-
trolyte concentration. When it comes to enrichment ratio of Phenol
and OTAB, phenol enrichment ratio decreases from 2.26 to 1.29 and
that of OTAB decreases from 1.33 to 1.19. From the point that reduc-
ing the back contamination of OTAB and phenol, it is better to add
electrolytes. However, considering of the solubilization capability
of micelle and economical feasibility, the electrolyte concentration
must not be high.

3.3.3. Effect of feed phenol concentration
Effects of feed phenol concentration on the observed separation

efficiency of phenol and OTAB are shown in Figs. 6 and 7. In this
case, the feed OTAB concentration was fixed at 30 mM and feed phe-
nol concentration was varied as 0.5, 2, 3, 4 and 5 mM, and all these

experiments were conducted at the operating pressure of 0.15 MPa
and the temperature of 40 ◦C. It can be observed from the figure that
the phenol rejection of about 93% has an insignificant variation for
its initial concentration ranging from 0.5 mM to 5 mM. A conclu-

Fig. 5. Effect of feed K2CO3 concentration on enrichment ratio of phenol and OTAB.
Operating pressure, 0.15 MPa; feed concentration of phenol and OTAB,1 and 30 mM;
temperature,40 ◦C.



F. Luo et al. / Journal of Hazardous Materials 173 (2010) 455–461 459

F
a
t

s
i
t
c
m
i
c
c
s
a
i
s
m
t
a
f
c
t
s

3

c
o
i
h
p
m
u

F
O
t

Fig. 8. Effect of transmembrane pressure on rejection of phenol and OTAB. feed
concentration of phenol, OTAB and K2CO3, 1, 30 and 10 mM; temperature,40 ◦C.
ig. 6. Effect of feed phenol concentration on rejection of phenol and OTAB. Oper-
ting pressure, 0.15 MPa; feed concentration of OTAB and K2CO3, 30 and 10 mM;
emperature, 40 ◦C.

ion can be received that solubilization capability of OTAB micelle
ncreases with the increase of feed phenol concentration: the reten-
ion of phenol, however, seems independent of the feed phenol
oncentration which is just comparatively in accordance with a
odel proposed by Mulder, 1996 (as to the low levels of contam-

nation, the retention do not change with the feed contamination
oncentration.) [29]. As mentioned earlier, higher feed phenol con-
entration increases the concentration of solutes in the micelles,
o the solubilized solutes slightly enhance the size of the micellar
ggregates, which leads to the little increase of OTAB rejection, as
s shown in Fig. 6. An increase in the feed Phenol concentration
lightly results in changing of the enrichment ratio of OTAB, which
eans phenol concentration has little effect on surfactant separa-

ion efficiency (R%; E) of OTAB. While Phenol concentration was
djusted from 0.5 mM to 5 mM, phenol enrichment ratio decreases
rom 2.56 to 1.17. It can be explained as follows: at higher phenol
oncentration the membrane may be polluted severely, decreasing
he enrichment ratio, which needs further research in the following
tage.

.3.4. Effect of pressure
Effects of operating pressure on the observed separation effi-

iency are presented in Figs. 8 and 9 for phenol and OTAB. It is
bserved from figure that the retention of phenol remains almost

ndependent of pressure nearly within the range of 0–0.15 MPa,
owever, the rejection of phenol has a slight decrease when the
ressure is beyond 0.15 MPa, which is due to two facts: firstly,
icelles may become compact at high pressure and therefore sol-

bilization capability of micelles decreases [6]; secondly, at higher

ig. 7. Effect of feed phenol concentration on enrichment ratio of phenol and OTAB.
perating pressure, 0.15MPa; feed concentration of OTAB and K2CO3, 30 and 10 mM;

emperature, 40 ◦C.
Fig. 9. Effect of transmembrane pressure on enrichment ratio of phenol and OTAB.
feed concentration of phenol, OTAB and K2CO3, 1, 30 and 10 mM; temperature,40 ◦C.

operating pressure, the convective transport of the solutes through
the membrane is high leading to higher value of the permeate
concentration, thereby lowering the value of observed phenol
retention [30]. In the case of OTAB, the rejection insignificantly
increases from 98.31% to 98.71%. As seen in Fig. 9, it is observed
that the enrichment ratio of phenol decreases from 1.9 to 1.78 as the
pressure increases from 0.15 MPa to 0.2 MPa, while OTAB enrich-
ment ratio has a maximum value when pressure is 0.1 MPa, which
may be attributed to an error. (Fig. 10).
3.3.5. Effect of temperature
Effects of temperature on rejection of phenol and OTAB were

studied at a fixed pressure of 0.15 MPa, feed OTAB concentration
of 30 mM, feed phenol concentration of 1 mM, electrolyte concen-

Fig. 10. Effect of temperature on rejection of phenol and OTAB. Operating pressure,
0.15 MPa; feed concentration of phenol, OTAB and K2CO3, 1, 30 and 10 mM.
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ig. 11. Effect of temperature on enrichment ratio of phenol and OTAB. Operating
ressure, 0.15MPa; feed concentration of phenol, OTAB and K2CO3, 1, 30 and 10 mM.

ration of 10 mM, respectively. It is found that the rejection of
henol decreases slightly with the increase of temperature, which
an be explained as follows: with the increase of temperature,
MC of micelle increases, which leads to decreasing of aggregation
umber of micelles, so quantities of free phenol increase [8,31].
esides, the increase of temperature can expand membrane pores,
onsequently, more OTAB and phenol molecules pass through the
embrane and go into permeate. The rejection of OTAB decreases

rom 98.71% to 98.36% accordingly. As the temperature increases,
he phenol enrichment ratio decreased from 2.44 to 2.11(Fig. 11),
nd the OTAB enrichment ratio diminishes from 1.54 to 1.23.

. Conclusions

MEUF can be used to dispose of low levels of phenol from an
queous stream. Orthogonal design experiment was adopted, and
he surfactant concentration, temperature, pressure, electrolyte
nd four levels for each of these factors were selected as control-
able factors. It was found that for solubilization of phenol, the
fficiency of solubilization is in the sequence of CPC > OTAB > CTAB.
he optimal experimental conditions were acquired by the range
nalysis, as a result, the surfactant concentration and electrolyte
ind were revealed as significant factors.

OTAB was adopted as a cationic surfactant in the single fac-
or test. The rejection of phenol increases with the feed surfactant
oncentration increasing and then levels off when surfactants con-
entration is above 60 mM (R, 96.13%). The decrease of phenol
ejection with the K2CO3 concentration is due to the competi-
ion of phenol and CO3

2− on the surface of OTAB micelles at high
lectrolyte concentration. The retention of phenol remains almost
ndependent of feed phenol concentration which is in the range of
.5–5 mM and pressure which is in the range of 0–0.15 MPa, the
etention of phenol, however, decreases when pressure exceeds
.2 MPa, because of the fact that micelle may become compact at
igh pressure and therefore solubilization capability of micelles
ecreases. The decrease of rejection of phenol with the increase of
emperature is attributed to the increase of CMC of OTAB and the
xpandition of membrane pores with the increase of temperature,
nd the removal fraction of OTAB is nearly higher 98% with differ-
nt operational parameter. In conclusion, MEUF is a promising and
dvisable method for removing the low levels of and low molecular
eight organic contaminants from contaminative water.
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