
Journal of the Taiwan Institute of Chemical Engineers 71 (2017) 265–276 

Contents lists available at ScienceDirect 

Journal of the Taiwan Institute of Chemical Engineers 

journal homepage: www.elsevier.com/locate/jtice 

Separation of oil/water emulsion using a new PSf/pebax/F-MWCNT 

nanocomposite membrane 

Javad Saadati, Majid Pakizeh 

∗

Department of Chemical Engineering, Faculty of Engineering, Ferdowsi University of Mashhad, P.O. Box: 9177948974, Mashhad, Iran 

a r t i c l e i n f o 

Article history: 

Received 26 July 2016 

Revised 13 November 2016 

Accepted 17 December 2016 

Available online 29 December 2016 

Keywords: 

Wastewater treatment 

Nanofiltration 

Oil/water emulsion 

Pebax 2533 

a b s t r a c t 

In this study a new PSf/pebax/F-MWCNTs nanocomposite membrane was prepared, characterized and 

used for nanofiltration of oil/water emulsion. For this purpose, the porous PSf support was prepared and 

then a thin layer of pebax as selective layer was coated on it. The effect of adding 0.5, 1 and 2 wt% of 

functionalized multiwall carbon nanotubes (F-MWCNTs) on the morphology and separation properties of 

resulting membranes were studied systematically. Prepared membranes were analyzed using SEM, FTIR, 

contact angel, tensile strength and TGA analyses. FTIR results approved the stabilization of F-MWCNTs 

in membrane matrix. SEM showed the membrane surface was defect free and F-MWCNTs particles were 

not agglomerated. Increasing F-MWCNT up to 2 wt%, increased hydrophilicity, tensile strength and ther- 

mal stability. Separation of oil/water emulsion was investigated at pressure range of 10–20 bar The high- 

est permeate flux was obtained for 0.5 wt% F-MWCNTs loading while the sample containing 2.0 wt% F- 

MWCNTs showed the best oil rejection at all studied pressures. Results revealed that oil rejection was 

decreased with pressure. Finally, flux recovery, irreversible and reversible fouling was analyzed for all the 

prepared membranes at all pressures. 

© 2016 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved. 
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. Introduction 

Oil-in-water emulsions are common wastewater streams of

any types of industrial units, such as the food industry. Many of

hese solutions contain over 10% oil which is chemically emulsi-

ed into the water phase because of the existence of surfactants

n environment. The entire mixture, even though it contains less

han 10% total oil, cannot be discharged to environment. In most

ocalities, this waste fluid should be drained as hazardous waste.

reatment of oily wastewaters is performed by a variety of meth-

ds including gravity and centrifugal separations, chemical treat-

ent, flotation, filtration, membrane processes, evaporation, ac-

ivated carbon adsorption, porous silicone sponge and biological

ethods [1–4] . Among these techniques, membrane separation can

e used to remove most of the water from the emulsion and con-

equently reduce the volume of oil-containing solutions. 

Traditional ultrafiltration technology has provided for relatively

lean water that was once suitable for sewer discharge but gen-

rally inadequate for reuse. However, recent changes in sewer dis-

harge limits have created a need to produce even cleaner water,

ith an emphasis on reuse. In many locations, ultrafiltration treat-

ent alone does not meet environmental discharge laws. Some
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876-1070/© 2016 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All r
ompanies have resorted to secondary treatment steps in order to

omply with the tightening regulations. A related type of mem-

rane technology, nanofiltration (NF), may offer a cost-effective

eans of separating recyclable or sewerable water from oil [5] . 

NF has a very appropriate capability to serve in waste recov-

ry applications like oil/water separation. The NF permeate from

ily solutions is cleaner than the UF permeate, therefore it gives

ore opportunity for in-house recycle. If discharge is favored, NF

ermeate can also be clean enough to meet tightening discharge

equirements [6] . 

Chan et al. [7] studied nanofiltration of oily wastewater using

ASA membranes and found that the PASA NF membranes were

ffective in removing oil from oily wastewater, under an operat-

ng pressure of 2–3 psi, a constant flux of 5 L m 

2 h 

−1 and 99.6%

etention of a solution of 50 0 0 ppm olive oil could be achieved.

adeghian et al. [8] used a γ -Al 2 O 3 nanofiltration membrane to

liminate oily hydrocarbon contaminants from wastewater and the

emoval efficiency higher than 90% was obtained. Panpanit et al.

6] investigated the potentials of polysulfone and cellulose acetate

F and NF membrane for separation of oil water emulsion gener-

ted from car washing operations which consists of lubricant oil

ith distilled water and anionic emulsifier. Results indicated that

he NF membrane produced higher TOC removal and less fouling

han UF. It is because the NF membrane exhibits a moderate to

trong anionic surface charge. For this reason, the surface of the
ights reserved. 
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Fig. 1. Molecular structures of pebax and components of pebax 2533: (A) pebax, 

(B) polyamide (nylon 12) and (C) poly(tetramethylene oxide) (ether). 
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membrane will repel the anionic emulsifier. Therefore, membrane

flux is not decreased significantly due to less adsorption of the

emulsifier on the membrane surface. Chakrabarty et al. [9] stud-

ied cross flow ultrafiltration of stable oil-in-water emulsion using

polysulfone membranes and found that fouling degree varied with

membrane characteristics. Yu et al. [10] in another study used a

tubular UF module equipped with PVDF membranes modified by

inorganic nano-sized alumina particles to purify oily wastewater

from an oil field. They found that the addition of nano-sized alu-

mina particles improved membrane antifouling performance. 

Pebax is a group of copolymers including hard polyamide

(PA) segments and soft polyether (PE) segments as demonstrated

in Fig. 1 . In pebax molecules, PA segments promote mechanical

strength while PE segments provide good affinity to organic sol-

vents. Depending on the nature and proportion of PA and PE seg-

ments, the characteristics of the pebax polymer can be varied. In

general, when the proportion of the flexible PE segment is higher,

the pebax polymer is more organophillic. 

Carbon nanotubes (CNTs) as nanofiller in polymer matrix have

attracted a great deal of attention because of their high specific

surface area, easy functionalization, chemical stability and proper

compatibility. CNTs are also one of the candidates to create a sur-

face with a roughness at micro/nanometer level due to their rigid

cylindrical nanostructures with a diameter ranging from about

1 nm to dozens of nanometers and length ranging from hundreds

of nanometers to micrometers, which could lead to the increase

of efficient filtration area and permeability of the composite mem-

branes [11] . In some literatures, the increments in specific parame-

ters like hydrophilicity, permeability and rejection have been stud-

ied because of adding CNTs to polymeric membranes [12–14] . 

However, to the best of our knowledge, the preparation of

nanocomposite membrane including PSf support membrane and

modified pebax 2533 selective layer by F-MWCNT and its appli-

cation in separation of O/W emulsion has not been previously in-

vestigated. 

In this study, PSf/pebax composite membranes with different

loadings of F-MWCNTs were prepared, characterized and used in

separation of O/W emulsion. The porous support membrane was

fabricated from PSf and F-MWCNTs were used in the pebax top

selective layer. FTIR was used to characterize functionalized MWC-

NTs. The prepared membranes were characterized using SEM, FTIR,

TGA, mechanical strength and contact angle tests. The permeation

and oil fouling-resistant property were extensively investigated
sing a cross-flow NF experimental setup. Furthermore, the flux

ecovery of membranes, the efficiency of membrane washing and

he effect of pressure on permeate flux and oil rejection were ex-

mined and analyzed. 

. Materials and methods 

.1. Chemicals 

Poly(sulfone) (PSf) used to prepare the ultra porous substrate

as purchased from Sigma–Aldrich. Pebax 2533 was purchased

rom Arkema, France. N-methylpyrrolidone (NMP) and isobu-

anol as solvent with analytical grade were supplied by Merck.

eionized water for the preparation of feed solutions was sup-

lied from membrane laboratory. The functionalized MWCNTs

diameter < 30 nm, length of 5–15 μm and purity > 95%) were pur-

hased from Nanotechnology Lab, Iran. Tween-20 as an emulsifier

as supplied from Merck. Corn oil was purchased from a local gro-

ery store. 

.2. Preparation of composite membrane 

Composite membranes of pebax were prepared on PSf ultrafil-

ration substrate by solution casting and solvent evaporation tech-

ique. Ultra-porous PSf substrate was prepared by the phase inver-

ion technique from a 12% (w/v) solution of the polymer in NMP

olvent. The film was cast onto a woven polyester fabric using a

asting bar (Neurtek 2,281,205, Spain) and immersed in a water

ath for 24 h For pebax 2533, a bubble-free solution of 12% (w/v)

f the polymer in isobutanol was prepared at 90 °C and casted

n PSf substrate to the desired thickness using a hand-made ad-

ustable casting bar. Solvent was evaporated in an oven at 60 °C
or 10 min to obtain PSf/pebax composite membrane. For prepara-

ion of nanocomposite membranes, pebax polymer was added af-

er adequate dispersing of F-MWCNTs in solvent using an ultra-

ound bath. About 30 min of sonication was enough to obtain a

ell dispersed mixture. Casting solution composition for all pre-

ared membranes is presented in Table 1 . 

.3. Preparation of the emulsions 

The oil–water emulsion consisted of corn oil, Tween-20 and dis-

illed water. After weighting, oil and surfactant with mass ratio of

/1 were added to the distilled water. The emulsion was generated

sing a blender (Ultra Turrax model T25, Janke & Kunkel GmbH,

taufen, Germany) by mixing for 5 min at a high speed. 

.4. Membrane characterization 

In order to identify the membrane structure, various character-

zation analyses consisted of FTIR, SEM, TGA, mechanical strength

est and water contact angle were performed on prepared mem-

ranes. Each test will be discussed in more detail in the following

ections. 

.4.1. Fourier transform infrared spectroscopy (FTIR) 

FTIR (Thermo Nicolet Avatar 370) was used to characterize pres-

nce of functional groups in the F-MWCNTs and verifying forma-

ion of polymer modified F-MWCNTs. 

.4.2. Scanning electron microscopy (SEM) 

The surface and cross section of membranes were examined

y using a scanning electron microscope (SEM). The samples of

he membranes were frozen in liquid nitrogen and fractured. Af-

er sputtering with gold, they were viewed with a Cam Scan SEM

odel Kykem3200 microscope. 
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Table 1 

Name and casting solution composition for all prepared membranes. 

Selective layer 

Sample code pebax 2533 (wt%) n-butanol (wt%) F-MWCNT (wt%) 

PSf/pebax 12 88 0 

PSf/pebax/0.5%F-MWCNT 11.94 88 0.06 

PSf/pebax/1%F-MWCNT 11.88 88 0.12 

PSf/pebax/2%F-MWCNT 11.76 88 0.24 

Fig. 2. Scheme of nanofiltration set up. 
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.4.3. Thermogravimetric analysis (TGA) 

Thermogravimetric analyses (TGA) of both of the PSf/pebax

embrane and PSf/pebax/F-MWCNTs nanocomposite membrane 

ere carried out using TGA-50 Shimadzu. Samples were heated in

ir from room temperature to 850 °C at a heating rate of 10 °C/min.

.4.4. Mechanical strength test 

The tensile strength at break of the nanocomposite membranes

ere measured using a universal testing machine (ZWICK-Z250,

ermany), by employing a deformation speed of 5 mm/min at

oom temperature. Three membranes of each case were tested and

he average tensile strengths were reported. 

.4.5. Water contact angle test 

The static contact angles were measured with a contact angle

easuring instrument (OCA15plus, Dataphysics, Germany). Deion-

zed water was used as the probe liquid in all measurements and

he contact angles between water and the membrane surface were

easured for the evaluation of the membrane hydrophilicity. To

inimize the experimental error, the contact angle was measured

t three random locations for each sample and the average was re-

orted. 

.4.6. Nanofiltration experiments 

A cross-flow system as shown in Fig. 2 was employed for

anofiltration experiments. The 316 L stainless steel cell had an ef-

ective membrane area of 9.62 cm 

2 . To determine permeate flux,

he permeate samples were collected after 1 h of operation. The

ermeate flux, J (L/(m 

2 h)) was calculated using the following

quation: 

 = 

V 

A.t 
(1) 

here V (L) is the volume of permeate, A (m 

2 ) is the effec-

ive membrane surface area and t (h) is the permeate collection

ime. Concentrations of the feed and permeate were analyzed us-

ng an ultraviolet spectrophotometer (UV-VIS 6320D, England) at

he wavelength of 243.4 nm. Under the preset separation pressure
nd apparent flow rate, the permeate flux and operation time were

ecorded regularly until the permeate flux reached a relatively con-

tant value. Each run of experiments was repeated at least three

imes to ensure a duplicable result. The oil rejection efficiency is

alculated according to following expression: 

 ( % ) = 

[
1 −

(
% Oil in permeate 

% Oil in feed 

)]
× 100 (2) 

.4.7. Analysis of membrane fouling 

After filtration of O/W emulsion, the membranes were washed

ith distilled water. The membranes were initially rinsed and then

ere immersed in distilled water for 20 min. This was followed by

valuation of water flux of cleaned membranes J W2 (L/m 

2 h). The

ux recovery ratio ( FRR ) was calculated as follow: 

 RR = 

J W 2 

J W 1 

× 100 (3) 

here J W1 (L m −2 h) is pure water flux before filtration of O/W

mulsion. 

Generally, higher FRR implies better antifouling property of the

anofiltration membrane. To analyze the fouling process in details,

everal ratios were defined to describe the fouling resistance of the

repared membranes. Reversible fouling ratio ( R r ) and irreversible

ouling ratio ( R ir ) were also defined and calculated by following

quations: 

 r = 

J W 2 − J P 
J W 1 

× 100 (4) 

 ir = 

J W 1 − J W 2 

J W 1 

× 100 (5) 

here J p (L/m 

2 h) is permeate flux. 

. Results and discussion 

.1. Characterization of F-MWCNTs 

FTIR was used to recognize introduced functional groups onto

he surface of modified MWCNT. A difference between FTIR spectra
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Fig. 3. The FTIR spectra of (A) Raw MWCNTs and (B) Functionalized MWCNTs. 

Fig. 4. The FT-IR spectra of (A) PSf/Pebax and (B) PSf/Pebax/F-MWCNT membranes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 

Water contact angle for prepared membranes. 

Membrane Contact angle ( °) 

PSf/pebax 55.1 ± 0.63 

PSf/pebax/0.5%F-MWCNT 50.6 ± 0.44 

PSf/pebax/1%F-MWCNT 45.3 ± 0.96 

PSf/pebax/2%F-MWCNT 42.5 ± 0.28 
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of raw and modified MWCNTs is demonstrated in Fig. 3 . As ob-

served from FTIR spectrum of Fig. 3 B, the new peaks emerging

at 1021, 1258 and 1715 cm 

−1 after the functionalization of MWC-

NTs corresponds to C 

–O, OSO 3 H and O 

–H and C 

= O bonds, re-

spectively [15,16] . The band at 1580 cm 

−1 is likely due to conju-

gation of C 

= O with C 

= C bonds or interaction between localized

C 

= C bonds and carboxylic acids [15,17] . Moreover, the new peak

at 3498 cm 

−1 corresponds to –NH 2 groups [18,19] . This confirms

the attachment of the functional groups onto the MWCNTs. The

hydrophilic properties of the functional groups improve the dis-

persibility of F-MWCNTs in aqueous solution. 

3.2. Characterization of prepared membranes 

Fig. 4 exhibits the FTIR spectra of the PSf/pebax membrane

and the PSf/pebax/F-MWCNT membrane. As can be seen in

Fig. 4 A bands at 1110 and 1640 cm 

−1 corresponded to C 

–O 

–C and

H 

–N 

–C 

= O in pebax polymer, respectively [20] . Also, absorption

bands at 812, 1151 and 1244 cm 

−1 related to C 

–H, C 

–O 

–C and O-

S-O in PSf polymer, respectively [21–24] . According to Fig. 3 , the

functionalized MWCNTs exhibited three main bands: 1021 (C 

–O),

1258 (OSO 3 H) and 1715 cm 

−1 (–C 

= O). The FTIR spectrum of the

blend membrane ( Fig. 4 B) depicts the same peaks at 1715 cm 

−1 .

Appearance of this peak approves the presence of F-MWCNTs in
he surface of the membrane. Similar results were obtained by

hoi et al. [25] . 

.3. Water contact angle 

The hydrophilicity of PSf/pebax/F-MWCNT membrane surfaces

as characterized by water contact angle. As shown in Table 2 ,

hen F-MWCNTs loading were increased, the contact angles of

he membranes gradually declined which means hydrophilicity in-

reases. The PSf/pebax membrane had the highest water contact

ngle of 55.1 ± 0.63 ° while water contact angel of PSf/pebax/1%F-

WCNT reached 45.3 ± 0.96 ° and decreased about 10 ° This indi-

ated that F-MWCNT membranes possessed lower water contact

ngles, which implies the hydrophilicity of membranes is improved

ith an increase of F-MWCNT amount [18] . As can be seen in
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Fig. 5. Surface SEM images of PSf/pebax nanocomposite membranes prepared with different F-MWCNTs loading: (A) 0.0 wt%, (B) 0.5 wt%, (C) 1 wt% and (D) 2 wt%. 
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able 2 , increasing the F-MWCNT amount to more than 2 wt% did

ot result in remarkable enhancement of the hydrophilicity, and

he water contact angel value of PSf/pebax/2%F-MWCNT membrane

as 42.5 ± 0.28 ° This behavior for MWCNT/polyethersulfone mem-

rane was also previously reported [12] . This might be explained

y the irregular positioning of F-MWCNTs in the membrane struc-

ure at over 1 wt% MWCNT content, which leads to aggregation and

educing effective surface of nanotubes [17,26] . 

.4. SEM 

Surface SEM images of composite membranes with different F-

WCNTs loading are presented in Fig. 5 . Obviously, the PSf/pebax

embrane was free of F-MWCNTs particles, and increasing the

oading of F-MWCNTs increased the number of light spots, which

llustrate the F-MWCNTs [27] . As observed in Fig. 5 , F-MWCNTs

articles were not agglomerated and were distributed very well

long the surface of the membrane at 0.5 wt% [28] . Also, there

as not any noticeable agglomeration of F-MWCNTs in this mem-

rane compared to the nanocomposite membrane prepared with

 and 2 wt% F-MWCNT, as can be observed in Fig. 5 C and D [29] .

anahian et al. [30] prepared multilayer mixed matrix membrane

ontaining CNTs, PVA, PES and polyester as inorganic filler and se-

ective top, intermediate and support layers, respectively. They re-

orted that some bright spots on the surface of the membrane

amples containing CNTs can be seen from SEM images. Moreover,

he SEM image on the membrane containing 4 wt% CNTs indicated

hat the MWCNTs are agglomerated. 

The pebax solution containing F-MWCNTs was cast on a PSf

F membrane that was coated on woven polyester. Cross-sectional

EM images of the membranes prepared with 0 and 2% loading
f F-MWCNTs are presented in Fig. 6 . The PSf support provides

 suitable porosity and excellent mechanical strength for casting

he pebax selective layer. Similar observations was reported about

VDF/PVA/MWCNT nanocomposite membranes with two distinct 

ayers depicting the PVA–MWCNTs layer being coated on the PVDF

embrane [31] . 

As observed in Fig. 6 , there was good compatibility between

he pebax selective layer and the PSf UF support, and the thick-

ess of the pebax selective layer was around 1–2 μm. Khan et al.

29] prepared a nanocomposite membrane by dispersion different

oading of F-MWCNTs within polymers of intrinsic microporosity

PIM-1) matrix and the PAN microporous membrane used as a sup-

ort. They observed that the average thickness of selective layer

f all membranes was about 0.75 μm. The cross section images of

-MWCNTs MMM indicated that most of the functionalized MWC-

Ts were well dispersed in PIM-1 matrix and there was also no

vidence of interfacial voids in the prepared membrane. 

As seen in Fig. 6 , there was no sign of agglomeration, interface

oids, or sieving in the cage morphology of the prepared mem-

ranes. This good affinity between the polymer matrix and the F-

WCNT particles is owed to the presence of the functional groups

n MWCNTs. Good distribution of MWCNTs particles within poly-

er matrix was due to functional groups which can be observed

n other studies [27,28] . There was also no evidence of interface

oids or sieve in cage morphology of these membranes. 

.5. Tensile strength 

The tensile strength at the break of the PSf/pebax and the

Sf/pebax/F-MWCNT membranes were determined to study the

mpact of adding F-MWCNTs on the mechanical strengths of
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Fig. 6. Cross-sectional SEM images of PSf/pebax nanocomposite membranes prepared with F-MWCNTs loading: (A) 0.0 wt%, (B) 2 wt%. 

Table 3 

Effect of F-MWCNTs on the mechanical stability of nanocomposite membranes. 

Membrane PSf/pebax PSf/pebax/0.5%F-MWCNT PSf/pebax/1%F-MWCNT PSf/pebax/2%F-MWCNT 

Tensile strength at break (MPa) 1.25 ± 0.21 2.27 ± 0.16 2.72 ± 0.23 2.68 ± 0.19 
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d  
membranes. This test was carried out for all samples. Each test

was repeated three times for each sample and mean values are

presented in Table 3 . Considering the obtained data, it can be

said that the tensile strength of the polymer matrix is promoted

by the addition of F-MWCNTs compared to PSf/Pebax, while fur-

ther increase of F-MWCNTs lead to reduction in tensile strength

of nanocomposite membranes. The increase in tensile strength im-

plies the well dispersion of F-MWCNTs among the polymer matrix

and strong interaction between pebax and functionalized MWC-

NTs. The functionalized MWCNTs contain many defects and hy-

drophilic groups, such as -OH and -COOH, so a strong hydrogen-

bond may be formed between pebax and the F-MWCNTs. Besides,

high amount of F-MWCNTs has negatively affected the mechani-

cal properties of membranes due to agglomeration of F-MWCNTs

[32] . These variations in tensile strength of membranes are consis-

tent with FTIR and SEM results saying that well dispersion of F-

MWCNTs among the polymer matrix can be achieved only in low

F-MWCNTs loading. 

3.6. TGA 

The effect of F-MWCNTs on the thermal stability of prepared

membranes was studied using TGA. As shown in Figs. 7 and 8 ,

the weight reduction of membranes takes place in five steps. The

first step of weight loss occurred in the temperature range from

120 to 214 °C is related to the evaporation of residual solvent and

moisture. The second step of weight loss for PSf/pebax membrane
egins at 214 °C which is attributed to decomposition of pebax

olymer chains [33] . In the third step, decomposition of interface

olymer chains between pebax and PSf layers is occurred at 420 °C.

he fourth step of weight loss starts at 520 °C which is attributed

o decomposition of PSf polymer chains [34] . Finally, at the fifth

tep total degradation of samples occurs at 598 °C. TGA curve of

anocomposite membrane obeys the same behavior. Table 4 sum-

arizes the TGA results of nanocomposite membranes. As can be

een, second and third decomposition temperature of nanocom-

osite membrane is higher than that of PSf/pebax membrane. As

entioned before, well dispersion of F-MWCNTs among the poly-

er matrix and strong hydrogen-bond between pebax and the F-

WCNTs enhances its thermal stability. Therefore, more energy

s required to disrupt chains. Similar results can be found in the

iterature which is consistent with our study. For example, Man-

ourpanah et al. [35] and Phao et al. [36] reported that addition

f F-MWCNT to PES membrane enhances its thermal stability sig-

ificantly. Also Murthy et al. [37] observed that by addition of F-

WCNT in chitosan matrix, thermal stability of prepared mem-

ranes improved about 120 °C. 

.7. Oil/water nanofiltration experiments 

.7.1. Effect of transmembrane pressure (TMP) on permeate flux 

Fig. 9 shows the variations of permeate flux at TMP from 10

o 20 bar for PSf/Pebax nanocomposite membranes prepared with

ifferent F-MWCNTs loading. The steady permeate flux was highly
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Fig 7. Thermogravimetric analysis of PSf/pebax and PSf/pebax/F-MWCNT membranes. 

Fig 8. Derivative thermogravimetric analysis of PSf/pebax and PSf/pebax/F-MWCNT membranes. 

Table 4 

TGA results of nanocomposite membranes. 

Membrane 

First decomposition 

temperature ( °C) 

Second decomposition 

temperature ( °C) 

Third decomposition 

temperature ( °C) 

Fourth decomposition 

temperature ( °C) 

Fifth decomposition 

temperature ( °C) 

PSf/pebax 119 206 421 517 599 

PSf/pebax/2%F-MWCNT 120 300 467 518 620 
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t  
ependent on TMP. It was also found that the increase of perme-

te flux under lower TMP was greater than that under higher TMP.

hen the TMP was greater than 15 bar, the rate of increase of per-

eate flux was reduced. This is because the increase of TMP had

oth positive and negative effects on the permeate flux. Higher

MP allowed droplets (both solvent and solute) to pass rapidly

hrough the membrane pores. However, more oil droplets accumu-

ated both on the membrane surface and in the membrane pores,

eading to membrane fouling [38] . According to Fig. 9 , the positive

ffect on the permeate flux was predominant at low TMP levels.

eyond the threshold pressure, the flux increases slowly with TMP

ue to membrane fouling [39,40] . 
.7.2. Effect of F-MWCNTs on permeate flux 

As can be seen in Fig. 9 , addition of F-MWCNT to PSf/Pebax

embrane leads to increase in permeate flux up to 0.5 wt% of

-MWCNT while permeate flux reduced by further increase of F-

WCNT loading in polymer matrix. The permeate flux of mem-

ranes is usually controlled by two factors; hydrophilicity and

he porosity of the membrane [17] . The hydrophilic groups of F-

WCNTs surface improve the hydrophilicity of membrane surface

see Table 2 ). This increase in hydrophilicity results in an increase

n permeate flux. In addition, the increase in porosity leads to

ncreasing permeate flux through the membranes. Increasing wa-

er flux up to 0.5 wt% of F-MWCNT loading can be attributed to
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Fig. 9. Effect of TMP on permeate flux of PSf/Pebax nanocomposite membranes prepared with different contents of F-MWCNTs. 

Fig. 10. Effect of TMP on oil rejection of PSf/Pebax nanocomposite membranes prepared with different contents of F-MWCNTs. 
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improvement of membrane hydrophilicity due to functional groups

of F-MWCNTs and increase of the porosity causing the more sol-

vent evaporation from polymer solution during phase separation.

However, when the F-MWCNTs loading exceeds 0.5 wt%, the high

density of F-MWCNTs leads to an increase in the viscosity of cast-

ing solution. This will hinder the solvent evaporation from poly-

mer solution. Also, the density of F-MWCNTs in the membrane

is so large that the steric hindrance and electrostatic interac-

tions among the F-MWCNTs and between the F-MWCNTs and the

polymer chains cause to cluster the F-MWCNTs during membrane

preparation. Therefore, a less porous membrane is created and the

flux decreases. Choi et al. [25] obtained similar results by adding

F-MWCNT to PSf ultrafiltration membrane. They observed that the

pore size and permeation of the blend membranes increased with

adding of F-MWCNTs up to 1.5% and then decreased because of in-

creasing in the viscosity of casting solution. 

3.7.3. Effect of TMP on oil rejection 

The variation in oil rejection for prepared membranes at dif-

ferent TMP is presented in Fig. 10 . From the figure, it is found

that at lower pressure range, the rejection is more; while at higher

pressure, the rejection shows a decreasing trend. This is because
f the fact that higher pressure drop across the membrane would

nhance wetting and coalescence of the oil droplets by increas-

ng convection and this would impose some oil droplets to pass

hrough the membrane pores along with the permeate. In other

ords, as the transmembrane pressure increases, the applied pres-

ure overcomes the capillary pressure that prevents the oil from

ntering the membrane pores [41–43] . Consequently, J oil increases

ore than J w 

by increasing pressure and C p = J oil / J w 

increases;

herefore according to Eq. (2) , oil rejection decreases. 

.7.4. Effect of F-MWCNTs on oil rejection 

Effect of F-MWCNTs loading on oil rejection of prepared mem-

ranes at different TMP is shown at Fig. 10 . By incorporation of

-MWCNT into pebax matrix, oil rejection is improved. As can

e seen, oil rejection at TMP of 10 bar for PSf/Pebax membrane

s 91.40% and for PSf/Pebax/2%F-MWCNT membrane is 99.79%,

hich is about 8% higher. The rejection behavior in the nanocom-

osite membranes might be explained by a combination of two

ffects. First, the increment in hydrophilicity due to addition

f F-MWCNTs enhances the permeation of water through the

embrane. This affects the rejection positively by increasing the

otal amount of water molecules that permeates through the
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Fig. 11. Flux declines of the prepared nanocomposite membranes at TMP of 10 bar 

Fig. 12. Flux declines of the prepared nanocomposite membranes at TMP of 15 bar 

m  

d  

M  

o

c

3

3

 

i  

t  

c  

fl  

f  

t  

s

3

 

d  

i  

b  

c  

w  

i  

w  

o  

c  

b  

p  

n  

m  

v

 

M  

m  

r  

fl  

i  

fi  

h  

e  

p  

c

 

s  

b  
embrane without enhancing the permeability of oil. Second, re-

uction of membrane porosity and smaller pores when the F-

WCNTs loading exceeds 0.5 wt% leads to increase in oil rejection

f PSf/Pebax/1%F-MWCNT and PSf/Pebax/2%F-MWCNT membranes 

ompared to PSf/Pebax/0.5%F-MWCNT membrane. 

.8. Antifouling and recycling properties of the membranes 

.8.1. Flux decline 

Figs. 11 −13 show flux decline for prepared membranes at var-

ous TMP during NF of the O/W emulsion. As observed, the varia-

ion of permeate flux can be divided into two stages, a sharp de-

ay and a pseudo-steady stage. At the early period of filtration, the

ux reduces very quickly due to the rapid membrane blocking and

ouling. The reduction rate in permeate flux becomes very slow af-

er 15 min. In fact, the permeate fluxes approach to their pseudo-

teady values [44] . 

.8.2. Antifouling properties 

To investigate the pressure effect on flux decline, flux decline at

ifferent TMP versus time for PSf/Pebax/2%F-MWCNT is presented

n Fig. 14 . The rate of flux decline is greater at high pressure as can

e seen in Fig. 14 . It can be attributed to the build-up of the con-

entration polarization layer and pore blocking mechanisms which
as also observed by Chakrabarty et al. [9] . Increase in pressure

ncreases the number of collisions between the emulsion droplets,

hich in turn break the film between the oil and water causing the

il droplets to coalesce and form large droplets. As a result, a layer

ontaining large oil droplets starts forming just above the mem-

rane surface which may be compressed on the surface at higher

ressure leading to membrane fouling at a higher rate. This phe-

omenon declines the flux. However at each pressure, for all the

embranes, the permeation flux is seen to reach almost a constant

alue after 15 min. 

The antifouling performance of the PSf/Pebax and PSf/Pebax/F-

WCNT nanofiltration membranes was characterized by means of

easuring water flux recovery after fouling by O/W emulsion. The

esults are shown in Table 5 . From the table, it is clear that the

ux recovery percentage of the F-MWCNT embedded membranes

s higher than that of the PSf/Pebax membrane. It means that the

ltration performance of the nanocomposite membranes was en-

anced when they were exposed to O/W emulsion. The flux recov-

ry value of PSf/Pebax membrane was only 73.29% implicating a

oor antifouling property. In the best case, the flux recovery per-

entage of the 2 wt% F-MWCNT membrane was 97.79%. 

The adsorption and deposition of oil droplets on the membrane

urface and their entrapment in the pores primarily caused mem-

rane fouling. Membrane fouling consisted of reversible fouling
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Fig. 13. Flux declines of the prepared nanocomposite membranes at TMP of 20 bar 

Fig. 14. Flux decline of PSf/pebax/2%F-MWCNT membrane at various TMP. 

Table 5 

Flux recovery, irreversible and reversible deposition on membrane surfaces. 

Membrane FRR (%) R ir (%) R r (%) 

Pressure (bar) Pressure (bar) Pressure (bar) 

10 15 20 10 15 20 10 15 20 

PSf/pebax 90.15 89.79 73.29 9.85 10.21 26.71 12.04 9.19 8.90 

PSf/pebax/0.5%FMWCNT 96.71 96.10 90.80 3.29 3.90 9.20 13.82 9.95 9.38 

PSf/pebax/1%F-MWCNT 97.48 96.68 91.61 2.52 3.32 8.39 14.71 10.23 9.75 

PSf/pebax/2%F-MWCNT 97.79 97.61 91.95 2.21 2.39 8.05 15.47 12.46 11.73 
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and irreversible fouling. Reversible oil droplets adsorption led to

reversible fouling which could be removed by simple hydraulic

cleaning. On the contrary, irreversible fouling was caused by firm

adsorption of oil droplets on the surface or entrapment of oil

droplets inside pores [43,60] , 60]. Table 5 also shows reversible

fouling ratio ( R r ), and irreversible fouling ratio ( R ir ) values which

calculated from water flux before O/W separation and after hy-

draulic cleaning to evaluate the antifouling properties. Reversible

fouling of PSf/Pebax and F-MWCNT modified PSf/Pebax membranes

roughly was similar. However, the main difference in fouling re-

sistance of membranes was observed in irreversible fouling value.
his implies the irreversible fouling dominates the total fouling.

Sf/Pebax membrane had high irreversible fouling due to its lower

ydrophilicity. Among the F-MWCNT blended membranes, 2 wt%

embrane represented lowest irreversible fouling, which can be

ttributed to its higher hydrophilicity ( Table 2 ). 

Obviously, finding identical conditions including TMP, mem-

rane material and separation process in literature is impossible.

herefore, the efficiency of different membranes used in sepa-

ation of O/W emulsion compared to present study, despite the

ifferent conditions and different membrane processes (UF and

F). As it can be seen in Table 6 , the permeate flux of the
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Table 6 

The O/W separation performance of different membrane processes. 

Membrane Membrane process Additive TMP (bar) Flux (L/m 

2 h) R% (%) Ref. 

Felt-metal supported PVA composite UF − 4.5 113 92.7 [38] 

TFC polyamide commercial NF − 5 47 82 [43] 

PSf UF PVP & PEG 1 82 97 [6] 

PVDF UF PEG400 & PEG15000 1.5 11.55 98 [44] 

γ -Al 2 O 3 NF − 10 44 96.3 [5] 

PSA & PEA NF PVP 20 5 99.16 [4] 

PSf commercial UF − 3 100 80 [39] 

TFN polyamide commercial NF − 10 80 92 [3] 

PSf/pebax NF 0.5%F-MWCNT 15 230 98.63 This study 

PSf/pebax NF 2%F-MWCNT 15 174.4 99.26 This study 
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Sf/Pebax/0.5%F-MWCNT membrane (230 L/m 

2 h) prepared in the

resent study is higher than those of most membranes reported

n the literature for O/W separation. Moreover, PSf/Pebax/2%F-

WCNT membrane has relatively higher oil rejection value

99.26%) in comparison to other studies. 

. Conclusions 

A new PSf/Pebax nanofiltration composite membrane was suc-

essfully prepared, modified and characterized. To modify the char-

cteristics of the resulting membrane, 0.5, 1 and 2 wt% of F-

WCNT were added to pebax solution. The stabilization of F-

WCNTs in membrane matrix approved by FTIR. The surface of

embranes was nearly smooth and defect free. A dense pebax

ayer was formed on the porous PSf layer and there was no ev-

dence of interface voids or sieve in cage morphology of these

embranes. Increasing F-MWCNT, decreases water contact an-

el and consequently increases membrane hydrophilicity. Tensile

trength of membrane was increased by addition of F-MWCNT. Fur-

hermore, adding F-MWCNT to polymer matrix enhances thermal

tability of membrane. Increasing F-MWCNT content up to 0.5 wt%,

ncreases permeate flux and further increasing of F-MWCNT to

 wt%, decreases permeate flux. Rejection of oil/water emulsion is

igher at lower pressure while by increasing pressure; rejection

as a decreasing trend, and oil rejection increases with increasing

-MWCNT loading . 
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