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Liège, Belgium

J. Karger-Kocsis
University of Technology
and Economics
Budapest, Hungary

Byung K. Kim
Pusan National University
Pusan, South Korea

J. M. Lagaron
Packaging Lab., IATA-CS1C
Valencia, Spain

Jean L. Leblanc
Universit�e Pierre et Marie Curie
Paris, France

Alan J. Lesser
University of Massachusetts
Amherst, MA, USA

Yongfang Li
Chinese Academy of Sciences
Beijing, China

Michael Malkoch
KTH Royal Institute of Technology
Stockholm, Sweden

Robert Matheson
DuPont Automotive Products
Troy, MI, USA

Kenneth Mauritz
University of Southern Mississippi
Hattiesburg, MS, USA

Jimmy W. Mays
University of Tennessee
Knoxville, TN, USA

Michael A. R. Meier
Karlsruhe Institute of Technology
Karlsruhe, Germany

Han E. H. Meijer
Eindhoven University of Technology
Eindhoven, Netherlands

Goerg H. Michler
Martin Luther University
Halle Wittenberg
Halle, Germany

Philip Molyneux
Macrophile Associates
Nottingham, UK

Koon-Gee Neoh
National University of Singapore
Singapore, Singapore

Cheolmin Park
Yonsei University
Seoul, South Korea

Donald R. Paul
University of Texas
Austin, TX, USA

Nicholas A. Peppas
University of Texas at Austin
Austin, TX, USA

Robert E. Prud’homme
Princeton University
Princeton, NJ, USA

D. K. Setua
Defense Materials and Stores
Research & Development
Establishment
Kanpur, India

Arthur W. Snow
Naval Research Laboratory
Washington, DC, USA

Bluma G. Soares
Universidade Federal do
Rio de Janeiro
Rio de Janeiro, Brazil

S. C. Tjong
City University of Hong Kong
Kowloon, Hong Kong

Ricardo Vera-Graziano
Instituto de Investigaciones en
Materiales, UNAM
Mexico DF, Mexico

Christoph Weder
University of Freiburg
Freiburg, Germany

Robert A. Weiss
University of Connecticut
Storrs, CT, USA

Andrew K. Whittaker
University of Queensland
Brisbane, Australia

Paula Wood-Adams
Concordia University
Montreal, QC, Canada

Kenneth J. Wynne
Virginia Commonwealth University
Richmond, VA, USA

Liqun Zhang
Beijing University of Chemical
Technology
Beijing, China

J_ID: Z8Q Customer A_ID: Cadmus Art: Ed. Ref. No.: Date: 30-January-12 Stage: Page: 1

ID: thambikkanue I Black Lining: [ON] I Time: 14:29 I Path: N:/3b2/APP#/Vol00000/090005/APPFile/APP_EDBD_1

VOL 1 | NO 1 | 1 JANUARY 2013

Special Issue: Microfiltration and Ultrafiltration 
Membrane Science and Technology

Guest Editors:  Prof. Isabel C. Escobar (University of Toledo) and 
                Prof. Bart Van der Bruggen (University of Leuven)

http://onlinelibrary.wiley.com/doi/10.1002/app.42002/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42002/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41683/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41683/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41683/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41781/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41781/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41781/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42042/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42042/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41621/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41621/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41663/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41663/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41796/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41796/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41549/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41549/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41622/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41622/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41731/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41731/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41835/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41835/abstract


SURFACE MODIFICATION OF POLYMER MEMBRANES
Highly chlorine and oily fouling tolerant membrane surface modifications by 
in situ polymerization of dopamine and poly(ethylene glycol) diacrylate for 
water treatment
K. Yokwana, N. Gumbi, F. Adams, S. Mhlanga, E. Nxumalo and B. Mamba, 
J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.41661

Fouling control through the hydrophilic surface modification of 
poly(vinylidene fluoride) membranes
H. Jang, D.-H. Song, I.-C. Kim, and Y.-N. Kwon, J. Appl. Polym. Sci. 2015, 
DOI: 10.1002/app.41712

Hydroxyl functionalized PVDF-TiO2 ultrafiltration membrane and its antifouling properties
Y. H. Teow, A. A. Latif, J. K. Lim, H. P. Ngang, L. Y. Susan and B. S. Ooi, J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.41844

Enhancing the antifouling properties of polysulfone ultrafiltration membranes by the grafting of poly(ethylene glycol) derivatives 
via surface amidation reactions
H. Yu, Y. Cao, G. Kang, Z. Liu, W. Kuang, J. Liu and M. Zhou, J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.41870

SEPARATION APPLICATIONS
Experiment and simulation of the simultaneous removal of organic and inorganic contaminants by micellar enhanced 
ultrafiltration with mixed micelles
A. D. Vibhandik, S. Pawar and K. V. Marathe, J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.41435

Polymeric membrane modification using SPEEK and bentonite for ultrafiltration of dairy wastewater
A. Pagidi, Y. Lukka Thuyavan, G. Arthanareeswaran, A. F. Ismail, J. Jaafar and D. Paul, J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.41651

Forensic analysis of degraded polypropylene hollow fibers utilized in microfiltration
X. Lu, P. Shah, S. Maruf, S. Ortiz, T. Hoffard and J. Pellegrino, J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.41553

A surface-renewal model for constant flux cross-flow microfiltration
S. Jiang and S. G. Chatterjee, J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.41778

Ultrafiltration of aquatic humic substances through magnetically responsive polysulfone membranes
N. A. Azmi, Q. H. Ng and S. C. Low, J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.41874

BIOSEPARATIONS APPLICATIONS
Analysis of the effects of electrostatic interactions on protein transport through zwitterionic ultrafiltration membranes using 
protein charge ladders
M. Hadidi and A. L. Zydney, J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.41540

Modification of microfiltration membranes by hydrogel impregnation for pDNA purification
P. H. Castilho, T. R. Correia, M. T. Pessoa de Amorim, I. C. Escobar, J. A. Queiroz, I. J. Correia and A. M. Morão, J. Appl. Polym. Sci. 
2015, DOI: 10.1002/app.41610

Hemodialysis membrane surface chemistry as a barrier to lipopolysaccharide transfer
B. Madsen, D. W. Britt, C.-H. Ho, M. Henrie, C. Ford, E. Stroup, B. Maltby, D. Olmstead and M. Andersen, J. Appl. Polym. Sci. 2015, 
DOI: 10.1002/app.41550

Membrane adsorbers comprising grafted glycopolymers for targeted lectin binding
H. C. S. Chenette and S. M. Husson, J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.41437

MANAGING EDITOR

Stefano Tonzani

ASSOCIATE EDITOR

Hilary J. Crichton

ASSISTANT

MANAGING EDITORS

Nesty Diaz
Maria Monte

PRODUCTION EDITORS

Cecilia Banzon
Glenn Beck

FOUNDING EDITOR

Herman F. Mark

CONSULTING EDITOR

Eric Baer

EXECUTIVE EDITORS

Subramanian Iyer
Eastman Chemical Company
Advanced Polymer Engineer
100 Lincoln Street
Kingsport, TN 37660, USA

Brian Knapp
PROMERUS LLC
9921 Brecksville Road
Brecksville, OH 44141, USA

Sergei Nazarenko
The University of Southern
Mississippi, School of Polymers and
High Performance Materials
118 College Drive
MB #10076
Hattiesburg, MS 39406-0001, USA

Mark A. Schubert
Energizer Battery Company
25225 Detroit Road
Westlake, OH 44145, USA

EDITORIAL BOARD

Rameshwar Adhikari
Tribhuvan University
Kirtipur, Kathmandu, Nepal

Rigoberto Advincula
University of Houston
Houston, TX, USA

Ann-Christine Albertsson
KTH Royal Institute of Technology
Stockholm, Sweden

T. M. Aminabhavi
Karnatak University
Dharwad, India

F. J. Balta-Calleja
Instituto de Estructura de la
Materia, CSIC
Madrid, Spain

Amar Nath Banerjee
University of Calcutta
Calcutta, India

David Benko
The Goodyear Tire & Rubber Co.
Akron, OH, USA

Anil Bhowmick
Indian Institute of Technology
Kharagpur, India

Bret J. Chisholm
GE Corporate Research
and Development
Niskayuna, NY, USA

Neal Chung
National University of Singapore
Singapore

Robert E. Cohen
Massachusetts Institute of
Technology
Cambridge, MA, USA

Antonio M. Cunha
Universidade do Minhoh-Azurem
Guimaraes, Portugal

Mohamed S. El-Aasser
Lehigh University
Bethlehem, PA, USA

Antonio Facchetti
Northwestern University
Evanston, IL, USA

Lionel Flandin
Universit�e de Savoie
Le Bourget-du-lac, France

Andrzej Galeski
Polish Academy of Sciences
Sienkiewicza, Poland

Sophie M. Guillaume
Universit�e de Rennes
Rennes, France

Atsushi Hotta
Keio University
Yokohama, Japan

Avraam I. Isayev
The University of Akron
Akron, OH, USA

Robert Jerome
University of Liège
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ABSTRACT: This work describes the fabrication of nitrogen doped and phosphorus doped carbon nanotube (fP-CNT and fN-CNT)/

polysulfone blend membranes via a phase inversion method. The structural morphology, hydrophilicity, rejection, and permeability

properties of the blend membranes were found to be dependent on the amount and type of functionalized CNTs (fCNTs) incorpo-

rated (i.e., fN-CNTs, fP-CNTs). The results showed that PSf membranes modified with P- or N-doped CNTs have significantly

improved hydrophilicity, thermal stability, water uptake, and surface charge compared to membranes modified with pristine fCNTs.

Scanning electron microscopy studies demonstrated that the addition of the doped CNTs resulted in the formation of ‘finger-like’

structures subsequently leading to increased membrane porosities and pore sizes. Thus, doped CNTs imparted on the transport mech-

anism of the parent membranes resulting in enhanced flow rates and better selectivity. This increase could be due to a combination

of steric limitations from the carboxylic functional groups present in their surfaces leading to electrostatic repulsions between func-

tional groups present in the membranes and the humic acid molecules. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41835.

KEYWORDS: blends; composites; graphene and fullerenes; membranes; nanotubes; properties and characterization
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INTRODUCTION

Membrane technology is used widely in the removal of different

contaminants such as microorganisms and dissolved solids from

water. Polysulfone (PSf) is a classical membrane material with

excellent properties, and is broadly used in different fields such

as water purification, biochemistry, gas separation, drugs extrac-

tion, etc.1–3 However, PSf membranes suffer from high hydro-

phobicity, which causes them to be easily fouled resulting in

reduced membrane efficiency i.e., flux decline and low rejection

of contaminants (such as natural organic matter (NOM), heavy

metals, salts, bacteria, and viruses). Fouling of PSf membranes

further leads to shortened life span4,5 and significantly hinders

its application in water treatment. NOM has been identified as

one of the major foulants for nanofiltration (NF) and forward

osmosis (FO) membranes.6 To date, much effort has been

devoted on improving PSf membrane properties to enhance its

performance in water treatment. For example, inorganic nano-

particles such as TiO2, ZnO, SiO2, and ZrO2 have been used to

modify PSf membranes to enhance its performance.7–12

Carbon nanotubes (CNTs), because of their unique mechanical,

electrical, and electrochemical properties have stimulated an

increasing interest in membrane technology. Although, CNTs

are promising nanomaterials, they do have some limitations,

which impart negatively on their use in polymer membrane

synthesis. CNTs have poor dispersion and dissolution in differ-

ent organic solvents, which cause difficulties during interaction

with polymer matrices. Secondly, CNTs tend to agglomerate in

membrane surfaces causing reduction in membrane

performance.13–15

Several researchers have successfully fabricated blended poly-

meric membranes by incorporating CNTs resulting in new com-

posite membranes with enhanced properties.16,17 CNT/

poly(methyl methacrylate) composite membranes with great

mechanical and electrical properties and high thermal conduc-

tivity were prepared.18 Choi et al.19 demonstrated that CNT/PSf

composite membranes are more hydrophilic than bare PSf

membranes. Scanning electron microscopy (SEM) studies

showed an increase in pore size of the blend membranes along

Additional Supporting Information may be found in the online version of this article.

VC 2015 Wiley Periodicals, Inc.
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with an increase in the content of CNTs up to 1.5%. In addi-

tion, PSf membranes modified with 4.0% content of CNTs were

reported to have the best performance and more improved

morphology. CNT/PSf blended membranes resulted in higher

fluxes. However, lower protein rejections were observed for

blended membranes compared to those of bare PSf

membranes.20,21

In this work, we envisage that CNTs modified by means of dop-

ing with heteroatoms, such as boron, nitrogen, phosphorus, etc.

will yield improved properties.22,23 These modified CNTs can

further improve the properties of polymer membranes. This is

because doping can lead to highly efficient functionalization of

the CNT surfaces compared to undoped CNTs, resulting in

denser functionality and higher chemical reactivity with mem-

brane backbones.14,24,25

This study thus focuses on developing novel doped CNT/PSf NF

composite membranes with high permeability and selectivity and

determining their performance with respect to humic acid fouling

resistance in water treatment. Functionalized CNTs (fCNTs), fN-

CNTs, and fP-CNTs were used as functional additives to modify

PSf membranes thereby improving their performance in parame-

ters such as the permeate flux decline and solute rejection. The

fCNT/PSf nanocomposite membranes were characterized using

SEM, Fourier transform infrared spectroscopy (FT-IR), thermal

gravimetric analysis (TGA), Brunauer Emmett Teller (BET), con-

tact angle analyzer, electrokinetic analyzer, and ultraviolet-visible

absorption spectrometer (UV-Vis). A six cell cross-flow system

was used to measure their permeability and to determine their

antifouling efficiency and salt rejection.

EXPERIMENTAL

Materials

The materials used for membrane fabrication include PSf

(obtained from Solvay Advanced Polymers - South Africa) and

N,N-dimethylacetamide (DMAc) (Sigma-Aldrich); used as sol-

vent to dissolve PSf polymer. Toluene, triphenylphosphine,

nitric acid, acetonitrile (Merck), and ferrocene (purity� 98%,

B.D.H.) (Sigma-Aldrich) were used to synthesize the doped

CNTs. Humic acid and sodium chloride (Sigma-Aldrich) were

used to spike water as a foulant and electrolyte, respectively.

Magnesium sulphate, also obtained from Sigma-Aldrich, was

used without further purification. Deionized (DI) water was

obtained from a water purification system (RO Process Ecopure

G.I.C. Scientific) in the University of Johannesburg (Depart-

ment of Applied chemistry).

CNT Synthesis and Functionalization

CNTs, N-CNTs, and P-CNTs were prepared using a floating cat-

alyst chemical vapour deposition method and functionalized by

a refluxing procedure to give fCNTs, fN-CNTs, and fP-CNTs.26

Typically, the CNTs were refluxed in 55% nitric acid at 100oC

for 4 h, followed by washing with DI water until a neutral pH

(�7) was achieved. The resulting material was dried overnight

in a vacuum oven at 100�C.

Membrane Preparation

The membranes were prepared via a phase inversion

method.21,27 In the preparation of pure PSf membranes, PSf

was first dissolved in DMAc and stirred for 3 h at 80�C to form

a homogenous mixture. The solution was then left overnight to

eliminate air bubbles. The solution was hand cast onto a glass

plate using a casting knife (Elcometer 3545 adjustable bird film

applicator) set to 250 mm thickness. The cast film was exposed

to ambient temperature for 10 s before it was immersed into a

coagulated water bath at about 4�C for 30 min. The film was

removed and dipped into a distilled water bath for 2 h followed

by drying at room temperature. Membranes incorporating

fCNTs, fN-CNTs, and fP-CNTs were fabricated in a similar fash-

ion except that CNTs were first dispersed in DMAc by ultraso-

nication for 15 min to form a good dispersion. The different

compositions of fCNT/PSf membranes are shown in Table I.

Membrane Characterization

The cross-section and surface morphology of the prepared

membranes were investigated using a JEOL SEM. The samples

were coated with gold to prevent electron charging. All images

were acquired at 20 kV setting. Samples for cross-sectional

images were first frozen in liquid nitrogen and then fractured

and loaded onto the microscopy for analysis. Thermogravimet-

ric analysis (Perkin Elmer TGA 4000 instrument) was used to

determine the thermal stability of samples and the fraction of

volatile components. A sample mass of approximately 10 mg

was analyzed at the heating rate of 10�C/min in a temperature

range of 30–800�C under oxygen atmosphere.

FT-IR spectroscopy was used for the determination of func-

tional groups present in the membranes. FT-IR spectrometer

(Perkin Elmer spectrum 100 instrument) with horizontal ATR

device was used to characterize the prepared membranes. BET

was used to determine the surface area, pore size, and pore vol-

ume of the samples. A sample mass of between 200 and 300 mg

was degassed under nitrogen atmosphere and analyzed using

liquid nitrogen.

The surface hydrophilicity of the prepared membranes was

determined by measuring the contact angle using the sessile-

drop method on a Data Physics Optical measuring instrument.

The membrane samples were mounted on a planar glass plate.

Table I. The Composition of Membrane Casting Solutions

CNT content (wt %)

Membrane
type

PSf
(wt %)

f
CNTs

fN-
CNTs

fP-
CNts

DMAc
(wt %)

Pure PSf 15 – – – 85

0.1% fCNT/PSf 15 0.1 85

0.1% fN-CNT/PSf 15 0.1 85

0.1% fP-CNT/PSf 15 0.1 85

0.3% fCNT/PSf 15 0.3 85

0.3% fN-CNT/PSf 15 0.3 85

0.3% fP-CNT/PSf 15 0.3 85

0.5% fCNT/PSf 15 0.5 85

0.5% fN-CNT/PSf 15 0.5 85

0.5% fP-CNT/PSf 15 0.5 85
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A total of 1 lL of DI water was carefully dropped on the top

surface of the membrane from a syringe at a distance of about

0.5 cm using a syringe tip to avoid spreading of water drop. To

minimize the experimental error, five drops of distilled water

were placed randomly onto the surface of the membrane then

the average contact angle measurements were reported. The sur-

face charge and the zeta potential of the fabricated membrane

were measured on a SurPASS Electrokinetic analyzer using a

streaming potential analyzer (adjustably equipped) with a

clamping gap cell of 20 3 10 mm for planar samples. Aqueous

NaCl solutions at different pH (2–6) was used as electrolyte, pH

was adjusted using HCl and NaOH solutions

Permeation Tests

Membrane Porosity. Membrane porosity was evaluated by first

weighing a dry membrane and then soaking it in distilled water

for 24 h, followed by drying the surface with a blotting paper.

The wet membranes were completely dried by placing them in

an oven at 80�C for 24 h and then weighing. The porosity of

membranes (P) was calculated using eq. (1).

Pð%Þ5 Ww2Wd

Ah

� �
3 1000 (1)

where, A is the membrane surface area (cm2), h, the membrane

thickness (mm), Ww, the weight of a wet membrane and Wd, is

the weight of a dry membrane (g). To minimize the experimen-

tal errors, the membrane porosity was measured at least three

times and average values were reported.

Water Uptake/Swelling Test. The membranes were immersed in

distilled water at room temperature for 24 h. They were

removed and blotted dry by a paper towel to remove the drops

of water and weighed to get the mass of wet membranes. They

were then dried at 80�C for 24 h in an oven and weighed again

to get the mass of dry membranes. The water uptake was

reported as weight percentage (water absorption) using the fol-

lowing equation.

Water uptakeð%Þ5 Wwet2Wdry

Wwet

� �
3 100 (2)

Permeability and Fouling Test. A cross-flow membrane testing

unit with an effective membrane area of 18.30 cm2 was used for

the permeation tests (Figure 1). The experiments were per-

formed at a constant temperature of 22�C. The membranes

were initially operated at a pressure of 100 psi for compaction

using DI water overnight for stabilization; and then pressure

was reduced to 50 psi and the pure water flux of the virgin

membranes (J) was determined. The pure water flux was calcu-

lated using eq. (3).

J 5
V

At
(3)

V is the permeate volume (‘), A is the membrane effective area

(m2) and t is the time (h) necessary for the permeate volume to

be collected.

The fouling behavior of the membranes was determined by the

filtration of 100 mg/L HA aqueous solutions in 10 mM NaCl at

a pH of 6.8. The rejection of MgSO4and NaCl (pH 6.8) was

also performed under the same conditions. Equation (4) was

used to evaluate the membrane efficiency in removing salts

from the feed solution.

Rð%Þ5 12
Cp

Cf

� �
3100 (4)

Cf denotes concentration in the feed and Cp denotes concentra-

tion in the permeate (mg/L). The permeate flux decline (PFD)

was used to determine the fouling extent of membranes. Perme-

ate flux decline was calculated using the following equation.28

PFDð%Þ5 12
J

Jo

� �
3100 (5)

The concentrations of the feed and permeate solution were

measured using an UV-Vis absorption spectroscopy (UV-2450

Figure 1. A schematic diagram of a cross-flow testing setup for membranes.
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UV-Vis spectrophotometer (Shimadzu)) at a wavelength of

254 nm.

RESULTS AND DISCUSSION

FT-IR Spectroscopy Results

FT-IR spectroscopy peaks representing the symmetric O@S@O

stretching vibrations were observed around 1294 and

1146 cm21 in all membranes.28 In addition, the stretches

observed around 1280 cm21 correspond to SAO stretch bands.

The peak at 1236 cm21 is characteristic of polysulfone mem-

branes and can be attributed to the symmetric CAOAC stretch-

ing vibrations, whereas the peak found in the region 3090–

2920 cm21 corresponds to asymmetric stretch of the CAH

band. The PSf membranes modified with undoped CNTs show

similar patterns with pure PSf membrane. This suggests that the

interaction between PSf and CNTs is poor as CNTs are inert.

However, the spectra of blend membranes with fN-CNTs and

fP-CNTs are different as C@O groups bonds are present

(1738 cm21) formed by the addition of functionalized doped

CNTs. This is a common observation when PSf membranes are

modified by fCNTs.21,29 The band in 1100–1350 cm21 regions is

characteristic of CAO single bond. The FT-IR spectra are shown

in the Supporting Information (Figure S1).

Effect of fN-CNTs and fP-CNTs on the Hydrophilicity of PSf

Membranes

Generally, membrane hydrophilicity depends on the values of

water uptake and contact angle. The effect of water uptake on

the hydrophilicity of the blended membranes is discussed in

detail in the Effect of fCNTs on Water Uptake and Porosity of

PSf Membranes section. Pure PSf membranes gave higher con-

tact angles i.e., 68.7� (Table II). This is the highest contact angle

value compared to the values of all the composite membranes

(rendering the membranes less hydrophilic). fCNT/PSf mem-

branes (0.1, 0.3, and 0.5 wt %) showed lower contact angles

(versus PSf membrane contact angles) of 63.5, 60.5, and 56.6o,

respectively, indicating that oxidised CNTs have a remarkable

effect in transforming the PSf membrane surface hydrophilicity.

As expected the hydrophilicity of the membranes was improved

with the addition of fN-CNT as a result of ACOOH, AOH,

and ACO groups present on N-CNT in the fN-CNT/PSf com-

posite membranes. In addition, water contact angles decreased

with an increase in fCNT and fN-CNT loading in the mem-

brane. Similar observations were made by Rahimpour et al.30

after incorporating fCNTs into PES membranes. The improve-

ment of hydrophilicity by the addition of fN-CNTs could reduce

the interaction between the organic pollutants and the modified

surface of the composite membranes leading to high water per-

meability and enhanced fouling resistance.31,32

On the other hand, modification of PSf with fP-CNTs (up to

0.3 wt % fP-CNTs) resulted in increased hydrophilicity indicat-

ing that fP-CNTs were capable of significantly enhancing the

membrane surface hydrophilicity. However, the contact angle of

fP-CNT/PSf membranes increased when 0.5 wt % of fP-CNTs

was added (52.8–62.5o). This was a result of the presence of

irregular structures and agglomeration in the membranes con-

taining fP-CNTs, which further caused the membrane to be less

hydrophilic.33 However, this membrane is still more hydrophilic

than the neat PSf membrane.

Effect of fCNTs on Water Uptake and Porosity of PSf

Membranes

Pure PSf membranes were found to have low water uptake

(30.5%), whereas fN-CNT/PSf membranes (highly hydrophilic

membranes) had significantly high water uptake potentials

(Table III). The water uptake abilities of the fN-CNT/PSf mem-

branes increased with an increase in the concentration of fN-

CNTs. This is attributed to the increase in carboxylic acid

groups and the presence of N heteroatoms on the CNTs, which

further caused the surface to be more reactive resulting in

enhanced porosity. This led to increased water absorption at

increased concentration of functionalized doped CNTs. This

behavior is attributed to enhanced macro-void formation, which

favors high surface area for water uptake inside the membrane.

In addition, the porosity of PSf membranes modified with fN-

CNTs and fP-CNTs increased with an increase in the amount of

CNTs added to the membrane structure. However, a further

increase in doped CNTs to 0.5 wt % resulted in decreased

porosity (Table III). This unusual behavior could be related to

the agglomeration of functionalized doped CNTs at high %

thereby causing blockage of the pores on the surface of the

composite membranes due to delayed phase separation and

increased viscosity.34 The same trends for porosity and water

uptake were observed for fP-CNT/PSf membranes. The addition

of fP-CNTs up to 0.3 wt % improved the water uptake (from

Table II. Water Contact Angles of PSf, fCNT/PSf, fN-CNT/PSf, and fP-

CNT/PSf Composite Membrane Surfaces

Contact angle (�)

Content fCNT/PSf fN-CNT/PSf fP-CNT/PSf

0.0% 68.7 68.7 68.7

0.1% 63.5 54.1 54.7

0.3% 60.5 50.4 52.8

0.5% 56.6 50.1 62.5

Table III. Porosity and Water Content for Different Membranes

Membrane type
Percentage water
absorption (%) Porosity (%)

PSf 30.5 5.9

0.1% fCNT/PSf 30.1 13.2

0.1% fN-CNT/PSf 32.6 4.7

0.1% fP-CNT/PSf 35.6 6.4

0.3% fCNT/PSf 27.3 5.3

0.3% fN-CNT/PSf 63.8 26.1

0.3% fP-CNT/PSf 37.3 7.3

0.5% fCNT/PSf 39.9 8.1

0.5% fN-CNT/PSf 34.0 6.3

0.5% fP-CNT/PSf 23.9 4.0
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30.5 to 37.3%) and porosity (from 5.9 to 7.3%) of PSf

membranes.

Effects of fN-CNTs and fP-CNTs on the Thermal Stability of

PSf Membranes

The thermal stability of different types of NF composite mem-

branes were measured by TGA under air. The decomposition of

pure PSf membranes occurred at about 549.7�C as shown in

Figure 2. However, when fCNTs, fN-CNTs, or fP-CNTs were

incorporated into the PSf matrix, the decomposition shifts to

higher temperatures. This indicates that composite membranes

have improved thermal stability compared to pure PSf mem-

brane due to the inclusion of the highly thermally stable carbon

material.35

In addition, the decomposition temperature of fCNT/PSf com-

posite membranes decreased from 590 to 570�C as the amount

of fCNTs added into the PSf membrane increased from 0 to

0.5%. This can be attributed to the poor dispersion of CNTs in

the PSf matrix. However, in the case of fN-CNT/PSf membranes

thermal stability increased with an increase in the content of

fN-CNTs added into the membranes. A higher decomposition

temperature of about 615�C was noted in the case of 0.5% fN-

CNT/PSf composite membranes. This confirms that the fN-

CNT/PSf composite membranes have improved thermal stability

than pure PSf and their fP-CNT counterparts. The improvement

in thermal stability is due to the homogeneous dispersion of

fN-CNTs into the PSf membrane, as a result of the existence of

strong interactions between the ACOOH groups on fN-CNT

outer surfaces and ASO2 groups of PSf. These interactions are

further due to strong hydrogen bonds between the fN-CNTs

and the PSf polymer matrix thus modifying the structure of the

polymer network. All other TGA data for the composite mem-

branes are presented in Figure S2 (Supporting Information).

Membrane Microstructure

To understand the influence of doped CNT on the membrane

structure, SEM cross-section and surface morphology studies

were performed (Figures 3 and 4). The PSf membranes without

CNTs exhibit a typical asymmetric structure, smooth surface,

and macro-voids structures. As expected, the surface morphol-

ogy of a 0.3% CNT/PSf composite membrane had a

Figure 2. TGA curves of PSf, fCNT/PSf, fN-CNT/PSf, and fP-CNT/PSf

composite membranes. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 3. SEM images of (a) PSf membranes (b) 0.3% fCNT/PSf membranes (c) 0.3% fN-CNT/PSf membranes, and (d) 0.3% fP-CNT/PSf membranes.
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nonuniform morphology [Figure 3(b)], whereas PSf modified

with 0.3% of fN-CNTs and fP-CNTs showed uniform surfaces

[Figure 3(c,d)]. Indeed, the formation of porous macropores

and finger-like micro-void structures was suppressed by the

addition of CNTs in the membrane structure [Figures 3(b) and

4(b)]. In addition, there was a significant increase in the density

of pores and fully developed macro-void pores when PSf mem-

branes were modified with 0.3% fN-CNTs [Figures 3(c) and

4(c)]. However, with further increase in fN-CNT content, a

slight decrease in the density of pores below the separation layer

Figure 4. Cross-section SEM images of (a) PSf membranes (b) 0.3% fCNT/PSf membranes (c) 0.3% fN-CNT/PSf membranes, and (d) 0.3% fP-CNT/PSf

membranes.

Figure 5. AFM images for the outer surface of composite membranes: (a) 0.3% fN-CNT/PSf and (b) 0.3% fP-CNT/PSf. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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was observed. This observation is in agreement with the result

obtained from the porosity studies (Table III). Clearly, the for-

mation of membrane pore sizes and porosity depended on the

time taken for phase separation to begin. The faster the phase

separation, the larger the pores, whereas, a delay in time for

separation results in thick, smaller pore sizes, and less porous

surfaces. The increase in pore sizes/densities might be explained

by the increasing amount of functionalized doped CNTs in the

casting solution to 0.3 wt %, resulting in enhanced phase sepa-

ration21,29 whereas, a further increase in fN-CNTs led to a delay

in phase separation.

SEM investigations thus demonstrate that 0.3% fP-CNT/PSf

membranes have more porous surfaces than CNT/PSf mem-

brane (but fewer pores compared to fN-CNT/PSf composite

membranes, which have larger pores and finger-like structures).

Further, circle-shape patterns were observed on the sub-layers of

the fP-CNT/PSf composite membranes. This therefore indicates

that the fN-CNTs were homogenously dispersed on the mem-

brane polymer matrix due to increased solubility of fN-CNTs in

the casting solvent during the phase inversion process.

Atomic Force Microscopy

Figure 5 shows 3D AFM surface morphology images of 0.3%

fN-CNT/PSf and 0.3% fP-CNT/PSf NF blended membranes at a

scan area of 3 lm. The bright high peaks represent the highest

points on the surface of the membrane, whereas the dark

depressions represent pores. Figure 6 clearly shows significant

differences in morphology of PSf membranes modified with dif-

ferent functionalized doped CNTs (fP-CNTs and fN-CNT). Fig-

ure 5(a) show that PSf membranes modified with 0.3 wt % fN-

CNTs have less surface roughness, whereas fP-CNT/PSf mem-

branes have high surface roughness [Figure 5(b)]. fN-CNTs thus

produce composite membrane with smoother surfaces com-

pared to the fP-CNT/PSf composite membrane. This confirms

that there was an increase in hydrophilicity of the fN-CNT/PSf

membrane (Table II). The enhancement in the degree of hydro-

philicity and surface roughness of the membrane is known to

result in lower fouling surfaces.10 Similar observations were

made with all other doped CNT/PSf membranes and our previ-

ous work performed thorough investigations on this subject

(thus, all the other AFM images were not presented in this

work).27,36

Surface Charge of CNT/PSf Composite Membranes

Figure 6 illustrates the zeta potential as a function of pH deter-

mined using NaCl as an electrolyte. The results obtained are

however not remarkably different. This may be understood

when considering the possibility that the CNTs get coated by a

thin PSf layer during the manufacturing process. Nevertheless, it

was found that fN-CNT/PSf composite surface charge were dif-

ferent to PSf modified with fP-CNTs and fCNTs composite

membranes.

The membrane surface charge contributes to the improvement

of HA absorption on the composite membranes due to the elec-

trical conductivity of functionalized doped CNTs as a result of

the functional groups present in the membrane surface. The

modification of PSf with (fN-CNTs or fP-CNTs) resulted in a

conductive membrane material. This may be due to increased

pore size (ionic conductance) or due to the electric conductance

of CNTs. With the membranes modified with 0.1 wt % fN-

CNTs and 0.1 wt % fP-CNTs, no conductance could be

detected; however, when 0.3 wt % fN-CNTs or 0.3 wt % fP-

CNTs were incorporated to the PSf matrix, a significant contri-

bution to interfacial conductance was observed.

PSf membranes with 0.1 wt % fN-CNTs show an isoelectric

point (IEP), which is shifted to lower pH values. At pH values

lower than those of the IEP of the membrane, the membrane

surface had positive charges due to proton adsorption, whereas

at a pH values higher than the IEP of the membrane, it has

negatively charged values due to proton desorption and

hydroxyl anion adsorption. Although PSf membranes blended

with 0.1 wt % fP-CNTs show an IEP, which is shifted to higher

pH, the composite PSf membrane with 0.1 wt % fCNT showed

no significant difference from the bare PSf membrane. The

composite membranes zeta potential decreased as the pH

increased and at higher pH values a more negative zeta poten-

tial was observed (Figure 6). In addition, the PSf modified with

0.3 wt % fN-CNTs or fP-CNTs does not appear to have signifi-

cantly different zeta potentials. However, it was observed that

increase in concentration of fN-CNTs or fP-CNTs in the mem-

brane blends resulted in high negative charges at pH 5–6.

Figure 6. The zeta potential as a function of pH for unused membranes

(a) PSf, 0.1% fCNT/PSf, 0.1% fN-CNT/PSf, and 0.3% fN-CNT/PSf (b)

PSf, 0.1% fP-CNT/PSf and 0.3% fP-CNT/PSf. Background electrolyte:

0.001M NaCl. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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The higher negative charge of the doped CNT/PSf composite

membrane surface is attributed to the presence of ACOOH

groups on their surfaces. The increase is further due to the

adsorption of anions such as Cl– and OH– from solution to

cause a more negative zeta potential. Membranes with negative

zeta potential values exhibited more hydrophilic surfaces and

high water uptake as shown Table II.

The negatively charged surfaces of composite membrane further

result in more enhanced salt rejection and antifouling resistance,

due to electrostatic repulsion between the HA molecules and

membrane surfaces, which further contributes to the decreased

HA adsorption on the modified membranes. The charge of the

membrane is significant to membrane performance because

charge affects the electrostatic repulsion between the ions and

the charged molecules with membrane surface charge. More-

over, because of membrane functional groups, the adsorbed

OH– and Cl– surfactant molecules in the membrane surface

provide an additional filtration layer that could result in

enhanced salt rejection. This can be explained by the ion charge;

if salt ions have the same charge as those of the composite

membranes, repulsion between the salt and the membrane sur-

face could occur thus causing salt ions to diffuse back to the

solution resulting in higher salt rejections. This is further dis-

cussed in the Effect of CNTs on the Salt Rejection Capabilities

of Membranes section.

Membrane Permeability Studies

As shown in Figure 7, differences in permeability were obtained

in the different membranes. This is due to different properties

such as pore size, porosity, and surface hydrophilicity for the

membranes. The permeability increased with an increase in

CNT content (up to 0.3%). In addition, the permeability of

0.3% fCNT/PSf composite membranes was lower than that of

fN-CNT/PSf and fP-CNT/PSf composite membranes. When 0.5

wt % of CNTs were loaded, the permeability decreased due to

the decrease in pore size and porosity (see the Effect of fCNTs

on Water Uptake and Porosity of PSf Membranes section).

The bare PSf membranes had the lowest flux (26 L/m2h) due to

its low hydrophilicity. A maximum flux of about 85 L/m2h was

obtained when 0.3% fN-CNTs were used and this decreased

when greater amounts of CNTs were added into the PSf mem-

brane.16,17 In general, the fluxes for all the composite mem-

branes containing CNTs were larger than those of bare PSf

membrane. Consequently, the increase in fCNTs, fN-CNTs, and

fP-CNTs mass ratio into PSf membrane led to the formation of

less porous membranes, which led to flux decline.

Membrane Antifouling Properties

Figure 8 represent the flux decline behavior as a function of

operation time for 100 mg/L HA spiked with 10 mM NaCl

solution at a pressure of 50 psi. A sharp drop in water flux was

observed within the first 2 h for bare PSf, 0.1% fCNT/PSf, fN-

CNT/PSf, fP-CNT/PSf, and 0.3% fCNT/PSf composite mem-

branes. This could be due to the decrease in pore restriction

and the initial deposition of the HA colloids on the membrane

surface. The adsorption of HA molecule on the membrane sur-

face evidently hindered the diffusion of water molecules. As a

result, a decrease in the net driving force for water transport

across the membrane to water flux decline. A stable flux for all

membranes was obtained after a period of 15 h.

This work thus shows that fouling resistance is enhanced by N-

CNTs incorporation into the membranes. The 0.3 and 0.5% fN-

CNT/PSf and 0.3% fP-CNT/PSf composite membranes exhibited

lower flux decline of about 85%. This observation is analogous

to the increase in membrane hydrophilicity and high negatively

charged surface (Table II and Figure 6). The hydrophilic surface

repels the relatively hydrophilic HA molecules and subsequently

reduce HA adsorption and enhance membrane fouling. In addi-

tion, this suggested that the adsorption of HA on the blended

membranes was weaker than that between HA and bare PSf

membrane. Indeed, the composite membranes had higher fluxes

and less fouling propensity. However, an increase in fP-CNTs

addition up to 0.5 wt % into the composite membranes led to

high flux decline due to the agglomeration of fP-CNTs in the

polymer matrix of the composite membranes as discussed in

previous sections.

This is expected, because it is now known that hydrophobic

membranes are fouled more easily than hydrophilic membranes

Figure 7. Pure water flux patterns of PSf membranes containing different

concentrations of fCNTs, fN-CNTs, and fP-CNTs. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 8. PFD patterns of PSf and composite membranes with different

CNT content. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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due to hydrophobic–hydrophobic interaction between solute

and membrane surface.37 In addition, membrane fouling is gov-

erned by the interplay between chemical and physical (hydrody-

namic) interactions.38,39 The maximum antifouling

improvement of more than 80% was obtained for fN-CNT/PSf

NF composite membranes. The modification of the PSf mem-

branes by doped CNTs improved the surface charge, pore con-

trol, and cake-enhanced polarization concentration of the

membrane through fouling. Thus, an improvement in surface

charge, hydrophilicity, less surface roughness, and porosity led

to improved membrane fouling resistance.

Effect of CNTs on the Salt Rejection Capabilities of

Membranes

The salt rejection for both NaCl and MgSO4was measured using a

conductivity meter. To evaluate the filtration efficiency in remov-

ing salts from the feed solution, we used eq. (4). Table IV shows

that NaCl rejection of fCNT/PSf blend membranes increased

from 28.5 to 30.0% and from 86.5 to 90.8 for MgSO4. A further

increase in the amount of fCNTs (to 0.5%) resulted in a decrease

in the salt rejection (30.0–29.8% for NaCl and 90.8–89.0 for

MgSO4). On the other hand, the flux dropped drastically from

68.3 to 47.5 L/m2h. The addition of fN-CNTs to the membrane

resulted in an increase in salt rejection [from 29.1 to 33.5%

(NaCl)] and from 88.0 to 95.0% (MgSO4) also accompanied by a

decrease in water flux from 84.7 to 51.3 L/m2h, respectively (Table

IV). This observation is similar to the result reported by Qui

et al.20 and Shawky et al.40 where PSf and PA were modified with

fCNTs and the resulting composite membranes demonstrated an

increase in salt rejection accompanied by a decrease in both per-

meability and water flux.

The blending of PSf with fN-CNTs resulted in strong interac-

tions between the CNTs and PSf matrix forming a compact

structure.31,32,41 The compatibility of the network structure

increased with an increase in the amount of doped CNTs and

undoped CNTs in the composite membrane. Thus, the lower

water flux and higher salt rejection of MgSO4was attributed to

the network structure.19–21,42,43 In the case of modification with

fP-CNTs, the rejection of both salts increased as the concentra-

tion of fP-CNTs increased up to 0.3 wt % in the composite

membranes. The differences in solute rejections are in accord-

ance with the increased hydrophilicity and porosity as a result

of increased air gap length.35,44 All the modified membranes

were found to reject about 32% of NaCl (lower) and about

82% of MgSO4 (higher). This is consistent with the significant

enhancement in membrane pore size, roughness, surface charge,

and hydrophilicity properties. In addition, membranes with

smaller pore sizes prevented solutes from penetrating the pores

and thus reducing the possibility of pore blockage.

CONCLUSION

PSf membranes incorporated with fN-CNTs and fP-CNTs were

successfully fabricated via a modified phase inversion process.

Highly negatively charged surfaces, high surface areas, pore sizes,

and wider ‘finger-like’ pore structures were found on the inter-

nal structure of the NF composite membranes. Water flux and

salt rejection increased significantly indicating that an increase

in pore size and macro-voids led to enhanced passage mecha-

nisms resulting from the addition of CNTs on the matrix (due

to improved hydrophilicity). This is because the CNTs incorpo-

rated into the membranes have heteroatoms (which necessitated

active site and defects formation in the tubes), which subse-

quently led to an increased degree of chemical functionalization

(ACOOH, ACO). This in turn helped increase the finger-like

structures and increased membrane pore sizes/densities, hydro-

philicity, and chemical reactivity, thus, impacting positively on

their performance. Moreover fouling was improved by about

30% when low fractions of fN-CNT or fP-CNTs were added

into the PSf matrix. Thus, the morphology, hydrophilicity, rejec-

tion, and permeability properties of the blend membranes were

found to be dependent on the amount and type of fCNTs

incorporated.
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