
EDITORIAL
Microfiltration and Ultrafiltration Membrane Science and Technology
I. C. Escobar and B. Van der Bruggen, J. Appl. Polym. Sci. 2015, 
DOI: 10.1002/app.42002 

REVIEWS
Nanoporous membranes generated from self-assembled block polymer 
precursors: Quo Vadis?
Y. Zhang, J. L. Sargent, B. W. Boudouris and W. A. Phillip, J. Appl. Polym. Sci. 
2015, DOI: 10.1002/app.41683

Making polymeric membranes anti-fouling via "grafting from" polymerization 
of zwitterions
Q. Li, J. Imbrogno, G. Belfort and X.-L. Wang, J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.41781

Fouling control on MF/ UF membranes: Effect of morphology, hydrophilicity and charge
R. Kumar and A. F. Ismail, J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.42042

EMERGING MATERIALS AND FABRICATION
Preparation of a poly(phthalazine ether sulfone ketone) membrane with propanedioic acid as an additive and the prediction of its structure
P. Qin, A. Liu and C. Chen, J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.41621

Preparation and characterization of MOF-PES ultrafiltration membranes
L. Zhai, G. Li, Y. Xu, M. Xiao, S. Wang and Y. Meng, J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.41663

Tailoring of structures and permeation properties of asymmetric nanocomposite cellulose acetate/silver membranes
A. S. Figueiredo, M. G. Sánchez-Loredo, A. Maurício, M. F. C. Pereira, M. Minhalma and M. N. de Pinho, J. Appl. Polym. Sci. 2015, 
DOI: 10.1002/app.41796

LOW-FOULING POLYMERS
Low fouling polysulfone ultrafiltration membrane via click chemistry
Y. Xie, R. Tayouo and S. P. Nunes, J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.41549

Elucidating membrane surface properties for preventing fouling of bioreactor membranes by surfactin
N. Behary, D. Lecouturier, A. Perwuelz and P. Dhulster, J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.41622

PVC and PES-g-PEGMA blend membranes with improved ultrafiltration performance and fouling resistance
S. Jiang, J. Wang, J. Wu and Y. Chen, J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.41726

Improved antifouling properties of TiO2/PVDF nanocomposite membranes in UV coupled ultrafiltration
M. T. Moghadam, G. Lesage, T. Mohammadi, J.-P. Mericq, J. Mendret, M. Heran, C. Faur, S. Brosillon, M. Hemmati and F. Naeimpoor, 
J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.41731

Development of functionalized doped carbon nanotube/polysulfone nanofiltration membranes for fouling control
P. Xie, Y. Li and J. Qiu, J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.41835

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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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.41661/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41661/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41661/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41661/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41712/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41712/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41712/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41844/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41844/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41870/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41870/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41870/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41435/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41435/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41435/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41651/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41651/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41553/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41553/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41778/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41778/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41874/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41874/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41540/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41540/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41540/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41610/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41610/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41550/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41550/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41437/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41437/abstract
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ABSTRACT: The different polymeric membrane materials were fabricated using modifiers such as sulfonated poly(ether ether ketone)

(SPEEK) and bentonite for effective ultrafiltration of proteins from dairy effluent. Polyvinylidene fluoride (PVDF), polyethersulfone

(PES), polyetherimide (PEI), polyamide-imides (PAI), cellulose acetate (CA), and polyphenylsulfone (PPSU) were selected for modifi-

cation. Membrane morphology and functional group analysis were characterized using scanning electron microscopy (SEM) and Fou-

rier transforms infrared spectroscopy (FTIR). Pure water permeability (64.66 3 1029 m/s kPa) was higher for the PES/SPEEK/

bentonite membrane when compared with other polymeric membranes. Contact angle (54.05�) value was lower for CA/SPEEK/ben-

tonite membranes and which indicates that hydrophilicity has got enhanced. The membrane performance was tested using model

dairy wastewater by ultrafiltration under longer run mode. Further it was evaluated using resistance in series model. This study infers

that modification of membranes using charged SPEEK polymer and nanofiller as bentonite can be used to alleviate the fouling in the

treatment of dairy wastewater. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41651.

KEYWORDS: bentonite; model dairy effluent; polymeric membranes; resistance in series model; SPEEK
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INTRODUCTION

Dairy industry discharges large volume of wastewater, which is

mainly of carbohydrates, proteins, fats, and other nutrients.

These components enhance the growth of algal blooms and other

microbial population thereby, which leading to deterioration of

water quality.1,2 Therefore, the treatment of dairy wastewater is a

major prerequisite to maintain the water quality. To meet out

the regulations of environmental agencies for the reclamation of

diary effluent; membrane technology is vastly employed at pres-

ent.3 Ultrafiltration is used widely in various stages in dairy

industries for the fractionation of valuable products such as

cheese and whey proteins etc.4,5 However, major limitation of

aforementioned membrane process is fouling. As it results in

reduction of both flux and membrane performance.6,7

In last few decades, studies on membrane modification methods

are focused to minimize fouling. SPEEK has the characteristics

of high hydrophilicity and good conductivity. Bowen et al.8

observed that water permeability and salt retention was

improved with the addition of SPEEK as modifier on synthesis

of polyetherimide (PEI) membrane. Moreover, Arthanarees-

waran et al.9,10 confirmed that SPEEK plays a significant role in

alteration of morphology of membrane by reducing the possi-

bility of formation of macrovoids on cellulose acetate (CA)/

SPEEK and CA/PSf/SPEEK membrane. This in turn increases

porosity on the membrane surface and that enhances the water

permeability. Lately, various hydrophilic nanofillers have gained

more consideration in the synthesis of mixed matrix membranes

(MMMs). The main role of incorporation of nanofillers was to

an interaction between both bulk (polymer) and dispersed

(inorganic particle) phase in polymer matrix. The improved

interaction largely improves flux and mitigates fouling, which

are the desired properties for an ideal membrane.11

Studies on synthesis of ultrafiltration membrane with clay mate-

rial are limited. Hence, in this study developing cheap and effec-

tive nanofiller to improve the membrane performance is

attempted. Nanoclays such as halloysite,12 montmorillonite,13

kaolinite,14 cloisite,15 etc. are used in the development of MMMs

as it exhibits a unique characteristics of layered structures. It

VC 2014 Wiley Periodicals, Inc.
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includes the (i) higher hydrophilicity, (ii) higher surface area and

aspect ratio, (iii) good compatibility with polymer material, and

(iv) requires a low amount of loading to attain the desired proper-

ties.16 Inorganic clay particles are act as a host for the polymer to

form a hybrid polymer-clay mixed matrix membranes

(PCMMMs). In these PCMMMs, polymer materials can effectively

bind with sheets layered clay structures and it results in improve-

ment of desired property such as hydrophilicity, mechanical, and

thermal stability.17 The description of clay on polymer matrix is

illustrated in Figure 1. Recently, nanoclays and its modification

have attracted more researchers for the modification of membrane

to arrive the aforementioned desired properties. Chen et al.18

observed that the antifouling and biofouling properties were

improved significantly in polyethersulfone (PES) membrane with

the addition of Ag immobilized chitosan grafted halloysite nano-

composites. Wang et al.19 studied the adsorption of BSA on modi-

fied PES membrane with halloysite grafted 2-methacryloyloxyethyl

phosphorylcholine. The hybrid membrane showed better antifoul-

ing properties with better flux rate. The major advantage of such

nanoclay material over other material was cheaper and it offers

good compatibility with polymer for further modification.20

Literature shows that only few studies have used the bentonite

as nanofillers in ultrafiltration membrane fabrication. Bentonite

clay belongs to the smectite group, which has an arrangement

of aluminium-phyllosilicate (Al2O3 4SiO2 H2O) with two layers

of tetrahedral silica sheets and an octahedral alumina sheet.21

Extensively used in the ion exchange process and as an adsorb-

ent material. It is an impure ore of clay, which constitutes

mainly of montmorillonite.22 Anad~ao et al.23 observed that

membrane hydrophilicity was improved while with the blending

of montmorillonite on polysulfone membrane. Moreover, func-

tionalized bentonite-SPEEK membrane favored fuel cell applica-

tion due to its good conductivity.24 The above properties of

bentonite is expected to improve membrane performance.

In this study, six different polymers such as polyvinylidene fluo-

ride (PVDF), PES, PEI, polyamide-imides (PAI), CA, and poly-

phenylsulfone (PPSU) with as SPEEK and bentonite modifiers

are used for treatment of model dairy effluent. Hydrophilicity,

membrane morphology and surface functionality studies for the

membranes are studied. Filtration performance of membranes is

evaluated by water permeability and treatment of model dairy

effluent.

EXPERIMENTAL

Materials

Table I presents the detail of chemicals used in this study.

Synthesis of Sulfonated Poly Ether Ether Ketone (SPEEK)

Sulfonation reactions are conducted by using sulfuric acid as

the sulfonating agent and method was suggested by Jaafar

Figure 1. Schematic illustration of polymer-nanoclay mixed matrix membrane. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table I. List of Materials

Chemicals Molecular weight (Mw) (Dalton) Suppliers

Polyvinylidene fluoride (Kynar VR 740) (PVDF) 156,000 M/s. Arkema, Philadelphia

Polyethersulfone (PES) (Veradale 3000P) – M/s. Solvay process India

Polyetherimide (PEI) Repeating unit 2529 M/s. Sigma Aldrich

Polyamide-imides (PAI) TorlonVR – M/s. Solvay Advanced Polymers, L.L.C.

Cellulose acetate (CA) 115,000 M/s. Mysore Acetate and Chemical, India

Polyphenylsulfone (PPSU) 53,000–59,000 M/s. Sigma Aldrich

1-Methyl-2-pyrrolidone
(N-methyl-2-pyrrolidone, NMP)

M/s. Merck chemical, India limited

Sulfuric acid M/s. Merck chemical, India limited

Poly ether ether ketone (PEEK) M/s. Vitrex

Bentonite M/s. Sigma Aldrich

Sodium dodecyl sulfate (SDS) M/s. Merck chemical, India limited
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et al.25 A mixture of 50 g of poly(ether ether ketone) (PEEK)

and 1000 mL of sulfuric acid was magnetically stirred at room

temperature for 1 h. Then, the solution is continuously stirred

at 65�C for 3 h. The sulfonated polymer is recovered by precipi-

tating the acid polymer solution into a large excess of ice water.

The obtained SPEEK polymer is filtrated and thoroughly

washed with deionized water until the pH falls in the range of

6–7. Finally, the sulfonated PEEK was dried in the drying oven

at 80�C for 24 h. The resultant SPEEK polymer was then char-

acterized using Hydrogen-nuclear magnetic resonance (H1

NMR) spectroscopy to obtain the degree of sulfonation (DS).

The DS is found to be 77%. It is observed that the contact

angle value of SPEEK at DS of 77% is 69.02 6 1.06. The proton

conductivity test is conducted using the impedance spectros-

copy over a frequency range of 1–107 Hz with 50–500 mV oscil-

lating voltage; model Solartron 1260 Gain Phase Analyzer,

AMETEK, UK. The proton conductivity value of the SPEEK is

found to be 7.57 3 1023 S cm21.

Membrane Preparation

In this study, PVDF, PES, PEI, PAI, CA, and PPSU are used as

base polymers. Membranes were synthesized using SPEEK and

bentonite as modifier and NMP as solvent under wet phase

inversion technique. The detailed composition of each prepared

membranes and its labeling is provided in Table II. Primarily, the

polymers are dried in an hot air oven kept at 80�C for 8 h. Cast-

ing dope solution is prepared by dissolving SPEEK in NMP for 3

h. It is then followed with the addition of dried polymer to dope

solution. Subsequently, the solution is mixed at the condition of

60�C for 12 h. Homogeneous solution is then allowed for deaera-

tion to remove the air bubbles. Consequently, dope solution is

poured and cast on to a glass plate using doctor blade to a

desired thickness of 150 mm. The resultant thin film from the

casting solution was allowed for a time period of 30 s. Then,

glass plate is immersed in a deionized (DI) water bath at a tem-

perature of 10�C for 24 h. Finally, the prepared membrane is

stored in 0.1% formalin solution to prevent the microbial

growth. Whereas in case of bentonie modified MMMs, bentonite

is primarily dissolved in NMP solvent for 2 h and followed by

sonication for 1 h. Next, SPEEK is added onto the bentonite

solution and the aforementioned procedure is followed for the

preparation of membranes. Prior to casting the dope solution,

solution was sonicated again and left undisturbed for 6 h.

Dairy Effluent

Dairy effluent is synthesized as suggested by Luo et al.26 and the

milk used in this study is procured from M/s. Sakthi milk,

Tamil Nadu, India. The milk is skimmed using a cooling centri-

fuge (M/s Remi C-24BL) kept at 10,000 rpm for 4�C and 20

min. Feed solution is then prepared by diluting the skim milk

to a ratio of 1 : 9 and then, it is used for the filtration

experiments.

Characterization of Bentonite

The morphology and elemental composition of bentonite sam-

ple is analyzed by scanning electron microscopy (SEM VEGA 3

TESCAN) coupled Energy Dispersive X-ray detector (Bruker).

Figure 2. XRD pattern of bentonite.

Table II. Composition of Dope Solution and Hydophilicity Characteristics

Modifiers

Membrane
type

Polymer
composition SPEEK Bentonite

Contact angle
value

Pore
radius (nm)

Water
permeability
(1029 m/s kPa)

Z1 PVDF (99%) (1.0%) – 68.36 6 3.2 8.86 17.36

Z2 PVDF (98.5%) (1.0%) (0.5%) 65.12 6 1.8 29.28 33.33

Z3 PEI (99%) (1.0%) – 69.60 6 2.9 9.59 13.19

Z4 PEI (98.5%) (1.0%) (0.5%) 67.23 6 3.8 21.6 25.08

Z5 PES (99%) (1.0%) – 64.95 6 2.5 34.5 33.33

Z6 PES (98.5%) (1.0%) (0.5%) 61.20 6 1.6 48.6 66.66

Z7 PAI (99%) (1.0%) – 73.41 6 2.8 6.89 10.41

Z8 PAI (98.5%) (1.0%) (0.5%) 70.22 6 3.8 17.71 22.22

Z9 PPSU (99%) (1.0%) – 74.90 6 1.5 0.95 2.08

Z10 PPSU (98.5%) (1.0%) (0.5%) 73.1 1 6 2.5 2.03 4.86

Z11 CA (99%) (1.0%) – 60.80 6 2.2 23.5 26.39

Z12 CA (98.5%) (1.0%) (0.5%) 54.05 6 3.3 36.7 50.00
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The crystalline size and structure of bentoite is studied using

X-ray diffractometer (Model Rigaku Ultima III) equipped with

monochromator Cu Ka radiation (k 51.541 Å) for 2h value

ranging from 10� to 80� under 40 kV.

Characterization of Modified Membranes

Sessile drop method is used to determine the wettability of

membrane using goniometer (model 250-F1 Rame Hart Instru-

ments, Succasunna, NJ). The reported values are collected from

the five various regions on the membrane surface. Membrane

chemical surface functionality is studied using attenuated-total-

reflectance Fourier transform infrared (ATR–FTIR) spectroscopy

(Thermo Scientific Nicolet iS5 FTIR spectrometer). The spectra

for all the dried membranes are observed from the range

between 4000 to 550 cm21 wavelength. Prior to SEM analysis,

membranes were dried and immersed in liquid nitrogen to

obtain frozen state. Then, membrane samples are initially coated

with gold ion and scanning is done at a voltage of 15 kV. Both

top surface and cross-section morphology of membranes were

visualized using SEM (JEOL JSM -5600 SEM).

Water Permeability

Dead-end stirred cell filtration unit (Ultrafiltration cell-S76-400-

Model, Spectrum, USA) was used to assess the performance of

membranes. The performance study includes both pure water

permeability and synthetic dairy effluent filtration analysis. Syn-

thesized membranes are subjected to compaction in filtration

module at a transmembrane pressure of 400 kPa until it reaches

constant flux value. The water flux corresponding to each mem-

brane is calculated by the following eq. (1).

Jw5
V

A � Dt
(1)

where V(L) is the volume of filtrate, A (m2) is the membrane

effective cross-sectional area and Dt (h) is the sampling time.

The membrane permeability (Lp) is calculated from the pure

water flux value and applied transmembrane pressure (DP)

using below eq. (2).

Lw 5
Jw

Dp
(2)

The average pore radius (rm) of membranes were calculated

using the below modified Guerout-Elford Ferry equation.27

rm 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2:921:75eÞ38LPlg

e

r
(3)

where e is the porosity, LP is the pure water permeability(m/Pa s), l

is the thickness of membrane (m), and g is the dynamic viscosity of

the water (Pa s).

Figure 3. SEM micrographs and EDX analysis of bentonite. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. FTIR spectra of SPEEK modified various polymeric membranes.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 5. (a) Top surface images of membranes (Z1–Z6). (b) Top surface images of membranes (Z7–Z12). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figure 6. (a) Cross-section images of membranes (Z1–Z6). (b) Cross-section images of membranes (Z7–Z12). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4165141651 (6 of 11)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


Filtration Performance of Model Dairy Effluent Using

Modified Membranes

The model dairy effluent filtration experiments are carried out

under longer run mode. Prior to passing of synthetic dairy

effluent, initial pure water flux (Jwi) was measured. Subse-

quently, model dairy effluent is ultrafiltered at a transmembrane

pressure of 400 kPa for 150 min and the feed flux (Jv) is

sampled at a time interval of 15 min. Again the pure water flux

(Jwf) is measured to calculate both the fouling and concentra-

tion polarization. Then membrane is further cleaned by passing

0.2% sodium dodecyl sulfate (SDS) solution for about 20 min.

Finally, the pure water flux is again measured to check the

membrane flux recovery. Besides, membranes efficacy is tested

again using filtration of dairy effluent by repeating the above-

mentioned procedure. The experiments are performed twice

and the values are reported. It was also evaluated using resist-

ance in series model by the following eq. (4).

Jw5
DP

gðRm1Rf 1RcpÞ

� �
(4)

where g is the viscosity of the permeate solution, Rm is the

intrinsic membrane resistance, and Rf is the fouling resistance,

and Rcp is the polarizable layer resistance. Fouling and concentra-

tion polarization are the major phenomenon for flux decline in

membrane filtration process.28 Fouling adsorption or blockage of

solute particles on membrane pores is generally referred as foul-

ing and its resistance can estimate by using eq. (7). On the other

side, concentration polarization is the buildup of solute particle

on the membrane surface and its resistance can calculate by sub-

stitution of Rf and Rm in eq. (6).

Rw5
DP

gJwi

5
1

gLp

� �
(5)

Rm1Rf 1Rcp5
DP2rDP

gJv

(6)

Rm1Rf 5
DP

gJwf

(7)

where r is the reflection coefficient and Dg the osmotic pres-

sure, which is assumed to be negligible. Moreover, total protein

is estimated by using Lowry’s method in UV–visible spectro-

photometer (Spectroquant
VR

Pharo 300, Merck India Limited) at

600 nm. Protein rejection was calculated from the concentration

of permeate (Cp) and retentae (Cr) using the equation below.

Rejection %ð Þ5 12
Cp

Cr

� �� �
3100 (8)

RESULT AND DISCUSSION

Bentonite Characterization

Figure 2 shows a powder X-ray diffraction pattern of received

bentonite material. The diffraction lines are exactly matched

with montmorillonite (JCPDS card no. 00-002-0037) and their

lattice parameters were found to be a 5 5.1900, b 5 9.0000,

c 5 11.9000 Å and b 5 90.00� (by using least square method).

Further, the crystalline size of bentonite is estimated as 25.7

using the Debye Scherrer equation followed the most intense

plane (110) and given by eq. (9) as:

D5
Kk

b Cosh
(9)

where K represents the dimensionless shape factor and its value

is 0.9, k the X-ray wavelength, and b is the full width at half

maximum intensity of peak corresponding to 2h. Moreover,

Table III. FTIR Peak Analysis of SPEEK Modified Polymeric Membranes

Base polymeric
membrane

Wave
number Functional group

PVDF (Z1)29,30 855 a-Crystal of PVDF

1078 Sulfonic acid group

1950 CF2 bending

1340 CAH deformation

1410 CF2 stretching

PEI(Z3)31 1236 Aromatic ether
CAOAC

1250 Sulfonic acid group

1361 CAN stretching

1721 Imide carbonyl group

PES(Z5)32,33

and PPSU (Z9)
1151 Sulfonic acid group

1250 Sulfonic acid group

1486 C@C stretching

1950 Aromatic benzene
ring band

PAI(Z7)34 1248 Sulfonic acid group

1379 CANAC stretching

1778 Imide transmission
bands (CAO stretching)

CA(Z11)35 1250 Sulfonic acid group

1366 Acetyl group

1763 Acetyl group

3200–
3600

OAH bond stretching,

Figure 7. Comparison of pure water flux for SPEEK and SPEEK/bentonite

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

which is available at wileyonlinelibrary.com.]
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surface morphology and elemental composition of received ben-

tonite are illustrated in Figure 3. Here, the particles are aggre-

gate in the forms of flake like structure. In addition EDX

spectrum, were confirmed the presence of characteristic mont-

morillonite elements such as Al, Fe, Si, Mg, and Oxygen.

Membrane Surface Functionality

Figure 4 shows the FTIR spectra of polymeric membranes modi-

fied with SPEEK. The characteristic peaks of the base polymeric

membranes (PVDF, PEI, PAI, PES PPSU, and CA) are clearly

presented in Table III. The spectral band of 1250 cm21 for sul-

fonic group is clearly visible in all the SPEEK modified mem-

branes. It reveals that SPEEK has good compatibility with the

base polymers. Moreover, the imide carbonyl group at 1778 and

1721 cm21 along with CAN stretching band of 1361 and

1379 cm21 are observed in both PEI/SPEEK and PAI/SPEEK

membranes. The hydroxyl group (0AH bands) of CA is

distinctly seen at the spectral wavelength of 3200–3600 cm21 in

Figure 4.

Membrane Morphology

Figures 5 and 6 show the top surface and cross-section mor-

phology of both SPEEK and SPEEK/bentonite modified mem-

branes. The synthesized membranes exhibited an asymmetric

structure with skin top layer and support layer [Figure 6(a,b)].

Figure 5 clearly shows that modifiers modified by PVDF (Z1

and Z2), PES (Z5 and Z6), and CA (Z11and Z12) membranes

have loose porous structure with distinct larger pores. These

results were in good agreement with average pore radius data

which is listed in Table II. Highest pore size of 48.6 nm was

observed for PES/SPEEK/bentonite MMMs. In case of other

membranes, dense porous structure is observed in PEI (Z3and

Z4), PAI (Z7 and Z8), and PPSU (Z9 and Z10). SPEEK and

bentonite added MMMs showed increased average pore radius

than SPEEK modified membranes. It indicates that hydrophilic

Figure 9. Flux profile of polymeric membranes modified with SPEEK on

model dairy effluent. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 10. Flux profile of polymeric membranes modified with SPEEK

and bentonite on model dairy effluent. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 8. Schematic representation of the role of SPEEK and bentonite on membrane formation. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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inorganic bentonite has possible to form an incompatibility

with organic polymer matrix. Thus it leads to demixing of the

casting dope solution and resulted in improvement in pore for-

mation.36 It is clear that addition of both modifiers such as

bentonite and SPEEK to the casting dope solution has resulted

in the formation of porous membrane matrix. As presented in

Figure 6(a,b), cross-section image of the Z5, Z6, Z11, and Z12

membrane displayed thin skin layer and fine interconnected

porous structure. It is generally well known that thin skin layer

and spongy support layer are responsible for the better permea-

tion rate. The addition of SPEEK on casting polymer dope solu-

tion causes the increase in exchange rate of solvent during

coagulant process, which results in the formation of macro-

voids.37 Moreover, with further incorporation of bentonite on

polymer dope solution, faster exchange process converted to

slower release of solvent (NMP) in nonsolvent water bath.38 It

causes formation of slight spongy structures, which is necessary

for the desired separation process. This result displays that the

pore sizes of PVDF, PES, and CA membranes are larger.

Hydrophilicity and Water Permeability

Contact angle value and pure water permeability of the mem-

branes are listed in Table II. From Table II, it can be seen that con-

tact angle value is lesser of 56� for CA/SPEEK/bentonite

membrane. It is well known that decrease in contact angle value is

a measure of increase in hydrophilicity on surface. Hydrophilicity

is an important determining membrane characteristic for fouling

minimization and separation process. It involves the reduction of

interaction between the both solute particles and membrane sur-

face thus results in enhancing the filtration performance.39 The

contact angle value of both CA/SPEEK and CA/SPEEK/bentonite

membranes are 60.8� and 54.5� and they were lower contact

angles as compared to other polymeric membranes. It is mainly

due to the fact that CA belongs to hydrophilic groups. As a com-

parison of different polymeric materials, hydrophilicity is in the

order of CA>PES>PVDF>PEI>PAI>PPSU. In case of

SPEEK and bentonite made MMMs, contact angle was reduced

when compared with SPEEK analogs. The main cause for enhanc-

ing the hydropilicity was due to the major constituents of benton-

ite. Bentonite contains mainly of both alumina and silica, which

are widely used as hydrophilic modifier to improve the fouling

propensity in membrane separation process.40,41 These constitu-

ents make the membrane surface with higher hydrophilic property

and resulting in improved wettability.

Figure 7 shows the water flux data for membranes. The higher

flux of 96 L/m2h is observed for PES/SPEEK/bentonite MMMs.

Next to that, for CA/SPEEK/bentonite MMMs a flux value of

72 L/m2h is observed. The water permeability (Table I) results

also depicted that SPEEK and bentonite added MMMs have

higher values than SPEEK analogs. The modifier SPEEK has a

hydrophilic characteristic and this could enhance the attraction

of water in the polymer matrix. Further with the addition of

bentonite, it dispersed into two layers and thereby resulting in

the formation of bigger pores and leading to higher water flux,

which is schematically represented in Figure 8.

Membrane Performance on Filtration of Model Dairy

Effluent

Efficacy of synthesized membranes is tested by passing model

dairy effluent at the transmembrane pressure of 400 kPa for

150 min. Filtration experiment is repeated in two cycles and

their flux patterns are shown in Figures 9 and 10. From Figures

9 and 10, it can be observed that the flux profile displaying

three regions i.e., (i) sharp declining phase of up to 45 min,

(ii) slow decline phase of 90 min, (iii) steady state phase of up

to 150 min. Flux reduction in filtration operation is mainly

because of blocking of pores by solute particles.42,43 It infers

that rate of blockage is higher in the array of sharp declining

phase, followed by second phase and steady state phase. The

interaction of solute particle with membrane is mainly based

on the property of pore size and hydrophilicity.44 Among

SPEEK incorporated membranes, CA holds the higher average

flux of 27.5 L/m2h followed by PES membrane. It clearly dis-

plays that hydrophilicity has a significant role in enhancement

of flux. However, PES membrane holds the higher water per-

meability but the flux decline rate was very high as compared

to other membranes. It could be due to solute particles adsorp-

tion on the membrane surface eventually leading to reduction

in flux.42 In second cycle filtration, flux value is consistent in

all the membranes when compared to the first cycle. It indi-

cates that synthesized membrane has higher filtration efficiency

for longer run also. In case of both PEI and PAI membranes,

flux drop rate is minimal and it was mainly because of lower

pore size. Finally, PPSU has the lower flux value of 1 L/m2h.

On the other side, SPEEK and bentonite added MMMs showed

higher performance than SPEEK blended membranes. Overall,

the highest average flux value of 45.6 L/m2h is observed for

CA/SPEEK/bentonite membranes. The membrane flux per-

formance of synthesized polymeric membranes is in the order

of CA>PES>PVDF>PEI>PAI>PPSU.

Protein Rejection

The major proteins present in milk are casein (MW 5 28–30

kDa), whey proteins as a-Lactalbumin (MW 5 14.4 kDa), and

Table IV. Fouling and Concentration Polarization Resistances for Model

Dairy Protein Solution

Membrane
type

Rf

(31013 m21 )
Rcp

(31013 m21)
Total protein
rejection (%)

Z1 6.67 7.88 89

Z2 3.81 9.63 87

Z3 5.27 11.34 95

Z4 3.11 9.86 96

Z5 8.25 4.65 91

Z6 5.23 5.16 87

Z7 5.59 12.68 95

Z8 4.16 10.27 91

Z9 6.32 14.55 97

Z10 4.11 11.39 97

Z11 3.16 5.78 88

Z12 3.08 6.77 84
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b-Lactoglobulin (MW 5 18.4 kDa), and other minor con-

stuients are BSA (MW 5 66 kDa) Immunoglobulin (MW 5 150

kDa).45,46 The total protein in model dairy effluent is found to

be �0.6 mg/mL and separation by membranes are listed in

Table IV. In PPSU modified membranes, both Z9 and Z10

shows the higher protein rejection of up to 97%. The reason

for enhancement in protein rejection is due to smaller pore

size. Among synthesized membranes, protein rejection is lower

for CA (Z11 and Z12) membranes. This is mainly because of

both hydrophilic modifiers (SPEEK and bentonite) resulted in

alteration of membrane morphology and the formation of

larger pores. Hence, it allows the transport of protein mole-

cules inside the polymer matrix. The membrane performance

is also evaluated by resistance in series model and the resist-

ance owing to fouling and concentration polarization value is

presented in Table IV. Fouling resistance is higher for the PES/

SPEEK (Z5) membrane. This is mainly because of solute par-

ticles can easily adsorb and block the large pores on the mem-

brane surface. Fouling resistance (Rf) is decreased with the

incorporation of bentonite on SPEEK/polymer resulting hybrid

MMMs (Table IV). In bentonite modified MMMs, antifouling

resistance property is improved because of the enhancement of

hydrophilicity on the membrane surface. It may be due to

reduce the interaction between feed and membrane surface and

prevents the blockage of solutes. Moreover, fouling resistance is

lower for CA membranes (Z11 and Z12), which also have the

higher pore size than other membranes. The results shown in

Table IV indicate that concentration polarization resistance

(Rcp) is dominant for PPPSU/SPEEK, PEI/SPEEK, and PAI/

SPEEK membranes. These results clearly depict that the above

membranes are lower in pore size thus the protein molecules

were not able to enter through the matrix. Hence, it has

resulted in formation of solute particles on membrane surface.

When resistance is compared, concentration polarization was

higher than fouling. It reveals that proteins are of higher

molecular weight. Therefore, this result (Table IV) shows CA/

SPEEK/bentonite MMMs has good flux performance with foul-

ing minimization property. Further, this study will provide

insight to other researchers for selection of polymeric materials

and utilization of both SPEEK and bentonite modifiers for the

antifouling properties.

CONCLUSION

In this study, results indicate that different polymeric materials

of PVDF, PEI, PES, PAI, PPSU, and CA showed good compati-

bility in membrane formation with modifiers of both SPEEK

and bentonite. The following conclusion could be drawn from

the above study.

Hydrophilicity was increased while with incorporation of ben-

tonite on SPPEEK/polymeric resultant membrane. Bentonite

and SPEEK has a mutual influence on alteration of membrane

morphology.

Among polymeric materials, water permeability was higher for

PES/SPEEK/bentonite MMMs. However, fouling resistance was

higher for PES/SPEEK membrane and it was found that it

reduced with the incorporation of bentonite on PES/SPEEK

resultant hybrid MMMs.

CA/SPEEK/bentonite MMMs has shown better permeation rate

for model dairy effluent with lesser fouling property. This result

revealed that hydrophilicity was increased with the both

modifiers.
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