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a b s t r a c t

In this study, ultrafiltration membranes are prepared in outside skin tubular configurations using 
polysulfone polymer with and without mesoporous silica and aluminium oxide powder (~3.8–4.0 
nm pore size) independently. Prepared membranes are characterized in terms of pure water flux, 
separation of single uncharged solutes like polyethylene oxide (PEO), water contact angle and aver-
age surface roughness. After filtration of turbid seawater (50–60 NTU) to remove the turbidity, pure 
water flux recoveries of all the membranes were evaluated after cleaning by backwashing with 
deionized (DI) water. It was found that flux recovery is better in nanocomposite membranes than in 
purely polysulfone coated membranes. The extent of turbidity removal was studied as a function of 
turbidity load and temperature of seawater. Incorporation of the porous nanoparticles in pure poly-
mer matrixes not only enhanced the water flux without sacrificing selectivity but it also increased the 
fouling resistance of the UF membranes. After 2 month operation, no performance deterioration was 
observed for all the tubular membranes.
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1. Introduction

Ultrafiltration (UF) membranes are used for applica-
tions in separation of various components in food, dairy, 
paper, textile and chemical industries including pretreat-
ment of seawater reverse osmosis in place of conventional 
pretreatments [1,2]. However, it is well known that UF 
membranes are prone to fouling with time and the extent 
of fouling depends not only on the chemical nature and 
surface morphology of the membrane surface but the mem-
brane assembling configuration also [3]. Generally, regular 
backwashing and/or flow reversal water flushing are used 
for restoration of UF membrane performance after fouling 
[4]. Among assembling configurations, UF membranes are 
used more in capillary/hollow fiber and tubular configu-
rations than the commonly used spirally wound modules. 
The tubular module is best suited for applications with a 

higher loading of foulants inspite being the less compact 
configuration. We have chosen tubular with outside skin 
configuration in our study as the membrane surface is 
most exposed for cleaning after fouling in turbid seawa-
ter. Development of fouling resistant UF membrane is also 
an important research area for minimization of frequent 
backwashing to restore the same flux. Several approaches 
like plasma and redox initiated graft-polymerization [5], 
surface coupling of polymers and biomolecules [6], addi-
tive segregation to form a polymer brush layer [7] etc. have 
been used for membrane surface modification to overcome 
membrane fouling. Nowadays incorporation of different 
types of nanoparticles like zeolite [8–12], silica [13–16], tita-
nium oxide [17–19], silver [20–22], carbon nanotube [22–24] 
etc. into polymeric membranes has been adopted for bet-
ter water permeability, anti-fouling property, thermal and 
mechanical stability. 
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Nanocomposite UF membranes were developed mostly 
using metal and metal oxides nanoparticles as filler mate-
rial in commonly used polymers like polysulfone, poly-
ethersulfone, polyvinylidene fluoride etc. matrix and the 
latest status of the metal/ metal-oxide nanoparticle based 
nanocomposite membranes are reviewed by L.Y. Ng et al. 
[25] and M. Homayoonfal et al. [26]. The intrinsic mem-
brane properties of nanocomposite membranes were found 
to vary with the type of nanoparticles and their size, chem-
ical nature of the polymers, interaction of the nanoparticles 
with the components of the casting mixture etc.

This work presents effects of mesoporous silica and 
alumina nanoparticles on the overall membrane structure 
and performances of tubular UF membranes. The nanopar-
ticles were incorporated in the PSf matrix in outside coat-
ing of porous high density polyethylene (HDPE) tubes. 
The membranes were characterized in terms of pure water 
flux, separation of PEO, water contact angle and average 
surface roughness. Then the membranes were tested for 
turbidity removal from seawater and thereafter the pure 
water flux recovery was evaluated after cleaning by for-
ward flush as well as by backwashing independently with 
DI water.

2. Experimental

2.1. Materials 

Polysulfone (PSf) polymer is obtained from M/s. Solvay 
Specialities India Pvt. Ltd. N-methyl pyrrolidone (NMP) is 
received from M/s. Sisco Research Laboratory, India and 
used as such without further purification. Polyethylene 
oxide with molecular weight of 100,000 (PEO-100K), mes-
oporous-silica nanopoparticles (200 nm particle size, pore 
size ~4.0 nm) and aluminium oxide powder mesoporous 
(5.65 μm particle size, pore size ~3.8 nm) were procured 
from M/s. Sigma-Aldrich, India. Starting point for the 3 
different hand-crafted membranes were HDPE tubes of 500 
mm length with 20 mm inside and 30 mm outside diameter, 
supplied by M/s. Sonadka, Mumbai, India. 

2.2. Preparation of tubular membranes 

In an airtight glass bottle, 150 g of polymer (PSf) was 
taken with 650 mL of NMP solvent and kept agitated for 
several hours for complete dissolution to form a casting 
solution. For mixed matrix nanocomposite membranes, 
15 g (1% w of the polymer weight) of inorganic filler was 
dispersed in NMP first and then PSf was added. Then the 
central holes of HDPE tubes were blocked from both sides 
with rubber corks in order to avoid inside coating. Subse-
quently the tubes were dipped in the casting solution for 
45 s. The outside polymer coated tubes were then taken 
out from the casting solution and positioned vertically to 
drain the excess solution until the dipping stopped. Then 
the tubes were immersed in demineralized water to induce 
phase inversion at room temperature. After gelling, the 
tubular membrane was washed thoroughly with deminer-
alized water several times and finally stored in a laboratory 
refrigerator at 7°C. A pictorial scheme for preparation of the 
outside skin tubular UF membranes is given in Fig. 1. 

Later the polymer coated tubes were put in 10.0% glyc-
erol solution for 5 h and then they were air dried. As it is 
an outside-in configuration (membrane skin is outside), the 
membranes were tested for being leak-proof in a pressure 
vessel. For this purpose, end connectors were glued to both 
ends of the dried tubes. 

2.3. Membrane characterization, performance evaluation and 
fouling studies 

Water contact angle on membrane surface indicates 
its hydrophilicity and was determined by measuring pure 
water contact angles on small pieces of membrane peeled 
from the tubes using the sessile drop method on a stan-
dard drop shape analysis system (DSA100, KRuSS GmbH, 
Germany). The average roughness of the membranes 
was measured using an atomic force microscope (AFM) 
(NT-MDT-Multimode 3, Ireland). Air-dried membrane 
samples peeled from the tubular membrane were fixed on 
a specimen holder and 10 mm × 10 mm areas are scanned by 
tapping mode in air.
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Fig. 1. Scheme for preparation of outside skin tubular UF membrane.
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The performance of the outside-in tubular UF mem-
branes was evaluated in a cross-flow filtration system 
(flow velocity ~2.0 m/s) after assembly in a pressure 
vessel. These membranes are initially pressurized with 
demineralized water at 450 kPa until a constant flux was 
reached. Subsequently, these pre-pressurized membranes 
are used for ultrafiltration experiments at 300 kPa. After 
taking pure water flux data, the feed was changed to 1 g/L 
PEO-100KDa aqueous solution to evaluate the rejection of 
single uncharged solute. The separation of PEO-100KDa 
is determined by measuring total organic carbon (TOC) of 
feed and permeates samples for all the membranes. Then 
the feed was changed to seawater and removal of natu-
rally occurring turbidity by the membranes was evalu-
ated. Turbidity removal rates were obtained by measuring 
the turbidity of feed and filtrate samples using standard 
turbiditimeter.

For fouling experiments, deionized (DI) water was 
first passed through the membrane at 300 kPa pressure 
until the flux remained constant over at least 30 min. The 
end of the stabilization period was taken as the zero time 
point in the filtration plots. Then the raw seawater was 
passed at constant flux using all the membranes. A sample 
of filtrate was collected after every 1 h of filtration. After 
8–10 h of operation when the flux remained constant, DI 
water was used as a feed to determine the reversibility 
of fouling. A scheme for the performance evaluation and 
the cleaning processes (forward flush and backwashing) 
for outside skin tubular UF membrane is given in Fig. 2. 
Fouled membranes were cleaned by forward flushing for 
1 h with cross flow velocity at 2.0 m/s i.e. exactly with 
the same velocity as used during regular product produc-
tion. Similarly, the fouled membranes were cleaned by 
backwashing for 1 h using 100 kPa applied pressure i.e. 
one third of the pressure as used during regular product 
production. Fouling studies were carried out at constant 
initial flux (40.0 L·m2·h–1) for proper comparison of the 
fouling tendency of pure polymer membrane vs. generic 
nanocomposite membranes. 

3. Results and discussions

3.1. Physico-chemical characterizations of tubular membranes 

The pure water flux of the tubular membranes was eval-
uated at 300 kPa pressure on pre-pressurized membrane at 
450 kPa for 3 h. Subsequently, pure water was changed to 
solutions of standard uncharged solutes PEO-100KDa and 
the separation data was collected when the product flux 
remained constant over 45 min. The polymer casting solu-
tion composition, the pure water flux, the PEO rejection 
data for both polysulfone and nanocomposite membranes, 
the membrane/water contact angle and the average surface 
roughness of the membranes are given in Table 1. The pure 
water flux of the polsulfone-silica and polsulfone-alumina 
based nanocomposite membrane was respectively 33.9% 
and 18.5% higher with almost the same rejection of PEO 
as the membrane with only PSf coating. From similar PEO 
rejection of all three membranes, it can be assumed that the 
pore sizes on the membrane surfaces for all the membranes 
are almost the same. The higher water flux in nanocom-
posite membranes could be due to the combined effects of 
increase in porosity (as nanoparticles are porous) and more 
hydrophilic membrane surface than only PSf coated mem-
brane (as evident from the lower water contact angles). As 
expected, the nanocomposite membranes have rougher sur-
faces than the only PSf coated membranes and the rough-
ness of nanocomposite membranes are more than double 
than that of the only PSf coated membrane.

3.2. Turbidity removal from seawater as a function of turbidity 
loading and temperature of seawater

Experiments were carried out for removal of turbidity 
from seawater using feed seawater of turbidity 60 nephelo-
metric turbidity units (NTU) and the membrane performance 
is given in Table 2. It was found that all the membranes 
remove more than 99% turbidity from seawater with high 
turbidity but the flux decreased substantially in comparison 
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Fig. 2. Schemes for performance evaluation and cleaning process for outside skin tubular UF membrane.
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to pure water flux. This is due to the deposition of colloidal 
and particulate matters present in the turbid seawater on the 
membrane surface. Due to seasonal variations, temperature 
and turbidity loads in the raw seawater are changing. Figs. 
3 and 4 show the turbidity removal efficiency of the differ-
ently coated membranes as a function of feed turbidity and 
temperature of the seawater. It was found that with increase 
in feed turbidity from 30 to 120 NTU, the turbidity removal 
efficiency decreased slightly for all the membrane but was 
still above 98% removal for 120 NTU (highest feed turbid-
ity studied). The lowering of the turbidity removal could 
be due to increased solubility of the organic substances 
present in seawater with increase in temperature. Effects of 
temperature seasonal change on sludge characteristics and 
membrane fouling in a pilot-scale submerged membrane 
bioreactor (MBR) were studied by Z.Wang et al. [27] and 
the results showed that bound extracellular polymeric sub-
stances (EPS), polysaccharides, and proteins in the superna-
tants all increased with lowering of temperature. Similarly, in 
another study [28], it was shown that solubility was found to 
increase exponentially with temperature (°C) for a literature 
data set of 50 organic molecules in water. The nanocomposite 
membranes appear to be less susceptible to a performance 
decline in turbidity removal than the membrane with only 
PSf coating. Similarly, with increase in feed seawater tem-
perature from 24–33°C, all the membranes show slightly 
lower removal of turbidity but still give a turbidity removal 
of 97.8% or more at highest temperature studied (33°C). In 
this case also, nanocomposite membranes show less perfor-
mance decline in turbidity removal [0.75–0.85%] than the 
membrane with only PSf coating [1.5%].

3.3. Flux recovery of fouled membranes on water flushing

The seawater fouling studies are carried out at initial 
flux of 40 L·m2·h–1 for all the membranes. The plot of nor-

malized flux (defined as ratio of instant seawater flux to 
water flux at the end of the compaction i.e. 40 L·m2·h–1) 
as a function of time of operation is shown in Fig. 5. The 
reversibility of fouling was determined by flushing the 
fouled membranes in reverse flow direction (reject to 

Table 1
Casting solution composition, separation characteristics with water contact angle and roughness value of polysulfone and 
nanocomposite tubular UF membranes

Membrane Composition of casting solution Pure water flux PEO-100K 
rejection

Water contact 
angle

Average 
roughness

Polymer (gm) Solvent (ml) Fillers (gm) (L.m–2·h–1) (%) (°) (nm)

PSf 150 650 0 66.0 ± 6.3 91.8 ± 1.0 73.0 ± 1.0 10.7 ±1.6
PSf-Silica 150 650 15 88.4 ± 9.5 92.0 ± 1.3 67.5 ± 1.8 24.3 ± 4.0
PSf-Alumina 150 650 15 78.2 ± 8.2 91.5 ± 1.4 66.4 ± 2.1 29.6 ± 4.7

Table 2
Membrane performances on turbidity removal from seawater

Membrane Product flux 
(L.m–2·h–1)

Turbidity of 
the permeate 
(N.T.U)

% Turbidity 
removal

PSf 28.2 ± 4.3 0.32 ± 0.03 99.47 ± 0.05
PSf-Silica 40.6 ± 5.6 0.29 ± 0.08 99.52 ± 0.13
PSf-Alumina 36.1 ± 5.1 0.33 ± 0.07 99.45 ± 0.12

Turbidity of the diluted seawater : 60 N.T.U., Temperature: 27°C
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Fig. 3. Turbidity removal by ultrafiltration membranes as a func-
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feed side) as well as by backwashing using DI water as a 
feed. The more hydrophobic PSf membrane shows more 
flux decline (end constant flux on seawater filtration) 
than the relatively hydrophilic nanocomposite mem-
branes. PSf-silica and PSf-alumina based nanocomposite 
membranes recovered 61.0% and 62.2% of its initial flux 
respectively but PSf membranes recovered only 51.0% 
of initial pure water flux after flushing with DI water. 
But after backwashing, the PSf-silica and PSf-alumina 
based nanocomposite membranes recovered 85.0% and 
88.0% of its initial flux respectively but PSf membranes 
recovered 72.2% of initial pure water flux. The results 
demonstrate that the hydrophobic PSf membrane is more 
prone to fouling than the nanocomposite membranes. A 
flux comparison for the membranes after 1 h of seawater 
filtration, after 15 min of backwashing and after 15 min 
of forward flush of the fouled membranes (reference to 
Fig. 5) is given in Table 3. Flux decline with time during 
seawater filtration of fresh membrane is much more than 
the flux decline during DI water filtration on washed/
flushed membranes.

3.4. Studies on change in performances of tubular membranes 
with time

In any nanocomposite membrane, the leaching of 
nanoparticles from polymer matrix may be an issue 
and hence performance testing of PSf coated and PSf 
based tubular nanocomposite membranes (PSf-silica and 
PSf-alumina) were carried out with time for turbidity 
removal from seawater. Experimental run was going on 
for more than 2 months (in 8 h/d and 5 working days in a 
week) with regular backwashing. Comparison of average 
performances in terms of flux and % turbidity removal 
for both PSf coated and PSf based tubular nanocompos-
ite membranes are given in Fig. 6 with week-wise brake 
up for 8 weeks (2 months). For all the membranes, some 
extent of flux decline was found but no deterioration in 
rejection properties was observed. For PSf coated tubular 
membrane, the flux decreases to 23 L·m2·h–1 in 8th week 
from 30 L·m2·h–1 in 1st week with almost no change in % 
turbidity removal from seawater (99.4 ± 1%). For PSf-sil-
ica based nanocomposite tubular membranes, the flux 
was changes from 44 L·m2·h–1 in 1st week to 38 L·m2·h–1 in 
8th week with 99.4 ± 1% turbidity removal from seawater. 
Similarly, for PSf-alumina based nanocomposite tubular 
membranes, the flux was changes from 36 L·m2·h–1 in 1st 
week to 31 L·m2·h–1 in 8th week with 99.3 ± 0.8% turbidity 
removal from seawater. It indirectly gives the indication 
on the stability of the membrane and no nanoparticle 
leaching takes place from nanocomposite membranes at 
the end of 2 months.
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Table 3
Comparison of flux of the membranes after 1hr. of seawater 
filtration with flux after 15 min (0.25 h) of backwashing and 
water flushing of the fouled membranes

Membrane Product 
flux after 1 
h operation 
in seawater 
(L·m2·h–1)

Water flux 
after 1 h of DI 
water flushing 
(flux after 9 
h operation) 
(L·m2·h–1)

Water flux 
after 1 h of 
backwashing 
with DI water 
(flux after 9 
h operation) 
(L·m2·h–1)

PSf 20.2 21.36 29.12
PSf-Silica 22.4 25.44 34.08
PSf-Alumina 22.8 25.84 35.32

Starting flux = 40.0 L·m2·h–1 
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4. Conclusions

Silica and alumina based polysulfone nanocompos-
ite ultrafiltration membranes are prepared successfully 
in tubular configurations for removal of turbidity from 
seawater. Nanocomposite membranes with porous silica 
and alumina nanoparticles give more water flux than the 
membranes with polysulfone coating. This study on turbid-
ity removal efficiency as a function of feed turbidity and 
temperature of seawater shows that higher feed turbidity 
and temperature leads to slightly higher filtrate turbidity 
for all tested membranes. The extent of fouling after seawa-
ter filtration in relatively hydrophilic nanocomposite mem-
branes is less than the more hydrophobic membranes with 
only polysulfone coating. The pure water flux recovery 
after fouling by both forward flushing with DI water and 
backwashing is better for nanocomposite membranes than 
for more hydrophobic membranes with only polysulfone 
coating. No performance deterioration was observed in 2 
months of operation which indirectly gives the indication 
that no nanoparticles are leaching out with time.

References 

[1] W. Eykamp, Microfiltration and ultrafiltration, in: R.D. Noble, 
S.A. Stern, eds., Membrane Separation Technology: Principles 
and Applications, Elsevier Science, Amsterdam, 1995.

[2] O. Lorain, B. Hersant, F. Persin, A. Grasmick, N. Brunard, J.M. 
Espenan, Ultrafiltration membrane pre-treatment benefits for 
reverse osmosis process in seawater desalting. Quantifications 
in terms of capital investment cost and operating cost reduc-
tion, Desalination, 203 (2007) 277–285.

[3] M.F.A. Goosen, S.S. Sablani, H. Ai-Hinai, S. Ai-Obeidani, R. 
Al-Belushi, D. Jackson, Fouling of reverse osmosis and ultra-
filtration membranes: a critical review, Sep. Sci. Technol., 39 
(2004) 2261–2297.

[4] S. Hargrove, S. Ilias, Flux enhancement using flow reversal in 
ultrafiltration, Sep. Sci. Technol., 34 (1999) 1319–1331.

[5] M. Ulbricht, G. Belfort, Surface modification of ultrafiltration 
membranes by low temperature plasma. 2. Graft polymeriza-
tion onto polyacrylonitrile and polysulfone, J. Membr. Sci., 111 
(1996) 193–215.

[6] A.F. Che, F.Q. Nie, X.D. Huang, Z.K. Xu, K. Yao, Acryloni-
trile-based copolymer membranes containing reactive groups: 
surface modification by the immobilization of biomacromole-
cules, Polymer, 46 (2005) 11060–11065.

[7] S. Kang, A. Asatekin, A.M. Mayes, M. Elimelech, Protein anti-
fouling mechanisms of PAN UF membranes incorporating 
PAN-g-PEO additive, J. Membr. Sci., 296 (2007) 42–50.

[8] M.L. Lind, A.K. Ghosh, A. Jawor, X. Huang, W. Hou, Y. Yang, 
E.M.V. Hoek, Influence of zeolite crystal size on zeolite-poly-
amide thin film nanocomposite membranes, Langmuir, 25 
(2009) 10139–10145. 

[9] M. Fathizadeh, A. Aroujalian, A. Raisi, Effect of added NaX 
nano-zeolite into polyamide as a top thin layer of membrane 
on water flux and salt rejection in a reverse osmosis process, J. 
Membr. Sci., 375 (2011) 88–95.

[10] N. Ma, J. Wei, R. Liao, C.Y. Tang, Zeolite-polyamide thin film 
nanocomposite membranes: Towards enhanced performance 
for forward osmosis. J. Membr. Sci., 405–406 (2012) 149–157.

[11] I. Kiesow, D. Marczewski, L. Reinhardt, M. Mühlmann, M. 
Possiwan, W.A. Goedel, Bicontinuous zeolite polymer compos-
ite membranes prepared via float casting, J. Am. Chem. Soc., 
135 (2013) 4380–4388.

[12] B.-H. Jeong, E.M.V. Hoek, Y. Yan, A. Subramani, X. Huang, G. 
Hurwitz, A.K. Ghosh, A. Jawor, Interfacial polymerization of 
thin film nanocomposites: A new concept for reverse osmosis 
membranes, J. Membr. Sci., 294 (2007) 1–7.

[13] E.M.V. Hoek, A.K. Ghosh, X. Huang, M. Liong, J.I. Zink, Physi-
cal–chemical properties, separation performance, and fouling 
resistance of mixed-matrix ultrafiltration membranes, Desali-
nation, 283 (2011) 89–99.

[14] J. Huang, K. Zhang, K. Wang, Z. Xie, B. Ladewig, H. Wang, 
Fabrication of polyethersulfone-mesoporous silica nanocom-
posite ultrafiltration membranes with antifouling properties, 
J. Membr. Sci., 423 (2012) 362–370.

[15] H.Q. Wu, B.B. Tang, P.Y. Wu, Optimizing polyamide thin film 
composite membrane covalently bonded with modified meso-
porous silica nanoparticles, J. Membr. Sci., 428 (2013) 341–348.

[16] A.K. Ghosh, R.C. Bindal, P.K. Tewari, Preparation of sili-
ca-polysulfone based high flux fouling resistant nanocom-
posite ultrafiltration membranes for separation of proteins, 
polysaccharides and humic substances, J. Macromolec. Sci., 
Part A: Pure Appl. Chem., 52 (2015) 299–306.

[17] S.B. Teli, S. Molina, A. Sotto, E.G. Calvo, J. de Abajob, Fouling 
resistant polysulfone–PANI/TiO2 ultrafiltration nanocompos-
ite membranes, Ind. Eng. Chem. Res., 52 (2013) 9470–9479.

[18] H.S. Lee, S.J. Im, J.H. Kim, H.J. Kim, J.P. Kim, B.R. Min, Poly-
amide thin-film nanofiltration membranes containing TiO2 
nanoparticles, Desalination, 219 (2008) 48–56.

[19] K. Fischer, M. Grimm, J. Meyers, C. Dietrich, R. Gläser, A. 
Schulze, Photoactive microfiltration membranes via directed 
synthesis of TiO2 nanoparticles on the polymer surface for 
removal of drugs from water, J. Membr. Sci., 478 (2015) 49–57.

[20] X. Liu, S. Qi, Y. Li, L. Yang, B. Cao, C.Y. Tang, Synthesis and 
characterization of novel antibacterial silver nanocomposite 
nanofiltration and forward osmosis membranes based on lay-
er-by-layer assembly, Water Res., 47 (2013) 3081–3092.

[21] H. Basri, A.F. Ismail, M. Aziz, Polyethersulfone (PES)-silver 
composite UF membrane: effect of silver loading and PVP 
molecular weight on membrane morphology and antibacterial 
activity, Desalination, 273 (2011) 72–80.

[22] E.S. Kim, G. Hwang, M.G. El-Din, Y. Liu, Development of 
nanosilver and multi-walled carbon nanotubes thin-film 
nanocomposite membrane for enhanced water treatment, J. 
Membr. Sci., 394 (2012) 37–48.

[23] S. Roy, S.A. Ntim, S. Mitra, K.K. Sirkar, Facile fabrication of 
superior nanofiltration membranes from interfacially polym-
erized CNT-polymer composites, J. Membr. Sci., 375 (2011) 
81–87.

[24] W.-F. Chan, H. Chen, A. Surapathi, M.G. Taylor, X. Shao, E. 
Marand, J. Karl Johnson, http://pubs.acs.org/doi/abs/10.1021/
nn4011494 - notes-1#notes-1, Zwitter ion functionalized carbon 
nanotube/polyamide nanocomposite membranes for water 
desalination, ACS Nano, 7 (2013) 5308–5319.

[25] L.Y. Ng, A.W. Mohammad, C.P. Leo, N. Hilal, Polymeric mem-
branes incorporated with metal/metal oxide nanoparticles: A 
comprehensive review, Desalination, 308 (2013)15–33. 

[26] M. Homayoonfal, M.R. Mehrnia, Y.M. Mojtahedi, A.F. Ismail, 
Effect of metal and metal oxide nanoparticle impregnation 
route on structure and liquid filtration performance of poly-
meric nanocomposite membranes: a comprehensive review, 
Desal. Water Treat., 51 (2013) 3295–3316.

[27] Z. Wang, Z. Wu, S. Tang, Impact of temperature seasonal 
change on sludge characteristics and membrane fouling in a 
submerged membrane bioreactor, Sep. Sci. Technol., 45 (2010) 
920–927.

[28] S. Black, F. Muller, On the effect of temperature on aqueous 
solubility of organic solids, Org. Process Res. Dev., 14 (2010) 
661–665.


