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a b s t r a c t

The present contribution provides detailed information about the development of antifouling novel
thin-film-composite (TFC) membranes for mostly water purification with special emphasis on seawa-
ter desalination in particular. The novel membranes were prepared by incorporating in-situ hydrophilic
surface modifying macromolecules (iLSMM) into the TFC membranes, rendering the surface of the TFC
membranes significantly more hydrophilic. The prepared membranes were then subjected to long term
fouling studies using model foulants, including sodium humate (SH), silica particles (SPs), and chloroform
(CF) spiked in the feed NaCl solution. The biofouling effect of silver salts was also studied by incorporating
some silver salts (silver citrate hydrate, SCH; silver lactate, SL; and silver nitrate, SN) simultaneously with
urface modifying macromolecule
ilver salts
ntifouling
ntibiofouling

iLSMM into the TFC membranes. Halo test was conducted with Escherichia coli to examine the antibiofoul-
ing performance of the silver incorporated TFC membranes. It can be concluded by this work that iLSMM
incorporated TFC membranes have performed excellently for the desalination of salty water (3.5 wt%
NaCl), especially when the solution was spiked with typical foulants such as SH, SPs, and CF. The flux
reduction was reduced significantly when iLSMM was incorporated in the TFC membranes by a newly
developed technique. The antimicrobial fouling intensity of the studied membrane was in the order of:

> SL (
SN (ring width 0.55 mm)

. Introduction

The ancient root of the saline water desalination can be traced
ack to the fourth century BC when Aristotle and Hippocrates
xtracted fresh water from saline water using the process of evap-
ration [1]. In the twentieth century, Reid and Breton observed
hat the cellulose acetate (CA) film rejected sodium chloride from
queous solution [2]. However, commercialization of membrane
esalination started after the development of the high flux asym-
etric CA membrane by Loeb and Sourirajan [3]. Afterwards, the

romatic polyamide (PA) thin-film-composite (TFC) membrane of
ven higher flux was developed by Cadotte and coworkers by inter-
acial polymerization (IFP) between diamine in water phase and
cyl chloride in organic phase on a porous polysulfone (PS) mem-
rane as a support [4].

Nowadays, the world population lives in water stress condi-

ion. Researchers are more focused on the production of drinking
ater from the seawater applying membrane technologies [5–21],

uch as the reverse osmosis (RO) process using CA or TFC mem-
ranes. Our group has attempted to fabricate TFC membranes of

∗ Corresponding author. Tel.: +1 613 562 5800x6085; fax: +1 613 562 5172.
E-mail addresses: rana@uottawa.ca, rana@eng.uottawa.ca (D. Rana).

376-7388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2010.10.050
0.27 mm) > SCH (0.19 mm).
© 2010 Elsevier B.V. All rights reserved.

reduced fouling by adding LSMM (hydrophilic surface modifying
macromolecule, polyurethane end-capped with polyethylene gly-
col). It was expected that the LSMM migrates to the surface of the
synthesized PA layer while IFP is proceeding, rendering the surface
more hydrophilic and thus making the membrane less susceptible
to fouling [22]. Later, a new technique was developed to incorpo-
rate LSMM in the skin layer of TFC membrane. According to the
method, LSMM was synthesized simultaneously with IFP by adding
the monomers for LSMM synthesis (4,4′-diphenylmethane diiso-
cyanate (MDI) and poly(ethylene glycol) (PEG)) into the organic
phase of interfacial polymerization. The synthesized LSMM was
called in-situ LSMM (iLSMM). The iLSMM incorporated membranes
were subjected to a long term stability test using 3.5 wt% sodium
chloride (NaCl) solution as the feed and their improved stability
was confirmed [23].

The present contribution provides more detailed information on
the fouling resistance of the iLSMM incorporated TFC membranes
prepared by varying aqueous diamine concentration and heat cur-
ing time. Long term fouling studies were conducted using model

foulants, including sodium humate (SH), silica particles (SPs), and
chloroform (CF) in the feed NaCl solution. These foulants rep-
resent natural organic matters, inorganic, and organic foulants,
respectively. Moreover, the effect of membrane compaction was
investigated for all the studied membranes.

dx.doi.org/10.1016/j.memsci.2010.10.050
http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:rana@uottawa.ca
mailto:rana@eng.uottawa.ca
dx.doi.org/10.1016/j.memsci.2010.10.050
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were insoluble in cyclohexane. All the resulting composite mem-
branes were heat-cured at 90 ◦C for 5 min. The membranes were
kept under ambient temperature for 24 h before they were washed
with the DI water. Finally, the membranes were stored in the DI
water at ambient temperature.

Table 1
The preparation condition of TFC membranes.

Membrane Aqueous MPD
solution (wt%)

Total (MDI + PEG) conc.
in cyclohexane (wt%)a

Heat-cured
time (min)

A0 2 0 3
A1 2 0.25 3
B0 2 0 5
B1 2 0.25 5
C0 2 0 8
C1 2 0.25 8
D0 3.4 0 3
D1 3.4 0.25 3
Fig. 1. The schematic presen

Silver or silver containing compound is used for antimicro-
ial purpose [24–28]. Incorporation of silver nanoparticles in TFC
embrane greatly improves antibiofouling performance for Pseu-

omonas colonies [29]. It was also noticed that most of the silver
anoparticles stayed on the surface of prepared membranes. In this
tudy, the biofouling effect of silver salts was also studied by incor-
orating some silver salts (silver citrate hydrate, SCH; silver lactate,
L; and silver nitrate, SN) simultaneously with iLSMM into the TFC
embranes. Halo test was conducted with Escherichia coli (E. coli) to

xamine the antibiofouling performance of the silver incorporated
FC membranes.

. Experimental

.1. Materials

Commercial ultrafiltration (UF) polysulfone (PS) membrane
f molecular weight cut-off 5 × 105 g/mol (500 kDa) used as
he support membrane was obtained from the TriSep Cor-
oration (Goleta, CA). 4,4′-Methylene bis(phenyl isocyanate)
4,4′-diphenylmethane diisocyanate, MDI, purity 98%), 1,3,5-
enzenetricarbonyl trichloride (trimesoyl chloride, TMC), 1,3-
henylenediamine (m-phenylenediamine, MPD, Flakes, purity
9+%) and poly(ethylene glycol) (PEG, typical average molecu-

ar weight 200 Da), were received from Sigma–Aldrich Inc. (St.
ouis, MO) and were used without further purification. Cyclo-
exane (purity 99.9+%) was received from Aldrich Chemicals Co.,

nc. (Milwaukee, WI) and was also used without further purifica-
ion. Sodium salt of humic acid, also known as sodium humate
SH, technical grade, Sigma–Aldrich Chemie GmbH, Steinheim,
ermany); silica particles (SPs, silica fumed, powder size 0.007 �m
nd surface area 390 ± 40 m2/g, Sigma–Aldrich, St. Louis, MO);
nd chloroform (CF, OmniSolv of purity 99.9% from EMD Chemi-
als Inc., Gibbstown, NJ) were used for foulants. Sodium chloride
NaCl, ACS reagent grade of purity 99.99%) was received from
isher Scientific Company (Fair Lawn, NJ). Silver nitrate (SN, 99+%),
ilver lactate (SL, 97%), silver citrate hydrate (SCH) were all pur-
hased from Sigma–Aldrich, Inc. (St. Louis, MO). For the microbial
art of the experiments, E. coli (American Type Culture Collec-
ion, ATCC # 33456) were obtained from ATCC, Manassas, VA, and
uria–Bertani (LB) broth and LB agar, respectively, both purchased
rom Sigma–Aldrich, Inc. (St. Louis, MO) were used for the prepa-
ation of liquid and solid media.

.2. Preparation of thin-film-composite (TFC) membrane
TFC membrane preparation technique is based on inter-facial
olymerization (IFP) between the di-amine (m-phenylenediamine,
PD) in the aqueous phase (2 and 3.4 wt%) and tri-acid chloride

trimesoyl chloride, TMC) in the organic phase (in cyclohexane
.2 wt%). While 0.25 (w/v) (MDI + PEG, molar ratio 1:2) of MDI and
of LSMM synthesis reaction.

PEG monomers for the synthesis of iLSMM was added to the organic
phase to prepare iLSMM incorporated TFC membranes, no MDI
and PEG monomers were added to prepare the control TFC mem-
branes. The scheme of the reaction for LSMM synthesis is shown in
Fig. 1.

At first, the PS UF support membrane was dipped into an aque-
ous MPD solution for 2 h. The membrane saturated with aqueous
MPD solution was held in a vertical position for 6 min to drain
the excess MPD solution. The membrane surface was further blot-
ted by Kimwipes tissue paper. The saturated membrane was then
immersed in the cyclohexane solution of TMC, without or with MDI
and PEG for 2 min, which resulted in the formation of a thin film
of polyamide (PA) on top of the PS support. Then, the resulting
composite membranes were heat-cured at 90 ◦C in three differ-
ent timeframes: i.e., 3, 5, and 8 min. The membranes were kept at
ambient temperature for 24 h. Then, they were washed with the DI
water and finally stored in the DI water at ambient temperature. It is
highly noted that commercial PS membrane is hydrophilic from the
contact angle data, and the roughness of the PA layer is lower than
the roughness of composite (PA + iLSMM) layer. The preparation
conditions of twelve TFC membranes so fabricated are summarized
in Table 1.

2.3. Preparation of TFC membrane containing silver salt

The method of preparing silver bound iLSMM membranes is
similar to iLSMM containing TFC membranes above described. This
time, however, the aqueous phase contained 3.4 wt% of MPD and
0.25 wt% of silver salt (silver nitrate, SN, or silver citrate hydrate,
SCH, or silver lactate, SL). It should be noted that all the silver salts
E0 3.4 0 5
E1 3.4 0.25 5
F0 3.4 0 8
F1 3.4 0.25 8

a MDI:PEG molar ratio = 1:2.
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.4. Study on iLSMM

As LSMM (LSMM is a code used when it is synthesized sepa-
ately from IFP) is supposed to be formed during the TFC membrane
reparation, LSMM was synthesized independently under a similar
ondition in order to find out the structural nature of the iLSMM
iLSMM is a code used when it is synthesized during IFP).

.4.1. Preparation of LSMM
The LSMM was synthesized by condensation polymerization

30–32]. 0.01 moles (2.5 g) of MDI and 0.02 moles (4 g) of degassed
EG of average molecular weight 200 Da were added to 988.5 mL
f cyclohexane in a 1 L bottle under vigorous stirring. PEG and MDI
ere allowed to react for 24 h at room temperature, resulting in a

olution of LSMM, which was precipitated by pouring the solution
nto distilled water. The LSMM was dried in an air circulation oven
t 50 ◦C for 5 days until a constant weight of approximately 4.2 g
as obtained.

.4.2. Characterization of LSMM
The chemical name of the LSMM is poly(4,4′-

iphenylenemethylene ethylene-urethane) with both ends
apped by poly(ethylene glycol). The chemical structure of the
SMM used in this study is shown in Fig. 1. The solubility of the
SMM was studied on nine different solvents at room tempera-
ure. The LSMM was soluble in DMAc, NMP, dimethylformamide,
imethylsulfoxide, and tetrahydrofuran, whereas LSMM was

nsoluble in acetone, cyclohexane, n-hexane, and toluene.
The structure of LSMM was identified by NMR. All spectra were

cquired on a Bruker AVANCE II 300 NMR spectrometer. The 1H
MR spectrum was acquired in 16 scans using a 30◦ pulse. The
cquisition time was 3.6 s and the recycle delay was 10 s. The 1H
radient enhanced COSY-45 spectrum was acquired using 4 scans
or each of 256 slices. The recycle delay was set at 1 s and the
cquisition time was 167 ms (millisecond). The 1H–13C gradient
nhanced HMQC spectrum was acquired using 8 scans for each
f 256 slices. The recycle delay was set at 1 s and the acquisition
ime was 167 ms. The spectral width in the 13C domain was set
t 170 ppm. The 1H–13C gradient enhanced HMBC spectrum was
cquired using 32 scans for each of 256 slices. The recycle delay
as set at 1.5 s and the acquisition time was 167 ms. The spectral
idth in the 13C domain was set at 230 ppm. The 13C NMR spec-

rum was acquired using WALTZ 16 proton decoupling in 14,336
cans using a 30◦ excitation pulse. The acquisition time was 0.9 s
nd the recycle delay was 1 s. The 13C DEPT-135 spectrum was in
523 scans. The acquisition time was 0.9 s and the recycle delay
as 2 s.

The 1H spectrum of LSMM is shown in Fig. 2A. The presence
f the hydroxyl group of the LSMM sample was confirmed by
MQC spectra in DMSO-d6 solvent as peak was observed at about
.64 ppm in the 1H spectra but no signal appeared in the HMQC
pectrum (Fig. 2B). The value of the n was calculated from the aver-
ge molecular weight of PEG 200 Da which is 4.14. The value of m
as calculated using the 1H NMR. The ratio between the integrated
eak area of the signals corresponding to all hydrogen (AHT) and
he peak area of the aromatic signal (AHAR) is expressed as:

∑
AHT

AHAR
= 4nm + 11m + 4n + 3

8m
(1)
The right hand side of Eq. (1) is formulated from chemical struc-
ure of LSMM (Fig. 1). The left hand side of the equation is equal to
9.94/4.35 from 1H NMR spectrum. The value of m for LSMM is cal-
ulated from Eq. (1) which is 2.15. Therefore, the molecular weight
f LSMM is 1.1 × 103 Da.
Fig. 2. (A) 1H NMR and (B) HMQC NMR spectrum of LSMM.

2.5. Reverse osmosis

2.5.1. Reverse osmosis experiments with NaCl solution
Reverse osmosis (RO) experiments were conducted using a

laboratory-scale system consisting of six small RO cross-flow
cells connected in series [33–35]. The cells housed membrane
coupons with an effective area of about 13.2 cm2 and the feed flow
rate was 36 L h−1. All the experiments were performed using an
operating pressure of 5520 kPa (800 psig). Each membrane was pre-
compressed by filtering DI water at 6900 kPa (1000 psig) for 8 h
and then for 4–5 h at 5520 kPa. Pure water permeation (PWP) rate
was measured at 5520 kPa after the pressurization. The NaCl salt
concentration in the feed aqueous solution was 3.5 wt%. The con-
centrations of the feed and the permeate solution were determined
via a conductivity meter (model CON 110, Oakton Instruments,
Vernon Hills, IL). The flux and rejection data were calculated from
triplicate measurements.

For each sample, solute NaCl rejection (R) was calculated, it is
defined as:

R = 1 − cp − cw

cf − cw
(2)

where Cp is the permeate conductivity, Cf is the feed solution con-
ductivity, and Cw is the pure water conductivity. In order to ensure

the accuracy, reliability, and reproducibility of the collected data,
all measurements were performed at least triplicate, and then, the
mean value were taken.
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Table 2
Results from sodium chloride separation experiments by RO.

TFC PWP (L/m2 h) Flux (L/m2 h)a NaCl rejection (%)

A0 68.50 ± 3.15b 42.61 ± 6.33 86.19 ± 1.12
A1 46.99 ± 0.96 35.14 ± 0.46 93.44 ± 0.25
B0 78.12 ± 2.34 41.54 ± 3.47 94.09 ± 0.63
B1 57.16 ± 2.66 31.13 ± 1.70 96.49 ± 0.53
C0 58.70 ± 3.05 34.16 ± 3.44 82.56 ± 2.82
C1 44.41 ± 0.52 23.44 ± 0.58 94.39 ± 0.92
D0 56.97 ± 2.29 32.46 ± 1.93 92.00 ± 2.19
D1 47.70 ± 2.59 31.79 ± 1.34 96.01 ± 0.93
E0 69.46 ± 2.03 27.04 ± 1.22 95.81 ± 0.66
E1 55.49 ± 1.94 26.02 ± 0.83 97.93 ± 1.04
F0 49.34 ± 1.26 21.75 ± 0.10 87.62 ± 0.08
F1 39.92 ± 0.91 21.08 ± 0.89 94.70 ± 0.67

a Feed, aqueous 3.5 wt% NaCl solution; operating pressure, 5520 kPa; operating
temperature, room.

b

D. Rana et al. / Journal of Mem

.5.2. Fouling experiments
Eighteen TFC membranes were prepared to compare fouling

f membranes without and with iLSMM. Sodium salt of humic
cid (SH), silica particles (SPs), and chloroform (CF) were used for
oulants, representing natural organic matters, inorganic particles
nd small organic solutes dissolved in water, respectively. Two
undred ppm of each foulant was either dissolved or dispersed in
he 3.5 wt% NaCl solution to prepare the feed solution. The com-
ositions of the feed and the permeate were determined by the
ollowing methods. The concentration of NaCl was determined by
onductivity measurement, which is considered sufficiently precise
ince the amount of the foulant involved is very small.

The concentration of SH was determined by UV absorption using
spectrophotometer (model DU-40, Beckman Instruments Inc.,

rvine, CA). Measurements were performed using a 1 cm quartz cell
nd at a wavelength of 254 nm. Pure water, 0.175 and 3.5 wt% NaCl
queous solutions were used in the reference cell, but there was no
hange in the absorbance.

The concentration of the SPs was determined by the particle size
nalyzer (PSA) using Zitasizer instrument (model Nano-S, Malvern
nstruments Ltd., Worcestershire, UK). Measurements were made
sing a 1 cm quartz cell. The pure water was used as a reference.
he specific conditions were: measurement position 4.65, attenua-
or 11, and run number 20. It should be noted that the mean count
ate (kcps) is the vital parameter to measure the concentration of
Ps. The concentration of SPs was also measured, as a supplemen-
ary examination, with the help of a spectrophotometer (model
U-40, Beckman Instruments Inc., Irvine, CA). Measurements were
erformed using a 1 cm quartz cell at the wavelength of 530 nm.
he pure water and 0.175 wt% NaCl aqueous solutions were used
s references.

The concentration of chloroform (CF) was determined by a
otal organic carbon (TOC) analyzer with UV-persulfate method
n total carbon (TC) mode (Phoenix 8000, Rosemount Analyti-
al Inc., Tekmar Dohrmann Division, Santa Clara, CA). Calibration
as made by using chloroform solutions of known concentrations

1.0–200.0 ppm).
Initially, PWP was measured; then flux (J0) of aqueous 3.5 wt%

aCl was measured. Afterwards, flux (Jt) at various times (t) of aque-
us 3.5 wt% NaCl with or without 200 ppm of foulant was measured.
he flux reduction (FR) in percentage was calculated by using Eq.
3):

R (%) = J0 − Jt
J0

× 100 (3)

.5.3. Membrane compaction studies
Another series of six TFC membranes were prepared under

he chosen membrane preparation conditions and characterized
y NaCl rejection. Those membranes were then subjected to a

ong term (200 h) compaction test with the feed DI water, mea-
uring the pure water permeation rate at different times. The
ux reduction defined by (1 − PWP at 200 h/initial PWP) was then
alculated in a range of 19.9–29.4% without any significant dif-
erence between without and with iLSMM incorporation. These
alues are close to the FR values displayed by the TFC membranes
ith iLSMM incorporation when the membranes were subjected

o the long term test with 3.5 wt% NaCl solution. Hence it can be
oncluded that the FR of the membranes with iLSMM incorpo-
ation was primarily due to compaction, while FR is more than

ompaction for the TFC membranes without iLSMM incorpora-
ion.

Finally, the compaction effect on the substrate PS membrane
as investigated by pressurization at 5520 kPa under pure water

nd measuring PWP (see Table S6). The FR in percentage was cal-
The ± sign is a standard deviation (s.d.) of independent measurements of mem-
brane coupons: average of four coupons for A0, C0, and F0; average of two coupons
for A1, C1, and F1; average of twelve coupons for B0, D0, and E0; average of ten
coupons for B1, D1, and E1.

culated by using Eq. (4):

FR (%) = PWP0 h − PWP200 h

PWP0 h
× 100 (4)

FR values are in a range of 31.4–36.2%. Hence, compaction was
much reduced by the skin layer formation of TFC membranes.

2.6. Biofouling experiment by E. coli

To evaluate the antibiofouling effect of the membrane, the Halo
test was conducted with E. coli [36,37]. The E. coli was grown in a
liquid LB media at 37 ◦C with a shaking speed of 150 rpm using a
shaking incubator (Model: Lab-Line Orbit Environ-Shaker, Lab-Line
Instruments Inc., Melrose park, IL). The E. coli solution was freshly
prepared for each experiment and used within 12 h. In the present
study, solid media of nutrient (LB) agar (called agar plate, hereafter)
was prepared. The membrane was cut into pieces of 2 cm diameter
disk. The E. coli was inoculated on an agar plate, and the membrane
disk was placed. The prepared agar plate was incubated at 37 ◦C for
5 h. The thickness of the inhibition zone (IZ) that appeared around
the membrane disk was then measured.

3. Results and discussion

The fluxes and salt rejections (in the presence of 3.5 wt% NaCl
in the feed) of the twelve membranes listed in Table 1 are given in
Table 2. The membrane performance was observed at an operating
pressure of 5520 kPa and room temperature. From Table 2, it can be
concluded that all the membranes prepared under the conditions
given in Table 1 are in nanofiltration category with NaCl rejections
ranging from 86.19 to 97.93%. On the basis of the above RO data; we
have selected six types of membrane (Bi, Di and Ei, i = 0 and 1, where
0 and 1 denote absence and presence of iLSMM, respectively) for
the fouling study.

The results of long term (200 h) tests are shown in Figs. 3–7.
Fig. 3 shows the flux reduction (FR in %) at different operation times.
The FR increased drastically during the initial 50 h of operation for
all the TFC membranes without incorporation of iLSMM, and the
rate of FR increase slowed down as operation time became longer.
After 5 h of operation, the iLSMM incorporated membranes showed

lower FR values than membranes without iLSMM. It is interest-
ing to note that the flux of the B1 membrane was much lower
than B0 at time zero but after 200 h of operation the order was
reversed. Slight improvement in NaCl rejection was observed for
all the membranes, with or without incorporation of iLSMM.
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Fig. 3. The FR (%) versus operational time for aqueous 3.5 wt% NaCl solution.

F
w

N
a
f

F
w

with iLSMM incorporation. However, after 200 h of operation, the
ig. 4. The FR (%) versus operational time for aqueous 3.5 wt% NaCl solution spiked
ith 200 ppm of sodium salt of humic acid.
The long-term fouling test was conducted with the feed 3.5 wt%
aCl solution into which 200 ppm of SH was spiked (Fig. 4). Notably,
ll the permeate solutions contained less than 1 ppm of SH. It was
urther observed that the initial FR values were lower for the mem-

ig. 5. The FR (%) versus operational time for aqueous 3.5 wt% NaCl solution spiked
ith 200 ppm of silica particles.
Fig. 6. The FR (%) versus operational time for aqueous 3.5 wt% NaCl solution spiked
with 200 ppm of chloroform.

branes incorporated with iLSMM. After 75 h of operation, FR started
to decrease, i.e., the flux increased for all the membranes without
iLSMM whereas the flux continued to decrease for all the mem-
branes with iLSMM incorporation (see Table 3(A)). As for NaCl
rejection, it started to decrease at 75 h for all the membranes with-
out iLSMM, while it kept increasing for all the membranes with
iLSMM (see Table 4(A)). It is suggested that the PA linkage of the
membranes without iLSMM is destroyed when they are exposed
to alkaline environment for more than 75 h, resulting in increase
in the flux and decrease in the NaCl rejection. In contrast, all the
iLSMM incorporated TFC membranes showed much superior stabil-
ity in the presence of SH. Generally, SH macromolecules are highly
adsorbed to surface [38]. The rate and extent of FR depends upon
ionic strength, pH, and concentration of SH [39].

The long term fouling test was performed by adding 200 ppm
of SPs in to 3.5 wt% NaCl feed solution (Fig. 5). All the permeate
solutions contained less than 1 ppm of SP. Initial FR was much
lower for the membranes with iLSMM compared to without iLSMM.
The FR continued to increase for both membranes without and
flux of the membranes with iLSMM became more than double the
flux of the membranes without iLSMM (see Table 3(B)). The NaCl
rejection remained almost constant for the membranes without

Fig. 7. The CF rejection (%) versus operational time for aqueous 3.5 wt% NaCl solution
spiked with 200 ppm of chloroform.
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Table 3
The flux results of the long-term (200 h) RO test of the six TFC membranes.

TFC 1 h 5 h 10 h 25 h 50 h 75 h 100 h 200 h

(A) Aqueous 3.5 wt% NaCl solution spiked with 200 ppm SHa

B0 25.55 24.29 22.02 18.03 12.39 8.57 10.51 12.50
B1 25.04 24.09 22.11 19.74 17.09 15.03 13.97 12.91
D0 19.43 17.84 16.62 14.02 8.07 5.66 7.20 10.47
D1 27.32 26.26 25.18 22.70 19.85 18.05 17.17 16.70
E0 16.23 14.30 12.34 8.04 4.32 4.06 5.41 9.01
E1 22.75 21.05 20.62 16.93 14.63 12.31 11.09 10.1

(B) Aqueous 3.5 wt% NaCl solution spiked with 200 ppm SPsa

B0 24.30 22.42 21.72 18.81 15.46 13.54 11.18 9.76
B1 31.08 30.45 29.07 28.61 27.10 25.95 24.71 22.43
D0 21.43 19.87 19.08 16.22 12.82 10.64 8.89 8.44
D1 32.66 31.70 29.72 28.81 27.64 26.43 25.00 22.72
E0 17.58 16.11 14.94 12.46 9.39 8.36 6.21 4.93
E1 26.14 25.75 24.64 23.20 21.72 20.08 19.45 18.60

(C) Aqueous 3.5 wt% NaCl solution spiked with 200 ppm CFa

B0 37.91 35.09 31.46 27.44 21.32 18.46 14.51 10.58
B1 32.56 30.63 29.76 28.68 25.56 23.86 23.23 22.72
D0 30.80 29.68 27.51 23.43 17.78 14.46 13.58 12.36
D1 29.69 28.79 27.78 25.53 22.66 21.71 20.81 19.77

7.84
1.78

rating

i
w
a
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t
w
w
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w
t
fl
t
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t
r
o

T
T

E0 24.50 22.90 22.54 1
E1 25.76 24.89 23.79 2

a Feed, aqueous 3.5 wt% NaCl solution spiked with 200 ppm SH, or SPs or CF; ope

LSMM, whereas slight increase was observed for the membranes
ith iLSMM (see Table 4(B)). These results suggest that more SP

re deposited on the skin layer of the membranes without iLSMM.
he superior performance of iLSMM incorporated membranes is
bvious. Deposition of SPs is referred to as particulate fouling [40].

The long term organic fouling test was investigated by adding
00 ppm of CF in to 3.5 wt% NaCl feed solution. The FR and CF rejec-
ion are summarized in Figs. 6 and 7, respectively. The FR values
ere much higher for the membranes without iLSMM than those
ith iLSMM. The separation CF tends to decrease for the mem-

ranes without iLSMM while it tends to increase for the membranes
ith iLSMM (Fig. 7). The same trend is observed for NaCl rejec-

ion (Table 4(C)). Among the three membranes without iLSMM, the
ux (Table 3(C)) and separation decreased most significantly for
he B0 membrane that contains the lowest amount of MPD. These

esults indicate that the stability of membranes was improved by
he incorporation of iLSMM. It is especially noteworthy that sepa-
ation of the membranes with iLSMM increased with increasing
perational period. More than 95% removal of chloroform was

able 4
he rejection of NaCl in % results of the long-term (200 h) RO test of the six TFC membran

TFC 1 h 5 h 10 h 25 h

(A) Aqueous 3.5 wt% NaCl solution spiked with 200 ppm SHa

B0 94.74 94.91 95.11 95.34
B1 96.33 96.38 96.52 96.60
D0 92.76 92.97 93.18 93.42
D1 96.18 96.23 96.30 96.42
E0 95.36 95.54 95.68 95.79
E1 97.91 98.15 98.39 98.59

(B) Aqueous 3.5 wt% NaCl solution spiked with 200 ppm SPsa

B0 93.89 93.96 93.98 94.12
B1 96.85 97.00 97.18 97.34
D0 93.02 93.11 93.17 93.24
D1 96.96 97.09 97.18 97.32
E0 96.33 96.41 96.48 96.52
E1 98.42 98.57 98.64 98.77

(C) Aqueous 3.5 wt% NaCl solution spiked with 200 ppm CFa

B0 94.84 94.39 94.01 92.86
B1 96.65 96.73 96.77 96.97
D0 94.04 93.74 93.41 92.72
D1 94.84 94.92 95.23 95.53
E0 95.63 95.00 94.59 94.24
E1 98.89 98.92 99.02 99.22

a Feed, aqueous 3.5 wt% NaCl solution spiked with 200 ppm SH, or SPs or CF; operating
13.50 11.53 10.74 8.69
18.80 17.75 16.25 15.45

pressure, 5520 kPa; operating temperature, room.

achieved in single stage RO desalination. Therefore a higher CF
removal is expected while passing through more than one RO
desalination stage. The possible mechanism of CF rejection using
commercial membranes was explained by absorption/diffusion in
the membrane/desorption processes [41]. Data from pilot plant of
TFC RO membrane showed that the rejection of CF reached better
than 96.8% using the aqueous conc. range 800–1100 �g/dm3 [42].
However, the gradual increase of CF rejection with operation time
suggests that CF rejection of the iLSMM incorporated membranes
is not by the adsorption mechanism but by the sieving mecha-
nism.The results of the compaction test with feed DI water is as
follows. The flux reductions defined in the experimental Section
2.5.3 were in a range 19.9–29.4% for membranes both with and
without iLSMM. There was no statistically significant difference
between those tow categories. These values are close to the FR val-

ues displayed by the TFC membranes with iLSMM incorporation,
when the membranes were subjected to the long term test with
3.5 wt% NaCl solution (see Fig. 3). Therefore, it can be concluded
that the FR of the membranes with iLSMM incorporation was pri-

es.

50 h 75 h 100 h 200 h

95.50 95.71 94.12 93.37
96.67 96.86 97.00 97.26
93.62 93.73 92.45 91.16
96.59 96.72 96.82 96.91
95.87 95.92 94.22 92.95
98.77 98.90 98.95 98.96

94.13 94.19 94.32 94.45
97.52 97.68 97.81 97.92
93.38 93.48 93.67 93.70
97.43 97.52 97.73 97.89
96.63 96.70 96.79 96.87
98.84 98.91 98.96 99.20

90.82 89.45 87.84 86.85
97.44 97.77 98.00 98.17
91.17 90.92 90.00 88.90
95.82 96.17 96.61 97.19
92.93 91.99 91.11 90.88
99.46 99.60 99.70 99.77

pressure, 5520 kPa; operating temperature, room.
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Fig. 8. TFC membrane coupons before and after the Halo test: (A) TFC without iLSMM, (B) TFC with iLSMM, (C) TFC with iLSMM and silver nitrate, (D) TFC with iLSMM and
silver lactate, and (E) TFC with iLSMM and silver citrate hydrate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of the article.)
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arily due to compaction, while FR was more than compaction for
he membranes without iLSMM incorporation. When the substrate
S membrane was subjected to the compaction test, the flux reduc-
ions defined in Section 2.5.3 were in a range 31.4–36.2%. Hence,
ompaction was much reduced by the skin layer formation of TFC
embrane.
The control membranes, with and without incorporation of

LSMM in TFC, did not show any Halo ring around the membrane
Fig. 8). Halo ring appeared when the silver salts were incorporated.
he ring width of membranes with SN, SL and SCH were 0.55 ± 0.06,
.27 ± 0.02, and 0.19 ± 0.03 mm, respectively. Thus, the TFC mem-
rane with iLSMM and SN showed the highest antibacterial effect
hile other silver incorporated TFC membranes showed similar but

ower effectiveness. In relation to this work, it is to be noted that
U foam coated with silver nanoparticles exhibited null E. coli in
he permeate side during filtration [43].

. Conclusions

It can be concluded by this work that iLSMM incorporated TFC
embranes have performed excellently for the desalination of salty
ater (3.5 wt% NaCl), especially when the solution was spiked with

ypical foulants such as SH, SPs, and CF. The FR was reduced signif-
cantly when iLSMM was incorporated in the TFC membranes by
newly developed technique. It would be very interesting to test

hese novel membranes for chlorine resistance in the future work.
t can also be concluded that silver salts incorporated in the TFC

embranes have indeed antibiofouling effect. Future studies are
esigned to bind silver ions to the iLSMM either electrostatically or
y complex formation.
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