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a b s t r a c t

A new concept for the preparation of thin-film-composite (TFC) reverse osmosis (RO) membrane by inter-
facial polymerization on porous polysulfone (PS) support using novel additives is reported. Hydrophilic
surface modifying macromolecules (LSMM) were synthesized both ex situ by conventional method
(cLSMM), and in situ within the organic solvent of the TFC system (iLSMM). The effects of these LSMMs
on the fouling of the TFC RO membranes used in the desalination processes were studied. FTIR results
indicated that both cLSMM and iLSMM were present in the active layer of the TFC membranes. SEM micro-
hin-film-composite
everse osmosis
urface modifying macromolecules
ouling
esalination

graphs depicted that heterogeneity of the surface increases for TFC membranes compared to the control
PS membrane, and that higher concentrations of LSMM provided smoother surface. AFM characteristic
data presented that the surface roughness of the skin surface increases for TFC membranes compared to
the control. The RO performance results showed that the addition of the cLSMM significantly decreased
the salt rejection of the membrane and slightly reduced the flux, while in the case of the iLSMM, salt
rejection was improved but the flux declined at different rates for different iLSMM concentrations. The
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. Introduction

Reverse osmosis (RO) by polymeric membranes is considered
s the simplest and most efficient technique for seawater desali-
ation purposes [1]. For the development of these polymeric RO
embranes, two different techniques have been used: the phase

nversion method for asymmetric membranes, and the interfacial
olymerization for thin-film-composite (TFC) membranes [1–3].

TFC membrane preparation technique is based on interfa-
ial polymerization (polycondensation) reaction between two
onomers, a polyfunctional amine and a polyfunctional acid chlo-

ide, dissolved in water and hydrocarbon solvent, respectively
1–8]. Since water and the hydrocarbon solvent are immisci-
le, polymerization reaction takes place at the water/hydrocarbon

nterface. More specifically, the polymerization takes place at the

rganic phase side of the interface and not the aqueous phase side
ecause of the highly non-favorable partition coefficient for the
cid chloride which limits the availability of the acid chloride in
he aqueous phase [2,6,9]. The thin film active layer ranging from
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E-mail addresses: matsuura@eng.uottawa.ca, takeshi mtsr@yahoo.ca

T. Matsuura).

p
f
b
t
s
[
T
n

376-7388/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2008.07.037
MM exhibited less flux decay over an extended operational period.
© 2008 Elsevier B.V. All rights reserved.

0 nm in thickness to several micrometers is quickly formed at the
nterface and strongly attached to the substrate [10–12]. The art of
FC formation requires selecting the best organic solvent since this
arameter governs the amine monomer solubility and diffusivity

n the reaction zone, which in fact affect the performance and mor-
hology of the membrane [13]. Recently, Ghosh et al. found that
he best TFC performance can be achieved by using high surface
ension, and low viscosity solvents [13].

FT-30 membranes, developed by Filmtec Corporation, were of
ommercial success for RO. In the FT-30, the thin film active layer
s aromatic polyamide (PA) that is prepared via interfacial poly-

erization of m-phenylenediamine (MPD) in the aqueous phase
nd trimesoyl chloride (TMC) in the organic phase [14–16]. FT-30
embranes commercially produced in spiral-wound gives 99.3%

alt rejection at 24 gfd flux in seawater desalination at 800 psi [2].
Many attempts have been made to improve the TFC membrane

erformance through membrane modification or addition of dif-
erent additives. Kuehne et al. increased TFC-RO flux up to 30–70%
y soaking the fresh prepared TFC membranes with solutions con-

aining various organic species, including glycerol, sodium lauryl
ulfate, and the salt of triethylamine with camphorsulfonic acid
17]. More recently, Jeong et al. doubled the water flux of RO-
FC membranes without affecting the salt rejection using zeolite
anoparticles in preparing mixed matrix RO-TFC membranes [18].

http://www.sciencedirect.com/science/journal/03767388
mailto:matsuura@eng.uottawa.ca
mailto:takeshi_mtsr@yahoo.ca
dx.doi.org/10.1016/j.memsci.2008.07.037


embr

A
P
i
p
b
p
h
i

c
w
b
a
a
d
m
m
f
o
a
u
t
c
b
r

i
b
M
i
i
o
c
i
S
b
w
m

s
p
i
t
i
m
p
h
k
T
e
m
l
l
m
d
s
s
f

a
t
m
a
u
m

b
S
fi
h
w

m
m
s
[
t
b
e
c
a
a
e
t
r

p
p
a
f
r
t

2

2

c
d
s
P
u
m
t
G

2

(
s
s
P
t
u
u
w
o
F

P
D
o
r
(

B.J.A. Tarboush et al. / Journal of M

dditionally, an aqueous solution composed of poly(vinyl alcohol),
VA, and a buffer solution was applied as a post-treatment step dur-
ng the preparation of the TFC membranes to improve TFC physical
roperties (improved abrasion resistance) and enhance flux sta-
ility [19,20]. On the other hand, high flux TFC membrane at low
ressure can be produced by using PVA-based amine compound
aving a side chain amino group as the aqueous phase monomer

nstead of the MPD [21].
Despite the high quality of the water produced by TFC-RO pro-

ess, TFC membranes are susceptible to fouling [22–24]. Fouling,
hich is defined as the accumulation of substances on the mem-

rane surface or within the membrane pore structure [23–25],
lways worsens the membrane performance, shortens its life [23],
nd reduces the flux and salt rejection [26]. In RO membrane
esalination, fouling is caused by the interaction between the
embrane surface and solute particles and depends strongly on
embrane surface morphology [22,26] and properties [27]. RO

ouling includes; salt precipitation (i.e., scaling), colloidal fouling,
rganic fouling, and biofouling [26–33]. Biofouling is considered
s the most serious problem since biofouling cannot be prevented
sing pre-treatment [34,35]. Subramani and Hoek [36] found that
he higher the permeate flux, membrane resistance, salt rejection,
oncentration polarization, membrane hydrophobicity, and mem-
rane surface roughness the higher the microbial cell deposition
ates will result.

Many routes were examined to mitigate fouling problem
ncluding pre-treatment of the feed solution, modification of mem-
rane surface properties, and periodic cleaning [29,30,37–39].
eanwhile, surface modification was considered as the most

nteresting way to prepare fouling-resistant membranes by chang-
ng surface-foulant affinity (hydrophilicity or hydrophobicity)
r surface morphology [45]. Membrane surface modification
an be achieved through grafting, coating [39–44], and blend-
ng hydrophilic/hydrophobic surface modifying macromolecules,
MMs [45]. A new type of anti-fouling membranes was developed
y introduction of TiO2 nanoparticles on the TFC membranes. It
as demonstrated that this method had the ability to prevent the
icrobial fouling by reducing the loss of RO permeability [29,38].
Surface hydrophobicity is considered as one of the major rea-

ons of membrane fouling. It is generally accepted that fouling of
olymeric membranes decreases with the increase in hydrophilic-

ty of the polymeric materials. It was proposed in many papers
hat grafting of the surface of the membrane can reduce the foul-
ng [27]. Many hydrophilic monomers have been used for surface

odification by grafting such as; poly(ethylene oxide) (PEO), and
oly(ethylene glycol) (PEG). PEG, which is a hydrophilic, uncharged,
ighly water-soluble, and flexible long chain polymer, is well
nown for its exceptional ability to resist protein adsorption [46,47].
his property is believed to be due to PEG hydrophilicity, large
xcluded volume, and unique coordination with surrounding water
olecules in an aqueous medium [39,48]. Because of its excel-

ent ability to reduce hydrophobic interactions and to repel solutes
ike proteins, PEG was widely used in preparing fouling-resistant

embranes [48,49]. Thom et al. [44] used PEG derivative to pro-
uce hydrophilic PSF-UF membranes with high resistance to bovine
erum albumin (BSA) fouling. Kang et al. grafted PEG chains onto the
urface of TFC-RO membranes to improve membranes resistance to
ouling [39].

Introduction of an active additive is considered as another
lternative and is a less common approach for surface modifica-

ion. This method is based on the idea that those additives can

ove toward the top film surface during membrane formation and
lter membrane surface chemistry while keeping bulk properties
nchanged [50,51]. Blending is a conventional technique used for
embrane surface modification, and recently much attention has
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een given to utilize this technique with hydrophilic/hydrophobic
MMs blended with the base polymer for membrane surface modi-
cation [45,52–55]. Rana et al. used hydrophilic SMM in producing
ydrophilic poly(ether sulfone)–ultrafiltration (UF) membranes
ith high fouling resistance [52].

Surface roughness, is another important factor that affects
embrane fouling. In fact, there is a strong relationship between
embrane performance (flux, rejection, permeability), and surface

tructure and morphology [56,57]. Hirose et al. [56] and Kwak et al.
57,58] found that the rougher the surface of the PA-TFC membranes
he larger the skin area, and the higher the water flux of the mem-
rane. Preparation of the aromatic PA in the presence of alcohols,
thers, sulfur-containing compounds, and monohydric aromatic
ompounds and more specifically dimethyl sulfoxide (DMSO) in the
queous phase can produce membranes with excellent water flux
nd reasonable salt rejection [15,59–61]. On the other hand, Elim-
lech et al. found that commercial TFC membrane was fouled faster
han cellulose acetate membrane because of the greater surface
oughness of the TFC membrane [62].

Based on the extensive analysis above, a novel method is
roposed to modify TFC-RO membrane surface. The idea is to incor-
orate the hydrophilic SMMs (LSMMs) with PEG end groups to the
ctive polyamide layer in order to render the TFC membrane sur-
ace more hydrophilic. In this way, TFC membranes of high fouling
esistance can be prepared. The objective of this research is to test
he feasibility of this technique.

. Experimental

.1. Materials

All chemicals used in this work are listed in Table 1. The chemi-
als, 4,4′-methylene bis(phenyl isocyanate) (4,4′-diphenylmethane
iisocyanate, MDI), 1,3,5-benzenetricarbonyl trichloride (trime-
oyl chloride, TMC), 1,4-phenylenediamine (p-phenylenediamine,
PD), 1,3-phenylenediamine (m-phenylenediamine, MPD), were
sed without further purification. Commercial UF polysulfone (PS)
embranes of molecular weight cut-off (MWCO) 500 kD used as

he support membrane were obtained from the TriSep Corporation,
oleta, CA, USA.

.2. Synthesis of cLSMM, iLSMM and TFC membrane preparation

The conventional hydrophilic surface modifying macromolecule
cLSMM), end-capped with poly(ethylene glycol), PEG, was synthe-
ized using a two-step solution polymerization method. The initial
tep involved the reaction of MDI with poly(propylene glycol),
PG, in a common solvent of DMAc. This mixture formed a ure-
hane prepolymer solution. The prepolymer is a segment-blocked
rethane oligomer, poly(4,4′-diphenylenemethylene propylene-
rethane) having both ends capped with isocyanate. The reaction
as then terminated by the addition of PEG resulting in a solution
f cLSMM. The chemical structure of the cLSMM is presented in
ig. 1.

The initial reaction step was: 0.02 mol (70 gm) of degassed
PG of average molecular weight 3500 Da in 100 mL of degassed
MAc was added drop-wise to 0.03 mol (7.5 gm) of MDI in 50 mL
f degassed DMAc in a 1 L Pyrex round bottom flask with a stir-
er. PPG and MDI were allowed to react for 3 h. Then 0.02 mol
20 gm of PEG of average molecular weight 1000 Da) dissolved in

0 mL of degassed DMAc was added drop-wise. The molar mix-

ng ratio of the chemicals MDI:PPG:PEG is 3:2:2. The solution
as left under stirring for 24 h at 48–50 ◦C, resulting in a solu-

ion of cLSMM, and then the solution was precipitated in distilled
ater. The cLSMM was dried in an air circulation oven at 50 ◦C
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Table 1
The materials used in this work

Material description CAS number Source

Deuterated N,N-dimethylformamide (DMF-d7 99.5 atom% D) 4472-41-7 CDN Isotopes, Point-Claire, PQ, Canada
1,3,5-Benzenetricarbonyl trichloride (TMC) 4422-95-1 Sigma–Aldrich Inc., St. Louis, MO, USA
p-Phenylenediamine (PPD) 106-50-3 Sigma–Aldrich Inc., St. Louis, MO, USA
1,3-Phenylenediamine (MPD, Flakes, 99+%) 108-45-2 Sigma–Aldrich Inc., St. Louis, MO, USA
Octyl acetate, 99+% 112-14-1 Sigma–Aldrich Inc., St. Louis, MO, USA
n-Propyl acetate 109-60-4 BDH Limited, Poole, England
Hexyl acetate, 99+% 142-92-7 Sigma–Aldrich Inc., St. Louis, MO, USA
Nonyl acetate, 97+%, FCC 143-13-5 SAFC Supply Solutions, St. Louis, MO, USA
Heptyl acetate, 98+% 112-06-1 SAFC Supply Solutions, St. Louis, MO, USA
Cyclohexane, 99.9+% 110-82-7 Aldrich Chemicals Co. Inc., Milwaukee, WI, USA
n-Hexane, >+99% 110-54-3 Sigma–Aldrich Inc., St. Louis, MO, USA
N
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,N-Dimethylacetamide (DMAc, anhydrous 99.8%)
,4′-Methylene bis(phenyl isocyanate) (MDI, 98%)
oly(ethylene glycol) (PEG, average molecular weight 200 and 1000 Da)
oly(propylene glycol) (PPG, typical Mn 3500 Da)

or 5 days until a constant weight of approximately 64.8 gm was
btained.

The thin-film-composite membrane preparation technique is
ased on interfacial polymerization between two monomers, di-
mine (2 wt%, MPD or PPD) and tri-acid chloride (0.2 wt% TMC),
issolved in water and in hydrocarbon or ester solvent, respectively.
hree sets of experiments were made for membrane preparation:
he first set using MPD, the second set using PPD, and the third set

sing MPD.

In the first set, TFC membranes were formed by dipping the PS
upport in an aqueous MPD solution for approximately 2 h. The
aturated membrane was drained and all the excess di-amine solu-
ion was removed by holding the membrane in a vertical position

t

p
M
o

Fig. 1. The chemical structure
127-19-5 Aldrich Chemical Company Inc., Milwaukee, WI, USA
101-68-8 Sigma–Aldrich Inc., St. Louis, MO, USA
25322-68-3 Sigma Chemical Company, St. Louis, MO, USA
25322-69-4 Aldrich Chemical Company Inc., Milwaukee, WI, USA

or around 3 min. The saturated membrane was then immersed in
he organic solution of TMC, with or without cLSMM, for around
min, which resulted in the formation of a thin film of polyamide

PA), hereafter called mPA, since it is based on MPD, on top of the
S support. Then, the resulting composite membranes were heat-
ured at 90 ◦C for around 3 min. The membranes were kept under
mbient temperature and after 24 h they were washed with dis-
illed water and finally stored in fresh distilled water at ambient

emperature.

In the second set, TFC membranes were formed by the same
rocedure as the first set except that PPD was used instead of
PD, and that the saturated membrane was then immersed in the

rganic solution of TMC, without cSMM, for 2 min. The thin PA film

of polymer materials.
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ormed on top of the PS support is hereafter called pPA since it is
ased on PPD. The post-treatment and the storage of the resulting
embranes were the same as the first set. In both the first and sec-

nd sets, n-propyl acetate, n-hexyl acetate, n-octyl acetate, n-nonyl
cetate, hexane and cyclohexane were tested as solvents for the
MC.

In the third set of TFC membrane formation, MDI and PEG
ere added to the organic hydrocarbon solvent, cyclohexane, as
onomers (di-isocyanate, MDI, and di-ol, PEG) to let the conden-

ation polymerization (LSMM formation) reaction take place in
he organic phase parallel to the in situ polymerization (for thin
lm formation) that was taking place also in the organic phase.
he molar ratio of reagents MDI:PEG (average molecular weight
00 Da) was 1:2. The chemical name of the iLSMM is poly(4,4′-
iphenylenemethylene ethylene-urethane) with both ends capped
y PEG (Fig. 1). The value of the n (4.14) was calculated from the
verage molecular weight of PEG.

The membranes so fabricated are coded as PS-a-b-w, where PS
ndicates that the support membrane is polysulfone membrane, “a”
ndicates whether the in situ polymerized thin layer is made of

PA or pPA, “b” indicates whether the LSMM is cLSMM or iLSMM,
nd “w” indicates the concentration of c(i)LSMM in the organic
hase. The concentration of cLSMM is defined as the wt/vol% of
LSMM polymer in the organic solvent, while the concentration of
LSMM is defined as wt/vol% of (MDI + PEG) in the solvent. Thus,

embrane code PS means polysulfone support membrane, PS-
PA means polysulfone support membrane coated with a thin film
f pPA without any LSMM, and PS-mPA-cLSMM-0.25 means that
.25 wt% of cLSMM was added to the organic phase.

.3. Characterization of cLSMM

A sample for NMR analysis was prepared by dissolving as much
olymer as possible in DMF-d7. All NMR data were collected on a
ruker AVANCE 300 NMR spectrometer. The 1H NMR spectra were
cquired under quantitative conditions with 16 scans using a 30◦

ulse, and a 3.6 s interpulse sequence. A 1H–13C heteronuclear sin-
le quantum coherence (HSQC) spectrum was collected with 16
cans for each of 256 increments with a 170 ppm 13C spectral win-
ow. The data were treated with a shifted sine squared weighting
unction prior to Fourier transform.

Average molecular weights (weight average molecular weight,
w, and number average molecular weight, Mn) and polydis-

ersity index (PDI, Mw/Mn) were measured by gel permeation
hromatography (GPC) of Waters Associates, Milford, MA. The
olymer molecular weights were calculated using the universal
alibration curve.

The glass transition temperature (Tg) was examined by differen-
ial scanning calorimeter (DSC) (DSC Q1000, TA Instruments, New
astle, DE). The Tg value was recorded of the corresponding heat
apacity transition.

.4. Membrane characterization

The contact angle (CA) of the membrane surface was measured
sing a VCA Optima Surface Analysis System (AST Products Inc.,
illerica, MA). The skin layer surface of membrane was placed on
glass plate, then, a drop of distilled water (2 �L) was placed. The
A was measured at five different spots on each membrane sample
oupon and the values averaged.
Fourier transform infrared (FTIR) spectroscopy with attenuated
otal reflection (ATR) plate was used to observe the presence of
unctional groups of the membrane. The FTIR spectrometer was
Varian 1000, Varian Inc., Palo Alto, CA, USA). The skin layer of the

embrane surface samples was mounted with facing the crystal

a
r

M
o

ane Science 325 (2008) 166–175 169

urface. The spectra were measured in transmittance mode over a
ave number range of 4000–600 cm−1 at a resolution of 4 cm−1.

The morphology of the membrane was investigated using scan-
ing electron microscopy (SEM) of a model JSM-6400 JEOL (Japan
lectron Optics Limited, Japan). Specimen for the SEM of cross-
ection measurement was prepared by freezing the membrane
ample in liquid nitrogen. Fresh cross-sectional cryogenic cut pieces
ere coated under vacuum with a thin layer (60% gold and 40%
alladium) in a Hummer VII sputting system (Anatech, Springfield,
A).

An atomic force microscope (AFM) (Nanosurf AG, Grammet-
trasse, Liestal, Switzerland) was used for characterization of
embranes. A static force operating mode AFM in air was used.

he average surface roughness (Ra) in an area of 1.008 × 10−12 m2

as obtained for the skin layer of the membrane surface from the
oftware (Nanosurf® easyScan 2, version 1.3) calculation.

.5. Reverse osmosis experiments

The reverse osmosis (RO) experiments were conducted using a
aboratory-scale system consisting of six small RO cells connected
n series. The cross-flow cells house membrane coupons with an
ffective area of about 13.2 cm2. The feed flow rate was 36 L h−1. The
etails of the design of the cell and description of the apparatus of
O experiments are given elsewhere [4]. All the experiments were
onducted using an operating pressure of 800 psig. Each membrane
as pre-compressed by filtering pure water at 1000 psig for 8 h and

hen for 4–5 h at 800 psig. Pure water permeation (PWP) rates were
easured at 800 psig after the pressurization. The sodium chloride

oncentration in the feed solution was 3.5 wt%. The concentrations
f the feed and the permeate solution were determined via a con-
uctivity meter (model CON 110, Oakton Instruments, Vernon Hills,

L, USA).

. Results and discussion

.1. Characterization of cLSMM

The 1H, and the HSQC spectrum of cLSMM are shown in Fig. 2a
nd b, respectively. The presence of the hydroxyl group of the
LSMM sample was confirmed by HSQC spectra in DMF-d7 sol-
ent as peaks were observed at about 4.7 and 5.1 ppm in the 1H
pectra (Fig. 2a) but no signal appeared in the HSQC spectrum
Fig. 2b).

The chemical name of the cLSMM is poly(4,4′-diphenylene-
ethylene propylene-urethane)-co-poly(4,4′-diphenylenemethy-

ene ethylene-urethane) with both ends capped by PEG. The val-
es of the n (60.03) and q (22.32) were calculated from the average
olecular weight of PPG and of PEG. The values of m and p were cal-

ulated using the 1H NMR and Mw of the cLSMM. The ratio between
he integrated peak area of the signals corresponding to all hydro-
en (AHT) and the peak area of the methyl signal (AHM) is expressed
s
∑

AHT

AHM
= 6nm + 12m + 12p + 8q + 4pq + 14

3nm

he right hand side of the equation is formulated from chemical
tructure of cLSMM (Fig. 1). The left hand side of the equation is
qual to 2564.57/1000 from 1H NMR spectra (Fig. 2a). Together with
he weight average molecular weight (Mw) data given below, m

nd p values were calculated and the results were 3.61 and 17.77,
espectively.

The molecular weights characterization data of the cLSMM is
n = 1.97 × 104, Mw = 3.84 × 104, PDI = 1.95. The Tg values at the

nset and the midpoint of cLSMM are 22.85 and 29.59 ◦C, respec-
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Fig. 2. (A) 1H; (B) HSQ

ively. The molecular weights data indicates that the polymer has
ow polydispersity while Tg data indicates that the polymer is amor-
hous and rubbery in nature.

.2. Membrane characterization

The CAs of the membranes are shown in Table 2. TFC membranes
ith and without addition of LSMM are lower in CA values, and thus
re more hydrophilic, than the control PS membrane. According to
he table, presence of the thin polyamide layer decreases the CA (CA
or PS is 52.8◦ and for PS-mPA is 31.5◦). Upon addition of LSMMs,
A further decreases (CA for PS-mPA-cLSMM-0.25 is 19.8◦ and for

able 2
he contact angle and surface roughness data of the skin layer surface membranes

embrane CA (◦) Ra (nm)

S 52.8 ± 1.9 2.44
S-mPA 31.5 ± 3.0 9.99
S-mPA-cLSMM-0.25 19.8 ± 7.3 62.88
S-mPA-cLSMM-1.00 29.7 ± 4.1 27.97
S-mPA-iLSMM-0.25 25.8 ± 1.2 55.28
S-mPA-iLSMM-1.00 43.9 ± 7.3 8.75

1
t
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s
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R spectrum of cLSMM.

S-mPA-iLSMM-0.25 is 25.8◦). However, increasing the amount of
SMMs to 1 wt% increases the CA value (CA for PS-mPA-cLSMM-
.0 is 29.7◦ and for PS-mPA-iLSMM-1.0 is 43.9◦), indicating a slight
ncrease in hydrophobicity.

The purpose of FTIR spectroscopy is to examine the presence of
unctional groups present in the skin layer surface of membrane
amples. The membranes chosen for the FTIR study are presented
n Table 3. The spectra of the base PS membrane shows the peak at
241.33 and 1150.63 cm−1, assigned to C–O–C and O S O, respec-
ively. On the other hand, no PS peaks appeared in the spectrum of
he PS-mPA membrane. Instead, peaks appeared at ∼3300, 1659.54
nd 1609.86 cm−1, which can be assigned to O–H (and N–H), C O
nd N–H of mPA. These results confirm the full coverage of the
urface by mPA. The presence of carboxylic acid was confirmed by
he 1449.86 cm−1 peak (see Table 3 for PS-mPA). The presence of
LSMM in the PS-mPA-cLSMM-0.25 and PS-mPA-cLSMM-1.0 mem-
ranes was also confirmed by the peaks at 2971.1 and 1103.86 cm−1,
hich were assigned to C–H of PPG, and C–C–O of PEG and PPG,
espectively. Moreover, the intensity of the peak at 2971.10 cm−1

ncreased from 19.51 to 52.43 when the concentration of cSMM
n the organic phase was increased from 0.25 to 1.0 wt%. How-
ver, the less than fourfold increase in the peak intensity indicates
hat not all the added cLSMM was incorporated into the mPA skin.
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Table 3
The significant peak assignment for FTIR spectra

FTIR peaks (cm−1) Peak assignments

PS membrane
1585.55, 1487.72 C–C (s)† of aromatic
1324.15 C–H of >C(CH3)
1294.55 O S O (s) symmetric
1241.33 C–O–C (s)
1150.63, 1105.83 O S O (s) asymmetric

PS-mPA membrane
∼3300 O–H (s) and N–H (s)
1659.54 C O (b)‡ of amide
1609.86 N–H (s) of amide
1537.17 C–N (s) of amide
1449.86 C O (s), O–H (b) of carboxylic acid

PS-mPA-cLSMM membrane (x = 0.25 and 1.00)
3321.49 O–H (s) and N–H (s)
2971.10 C–H (s) of methyl (PPG)
2868.96 C–H (s) of methylene (PEG, PPG)
1665.10 C O (b) of amide
1609.86 N–H (s) of amide
1536.65 C–N (s) of amide
1445.29 C O (s), O–H (b) of carboxylic acid
1103.86 C–C–O of PEG, PPG

PS-mPA-iLSMM membrane (x = 0.25 and 1.00)
3300.15 O–H (s) and N–H (s)
2874.13 C–H (s) of methylene (PEG)
1722.02 C–O of carboxylic acid
1664.17 C O (b) of amide
1608.11 N–H (s) of amide
1536.27 C–N (s) of amide
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1485.47 C O (s), O–H (b) of carboxylic acid
1103.69 C–C–O of PEG

s for stretching, ‡b for bending.

imilarly, the presence of iLSMM was confirmed by the peaks at
874.13 and 1103.69 cm−1, which are assigned to C–H of PEG, and
–C–O of PEG, respectively. FTIR data support the presence of the
ydrophilic amide, hydroxy, and carboxylic acid groups at the mem-
rane surface containing cLSMM and iLSMM which is confirmed by
he previous CA data.

The SEM micrographs of the cross-section and the top skin layer
f the membranes are presented in Figs. 3–5. The cross-sectional
mages of the PS membrane and the PS-mPA membrane show that
he top surface of the former is very smooth (Figs. 3a and 4a)
hereas the top thin film of the composite PS-mPA membrane is
ough (Figs. 3b and 4b). Upon addition of LSMM, both PS-mPA-
LSMM and PA-mPA-iLSMM membranes showed a rough surface
hen the concentration of LSMM in the solvent phase was 0.25 wt%

Fig. 4c and e), while the roughness decreased considerably when
he concentration of LSMM was increased to 1 wt% (Fig. 4d and f).

o
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Fig. 3. SEM photographs (100 �m length scale) of the cross-se
ane Science 325 (2008) 166–175 171

imilar images were obtained when the pictures were magnified 10
imes at the TFC location of cross-sectional side (Fig. 5). These pic-
ures indicate that the addition of lower concentration (0.25 wt%)
f both LSMMs tends to increase the roughness of the thin mPA
lm. However, the addition of higher concentration (1 wt%) of both
SMMs decreases the surface roughness of the membrane surface.
t can be postulated that two phases, one LSMM and the other
olyamide, are formed when a small amount of LSMM is added,

eading to an increase in surface roughness. However, when a larger
mount of LSMM is added the surface is covered by LSMM with a
ingle phase formation, which results in a smoother surface.

The Ra value of the membranes is also cited in Table 2. The
a value increases from the control PS membrane to the compos-

te PS-mPA membrane due to the thin-film-layer formation over
he PS membrane. With addition of lower concentration (0.25 wt%)
f LSMM, the Ra increases significantly for both PS-mPA-cLSMM
nd PS-mPA-iLSMM membranes. With further addition (1.0 wt%)
f LSMM, the Ra value tends to decrease. The AFM observation is
losely related to the SEM pictures.

.3. RO membrane performance

The effect of organic solvent used for the in situ polymerization
n the RO performance was studied for the LSMM-free membranes
S-mPA and PS-pPA as shown in Table 4. From the table, it is
uite obvious that PS-mPA (based on MPD) is superior to PS-pPA
based on PPD) in terms of salt rejection for all solvents used. This
grees with the common practice of using MPD, rather than PPD,
n the making of RO membranes by most researchers in this field
2,17]. It should be noted that it was extremely difficult to fabri-
ate PS-mPA membranes when esters were used as solvents for
he organic phase. Often, white particles were visually noticeable
n the membrane surface upon dipping the membrane into the
rganic phase, indicating a non-uniform PA layer. Nevertheless,
FC membranes could be obtained for n-propyl acetate and octyl-
cetate and RO data are given for those membranes in Table 4.
embranes could be readily fabricated, on the other hand, with

exane and cyclohexane and the separation data are in the tight
ano-filtration (NF) range. In the case of PS-pPA, on the other
and, the separation was poor for most membranes when they
ere fabricated using esters for the organic phase. In some cases,

he top thin film seemed visually detached from the substrate PS
embrane. Again, membranes of relatively good performance were
btainable when hexane or cyclohexane was used for the organic
hase, although the separation was not as high as PS-mPA mem-
ranes.

It is interesting to note that for both PS-mPA and PS-pPA
embranes (except for a notable exception of PS-pPA membrane

ction at surface of the membranes: (A) PS; (B) PS-mPA.
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PS-mPA, was observed for the PS-mPA-cSMM-0.05. On the con-
trary, salt rejection values were considerably higher for membranes
with iLSMM than for the PS-mPA, except at the highest iLSMM
tested (1 wt%). The best performance with the highest salt sepa-

Table 4
RO performance of various solvents of two different types of TFC coating

Solvent PWP (L/m2 h) Flux (L/m2 h) NaCl rejection (%)

PS-mPA membrane
n-Propyl acetate 106.88 ± 6.42 100.3 ± 1.07 36.4 ± 1.62
Octyl acetate 108.34 ± 3.62 93.1 ± 8.63 50.05 ± 4.45
Hexane 73.87 ± 5.83 30.2 ± 3.25 89.35 ± 2.19
Cyclohexane 75.86 ± 3.465 32.4 ± 3.9 90.2 ± 0.57

PS-pPA membrane
n-Propyl acetate 215.45 ± 7.70 206.1 ± 8.06 21 ± 1.4
ig. 4. SEM photographs (1 �m length scale and 25,000× magnification) of the s
S-mPA-cLSMM-1.00; (E) PS-mPA-iLSMM-0.25; (F) PS-mPA-iLSMM-1.00.

ade with octyl acetate), the separation increased while the flux
ecreased as the hydrophobicity of the solvent increased as we
oved from n-propyl acetate to n-nonyl acetate and further to

ydrocarbons (hexane and cyclohexane). This is probably because
he boundary between aqueous and organic phases becomes
harper as the hydrophobicity of organic solvent increases. It is
nown that hydrophobicity increases as the hydrocarbon chain
ength of the ester compounds increases and that esters are
ess hydrophobic than hydrocarbons, including cyclohexane and
exane.

In the next phase of the study, and based on the better per-
ormance of PS-mPA compared to PS-pPA, demonstrated so far,
S-mPA membranes with LSMM were studied. In view of the
etter solubility of cLSMM in cyclohexane than in hexane, the

ormer was chosen for the organic phase to be used thereafter.
he effect of LSMM concentration in the organic phase is sum-
arized in Table 5. The table shows that salt rejection decreased

ignificantly upon addition of cLSMM for all cLSMM concentra-
ions. On the other hand, a 50% flux increase, over the control
er surface of the membranes: (A) PS; (B) PS-mPA; (C) PS-mPA-cLSMM-0.25; (D)
Hexyl acetate 289.6 ± 24.89 181 ± 15.55 16 ± 2.88
Octyl acetate 160.4 ± 54.9 120.2 ± 55.2 38.9 ± 5.09
Nonyl acetate 257.4 ± 7.63 147 ± 7.55 17.9 ± 2.08
Hexane 54.6 ± 2.77 36.4 ± 4.72 77.9 ± 0.90
Cyclohexane 56.7 ± 5.73 37.9 ± 4.93 78.9 ± 2.10
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ig. 5. SEM photographs (100 nm length scale and 40,000× magnification) of the cr
S-mPA-cLSMM-1.00; (E) PS-mPA-iLSMM-0.25; (F) PS-mPA-iLSMM-1.00.

ation (96.1%) and a reasonably high flux value (24.3 L/m2 h) was
btained for PS-mPA-iLSMM-0.25 membrane. It is interesting to
ote that the above membrane exhibited one of the lowest CA val-
es (25.8◦) and its surface seemed rougher than other membranes.

t should also be noted that addition of a larger amount of iLSMM
ncreased the CA value (43.9◦ for PS-mPA-iLSMM-1.0 membrane)
nd the surface became smoother. The membrane performance
ecame poorer, in terms of both salt rejection and flux, correspond-

ngly.
Being the best-performing iLSMM membrane so far, the PS-

PA-iLSMM-0.25 membrane was compared with the LSMM-free
S-mPA for their long-term performance. The results are shown
n Fig. 6a for flux and Fig. 6b for salt rejection. The difference in
ux data between Table 5 and Fig. 6a reflects the variation of flux

ata among different membrane coupons, while hardly any dif-
erence is noticed between the salt rejection data of Table 5 and
hose of Fig. 6b. The flux data shown in Fig. 6a clearly indicates
he much improved stability of PS-mPA-iLSMM-0.25 membrane
s compared to the PS-mPA membrane. It is important to remem-

s
r
t
a
p

ction surface of the membranes: (A) PS; (B) PS-mPA; (C) PS-mPA-cLSMM-0.25; (D)

er that the membranes used here have already been compacted
t 1000 psi prior to testing at 800 psi (refer to Section 2), so
he observed decline in flux cannot be attributed to membrane
ompaction. The decline in the flux was only <10% for the PS-mPA-
LSMM-0.25 membrane while it was almost 40% for the PS-mPA

embrane during the operational period of 50 h. The improved
tability is probably due to the dispersed iLSMM macromolecules
n the mPA layer that increases the mechanical strength of the
hin mPA layer. The increase in flux stability from PS-mPA mem-
rane to PS-mPA-iLSMM-0.25 membrane is probably due to the
resence of PEG groups which has large excluded volume as well
s very large coordination number of water molecules at the
op surface. The presence of bulky, hydrophilic functional groups
t the surface is supported by the low CA value and the rough

urface image of this membrane. Fig. 6b indicates that the salt
ejection of the PS-mPA-iLSMM-0.25 membrane is much higher
han the control PS-mPA membranes. Both membranes remained
lmost constant in rejection performance throughout the test
eriod.
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Table 5
RO performance of various concentrations of two different types of LSMM of TFC
coating

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

Concentration of LSMM
PS-mPA membrane

0 75.86 ± 3.46 32.40 ± 3.9 90.4 ± 0.76

Concentration of cLSMM
PS-mPA-cLSMM-x membrane (x = 0.005–1.00)

0.005 28.17 ± 0.56 21.77 ± 1.2 66.55 ± 3.32
0.05 50.21 ± 7.0 46.79 ± 14.3 51.5 ± 1.3
0.10 18.56 ± 2.37 15.92 ± 2.68 57.5 ± 2.8
0.30 17.85 ± 7.5 14.95 ± 5.98 65.55 ± 11.6
1.00 12.04 ± 3.27 9.5 ± 3.2 45.7 ± 2.3

Concentration of iLSMM
PS-mPA-iLSMM-x membrane (x = 0.10–1.00)

0.10 52.94 ± 1.94 18.55 ± 1.06 94.3 ± 1.46
0.25 63.93 ± 0.67 24.3 ± 5.20 96.1 ± 2.03
0.50 34.75 ± 7.55 17.9 ± 2.26 91.25 ± 1.48
0.75 11.938 ± 2.42 5.20 ± 0.37 94.2 ± 4.53
1.00 19.93 ± 1.68 9.88 ± 1.93 72.3 ± 7.76
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Fig. 6. RO performance (a) flux and (b) separation vs. time.

. Conclusions

A new concept for the preparation of TFC RO membrane by

nterfacial polymerization on porous PS support using hydrophilic
urface modifying macromolecules (LSMMs) is presented. Those
SMMs are called either cLSMM or iLSMM depending on whether
he LSMM is synthesized before (cLSMM) or during (iLSMM) the
n situ polymerization. From the experimental results we conclude

[

[

ane Science 325 (2008) 166–175

hat both cLSMM and iLSMM could be incorporated in the aromatic
olyamide layer of the TFC membrane effectively. The NaCl sep-
ration increases while the flux decreases as the hydrophobicity
f the solvent is increased in a series of solvents, including either
sters or hydrocarbons. The performance of the membrane was
etter for iLSMM incorporated membrane than cLSMM incorpo-
ated membrane. Finally we found that the incorporation of iLSMM
ncreased the stability of membrane desalination performance con-
iderably.
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