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Abstract
Biphenol-based, partially disulfonated poly(arylene ether sulfone)s synthesized by direct copolymerization show promise as potential reverse
osmosis membranes. They have excellent chlorine resistance over a wide range of pHs and good anti-protein and anti-oily water fouling behav-
ior. Crosslinking of these copolymers that have high degrees of disulfonation may improve salt rejection of the membranes for reverse osmosis
performance. A series of controlled molecular weight, phenoxide-endcapped, 50% disulfonated poly(arylene ether sulfone)s were synthesized.
The copolymers were reacted with a multifunctional epoxy resin and crosslinked thermally. The effects on network properties of various factors
such as crosslinking time, copolymer molecular weight and epoxy concentration were investigated. The crosslinked membranes were charac-
terized in terms of gel fraction, water uptake, swelling and self-diffusion coefficients of water. The salt rejection of the cured membranes
was significantly higher than that for the uncrosslinked copolymer precursors.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, there has been an increasing worldwide
need for fresh drinking water [1]. About 41% of the total pop-
ulation in the world lives in water-stressed areas. Membrane
technology for desalination, such as reverse osmosis (RO), is
an attractive and energy efficient way to develop new sources
of fresh water [2]. Over the last four decades, tremendous
research has been conducted to develop RO membranes. How-
ever, there have been severe gaps in achieving ideal perfor-
mance. One of the major issues is the chlorine instability of
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polyamide (PA) RO membranes, which are the most widely
used desalination membranes. RO membranes are often ex-
posed to low levels of chorine to prevent biofouling [3]. Unfor-
tunately, the conventional aromatic PA thin film composite
membrane is susceptible to oxidative degradation by chlorine,
and this leads to irreversible performance loss over time [4e6].
This problem necessitates the use of expensive dechlorination
and rechlorination treatment steps when using PA membranes.

Sulfonated poly(arylene ether sulfone)s are promising
chlorine resistant RO materials. Unlike commercial aromatic
PA membranes, sulfonated poly(arylene ether sulfone)s do
not possess the vulnerable amide bond that is susceptible to
chlorine attack [7,8]. The use of sulfonated aromatic polymers
as RO membranes began with sulfonated poly(phenylene
oxide) in 1970s [9]. The sulfonate ions on the polymer repel
like charges (the anions from the salt in solution) and as a re-
sult, the membrane is relatively impermeable to salts. These
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membranes showed excellent resistance against compaction,
hydrolysis and degradation and exhibited good flux and rejec-
tion characteristics [10]. Sulfonated poly(arylene ether sulfone)
membranes have also been considered for RO applications
[11,12]. Albany International Corporation reported sulfonated
polysulfone hollow fiber membranes with constant flux and
salt rejection even after exposure to 100 ppm chlorine in feed
water [13]. However, all of these membranes were post-
sulfonated (after the non-sulfonated poly(arylene ether sul-
fone) was prepared) using chlorosulfonic acid or concentrated
sulfuric acid, and undesirable side reactions as well as poor
quantitative reproducibility were encountered [14].

Recently, we have described direct copolymerization syn-
thesis of sulfonated biphenol-based poly(arylene ether sul-
fone)s (BPS) using disulfonated activated aromatic halide
monomers [15e23]. These aromatic, film-forming copolymers
have well-controlled ion concentrations with excellent
oxidative, hydrolytic and mechanical stability. Membranes
fabricated from these copolymers have excellent chlorine resis-
tance over a pH range of 4e10. For example, BPS with 40%
disulfonation and a commercial PA RO membrane were ex-
posed to feed water containing 500 ppm chlorine at a pH of
9.5. The salt rejection of the PA membrane decreased by 20%
after only 20 h of exposure and it continued to decrease rapidly.
In contrast, the BPS membrane showed no significant change in
salt rejection, and this clearly demonstrates its excellent chlo-
rine tolerance relative to conventional desalination membranes
[24e26]. These polymers also exhibit low fouling in oily or
protein contaminated water, and high water flux with moderate
salt rejection.

In general for these copolymers, water permeability in-
creases and salt rejection decreases with increasing degree
of disulfonation [22]. At high ion concentrations, the mem-
branes swell strongly in water, leading to a loss in mechanical
stability and ion rejection. Crosslinking such membranes is
one approach for reducing the swelling of these membranes
and improving their mechanical stability without significantly
impairing water flux. Strategies for crosslinking sulfonated
polysulfones include van der Waals interactions, hydrogen
bonding, ionic or covalent crosslinking, and forming compos-
ite blends [27]. Covalent crosslinking has the most pronounced
effect on the polymer structure because it permanently fixes
the morphology of the polymer. In the literature, there have
been only a few reports of covalently crosslinked ionomer
membranes. Nolte et al. covalently crosslinked a partially
N-imidazolized sulfonated poly(ether sulfone) Victrex�

ionomer with 4,40-diaminodiphenylsulfone [28]. Kerres et al.
developed a novel covalent crosslinking process in which poly-
sulfones containing sulfinate groups within the chains were
crosslinked via S-alkylation of the sulfinate groups with diha-
logenoalkanes. The membranes showed decreased swelling in
water but were brittle when dry. The brittleness was partially
attributed to inflexibility as a result of crosslinking sites along
the backbones of the copolymers [27,29,30].

In this paper, we describe the synthesis and crosslinking of
BPS random copolymers with high degrees of disulfonation
(e.g., 50% disulfonation) for reverse osmosis applications.
A series of controlled molecular weight copolymers with phe-
nolic endgroups were synthesized and further reacted with an
approximately tetrafunctional epoxy reagent to produce cross-
linked networks. The properties of the crosslinked membranes
were evaluated in terms of three variables: curing time, num-
ber average molecular weight of the copolymers, and equiva-
lents of epoxy with respect to terminal phenoxide groups in
the copolymer (Table 3). The effects of crosslinking on RO
properties such as water permeability, salt rejection and salt
permeability have been investigated. The fundamental hypoth-
esis is that controlled crosslinking will reduce water swelling
and enhance salt rejection of highly charged membrane mate-
rials. It is postulated that this approach can lead to highly
water permeable desalination membranes that also exhibit
high salt rejection. This paper demonstrates that controlled
crosslinking can produce the combined properties of reduced
water swelling and enhanced salt rejection of highly charged
membranes. This approach leads to highly water permeable
desalination membranes that also exhibit high salt rejection.

2. Experimental
2.1. Materials
Monomer grade 4,40-dichlorodiphenylsulfone (DCDPS) and
4,40-biphenol (BP) were obtained from Solvay Advanced Poly-
mers and Eastman Chemical Company, respectively, and dried
under vacuum at 60 �C for 1 day prior to use. The sulfo-
nated comonomer, 3,30-disulfonate-4,40-dichlorodiphenylsulfone
(SDCDPS), was prepared following a previously published
procedure [20,22], and dried under vacuum at 160 �C for 2
days before use. Potassium carbonate (Aldrich) was dried un-
der vacuum at 110 �C for 1 day before use. Tetraglycidyl
bis( p-aminophenyl)methane (Araldite MY721 epoxy resin)
and triphenylphosphine (TPP) were obtained from Aldrich
and used as-received. The reaction solvent N,N-dimethylacet-
amide (DMAc, Aldrich) was vacuum-distilled from calcium
hydride, and stored over molecular sieves under nitrogen.
Toluene (anhydrous, 99.8%), isopropanol (ReagentPlus�,
99%), N-methyl-2-pyrrolidinone (NMP, ReagentPlus�, 99%)
and trimethylchlorosilane (silanizing agent) were obtained
from Aldrich and used as-received.
2.2. Synthesis of a controlled molecular weight
phenoxide-endcapped BPS50 copolymer
A controlled molecular weight, phenoxide-endcapped
50% disulfonated biphenol-based poly(arylene ether sulfone)
(BPS50) was synthesized via nucleophilic aromatic substitu-
tion. The molecular weight of the copolymer was controlled
by offsetting the stoichiometry of the monomers. A typical
polymerization of a 5 kg mol�1 BPS50 (BPS50-5k) copolymer
is provided. BP (3.102 g, 16.66 mmol), DCDPS (1.849 g,
6.44 mmol), and SDCDPS (4.824 g, 9.82 mmol) were added
to a three-necked, round bottom reaction flask equipped with
a mechanical stirrer, nitrogen inlet, DeaneStark trap and a
condenser. Potassium carbonate (2.649 g, 19.17 mmol) and
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49 mL DMAc (to achieve 20% solids) were introduced into the
flask. Toluene (24 mL, DMAc/toluene was 2/1 v/v) was added
as the azeotropic reagent. The reaction mixture was refluxed at
150 �C for 4 h, and then the azeotrope was removed to dehy-
drate the system. The reaction mixture was gradually heated
to 170 �C by the controlled removal of toluene, and then reacted
for an additional 65e70 h. The viscous product was cooled to
room temperature. The product mixture was filtered to remove
salts. The copolymer was isolated by precipitation in isopropyl
alcohol, filtered, and dried for 24 h at 70 �C under ambient pres-
sure, and then for 24 h at 110 �C under vacuum.
2.3. Silanization of glass casting plates
A 20% (v/v) solution of trimethylchlorosilane in toluene
was prepared. Clean glass plates were immersed in the solu-
tion for 2e3 min, removed, and then reacted in a convection
oven for 1 h at 250 �C. The plates were cooled to room
temperature and washed with acetone before use [31].
2.4. Film casting and epoxy curing
A 10 wt% solution of a phenoxide-endcapped BPS50
copolymer with various weight concentrations of MY721 ep-
oxy resin and 2.5 wt% of TPP catalyst (based on epoxy resin
weight) was prepared in NMP and stirred until a transparent ho-
mogeneous solution was obtained. The solution was cast on
a silanized glass plate. The plate was inserted in a vacuum
oven and heated at 100 �C for 2 h under vacuum, then at
150 �C for 15, 45 or 90 min without vacuum. After cooling to
room temperature, the plate was removed from the oven and
the membrane was peeled from the glass plate. Three different
series of crosslinked membranes were prepared. In the first se-
ries, the copolymer weight and epoxy concentration were fixed
at 5 kg mol�1 and 2 eq of epoxy groups per phenoxide end
group on the copolymer. The crosslinking time was varied
from 15, 45 and 90 min. Secondly, the epoxy concentration
and curing time were held constant at 2 eq of epoxy per equiv-
alent of phenoxide and 90 min while the copolymer molecular
weight was varied from 3 and 5 kg mol�1. In addition, a blend
of BPS50-20k and BPS50-5k copolymers in a 30:70 wt% ratio
to produce an average molecular weight of 10 kg mol�1 was
investigated. Thirdly, a series of crosslinked membranes were
prepared with a constant curing time of 90 min and copolymer
molecular weight of 5 kg mol�1, but with varied epoxy equiv-
alents of 1, 2, 3 and 4 per phenoxide.

The nomenclature of the samples is defined as follows:
Xk-YE-ZM, where X is the Mn of the BPS50 copolymer(s) in
kilograms per mole, Y equals the equivalents of epoxy per
phenoxide group on the ends of the copolymers, and Z is the
curing time in minutes.
2.5. Characterization

2.5.1. Nuclear magnetic resonance (NMR) spectroscopy
1H NMR experiments were conducted on a Varian Unity

400 MHz NMR spectrometer. All spectra of the copolymers
and epoxy resin were obtained from 10% solutions (w/v) in
DMSO-d6 and CDCl3, respectively, at room temperature.
Proton NMR was used to determine the molecular weights
of the copolymers and their compositions, and the functional-
ity of the epoxy resin.

2.5.2. Fourier transform infrared (FTIR) spectroscopy
FTIR spectroscopy was used to study the crosslinking re-

actions of the copolymers. Measurements were recorded using
a Tensor 27, Bruker FTIR spectrometer with the sample solu-
tion placed between two sodium chloride discs and with cured
membranes.

2.5.3. Gel permeation chromatography (GPC)
GPC experiments were performed on a liquid chromato-

graph equipped with a Waters 1515 isocratic HPLC pump,
Waters Autosampler, Waters 2414 refractive index detector
and Viscotek 270 RALLS/viscometric dual detector. The
mobile phase was NMP solvent containing 0.05 M LiBr.
The column temperature was maintained at 60 �C because of
the viscous nature of NMP. Both the solvent and the sample
solution were filtered before introduction into the GPC system.
Molecular weights were determined by universal calibration
calibrated with polystyrene standards.

2.5.4. Intrinsic viscosity (IV)
Intrinsic viscosities were determined in NMP with 0.05 M

LiBr at 25 �C using an Ubbelohde viscometer.

2.5.5. Gel fractions
Gel fractions of the networks were measured by placing

0.1e0.15 g of sample in DMAc and Soxhlet extracting for
48 h. After removal of the solvent by drying at 120 �C for
24 h under vacuum, the remaining mass was weighed as gel.
Gel fractions were calculated by dividing the weights of the
gels by the initial weights of the networks.

2.5.6. Water uptake
The membranes were immersed in deionized water for at

least 48 h, then they were removed from the water, blot dried
and quickly weighed. The membranes were vacuum dried at
110 �C overnight and the weights were recorded. The ratio
of weight gain to the original membrane weight was reported
as the water uptake (mass%).

Water uptake ð%Þ ¼Wwet �Wdry

Wdry

� 100 ð1Þ

where Wwet and Wdry were the masses of wet and dried
samples, respectively.

2.5.7. Volume swelling ratio
The membranes were equilibrated in deionized water for at

least 48 h, then they were removed from the water and blot
dried. The dimensions were measured in three directions
(length, width and thickness) to calculate the wet volume.
The samples were dried in a convection oven for 2 h at
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80 �C. The ratio of volume gain to the original membrane
volume was reported as the volume swelling ratio.

2.5.8. Differential scanning calorimetry (DSC)
Thermal transitions of the membranes were studied via DSC

using a TA Instruments DSC Q-1000 at a heating rate of
10 �C min�1 under nitrogen. The onset temperature of the
curing exotherm was used to assess the curing temperature.
For experiments to determine the states of water and solvent-
depressed Tgs, the samples were placed in thermally sealed,
high volume DSC pans (TA Instruments) capable of withstand-
ing pressure up to about 600 psi. Samples were cooled to
�70 �C and then heated at a rate of 5 �C min�1 under a nitrogen
atmosphere.

2.5.9. Thermogravimetric analysis (TGA)
Thermo-oxidative behavior of the cured membranes and

residual solvent concentrations were measured on a TA Instru-
ments TGA Q500. The typical heating rate was 10 �C min�1 in
nitrogen.

2.5.10. Self-diffusion coefficient of water
Water self-diffusion coefficients were measured using a

Varian Inova 400 MHz (for protons) NMR spectrometer with
a 60 G cm�1 gradient diffusion probe [19]. A total of 16 points
were collected across the range of gradient strength and the
signal-to-noise ratio was enhanced by co-adding 4 scans.

2.5.11. Water permeability and salt rejection
In all experiments related to water and salt transport prop-

erties, the water was produced by a Millipore MilliQ system
(Billerica, MA). Pure water permeability was measured using
a high-pressure (up to 1000 psig) dead-end filtration system
(Sterlitech TM HP4750 stirred cell, Sterlitech Corp., WA).
The membrane size was 49 mm in diameter, and the active
membrane area was 14.6 cm2. The membrane thickness was
50e100 mm. Water permeability (PW) was calculated from
the volumetric water flux, V, per unit time, t, through a mem-
brane of area A and thickness l divided by the pressure differ-
ence, Dp:

PW ¼
Vl

AtDp
ð2Þ

In this study, NaCl was used for ion rejection studies. Salt
rejection experiments were conducted in a dead-end system
using feed solutions containing 2000 mg L�1 of NaCl
(2000 ppm). The salt rejection (R) was calculated as

R ð%Þ ¼
�

1�Cp

Cf

�
� 100 ð3Þ

where Cp is the salt concentration in the permeant and Cf is the
salt concentration in the feed water. Both Cp and Cf were mea-
sured with a digital conductivity meter (Oakton� CON 110,
Cole Parmer, Vernon-Hills, NJ). The salt rejection data are re-
ported at a feed pressure of 1000 psig (approximately 70 bar);
the permeant pressure was atmospheric.
2.5.12. Salt permeability
Salt permeability through the polymer membranes was de-

termined in diffusion cell studies conducted at atmospheric
pressure [32]. Samples were rinsed five times with deionized
water to completely remove any sorbed salt before beginning
these measurements. A membrane coupon was sandwiched
between two halves of a diffusion cell (effective membrane di-
ameter was 1.5 cm). One side of the cell (i.e., the donor) was
filled with 0.1 M NaCl solution. The other side of the cell (i.e.,
the receiver) was initially filled with pure, deionized water.
Salt permeability through the membranes was determined at
25 �C by measuring the electrolytic conductivity of the re-
ceiver solution as a function of time. The salt permeability co-
efficient, P, was calculated using Eq. (4), which was derived
by applying a transient mass balance to the diffusion cell:

Ln

�
1� 2

sRðtÞ
sDð0Þ

��
�Vl

2A

�
¼ Pt ð4Þ

where sRðtÞ is the salt concentration at time t in the receiver
cell, and sDð0Þ is the salt concentration in the donor cell at
the beginning of the experiment (i.e., at t¼ 0). V is the volume
of the donor and receiver chambers (cm3), and in these exper-
iments the donor and receiver volumes were both 35 cm3, l is
the membrane thickness (cm), A is the membrane area (cm2),
and P is the salt permeability (cm2 s�1).

3. Results and discussion
3.1. Synthesis of phenoxide terminated BPS50
copolymers
A series of controlled molecular weight BPS50 copolymers
with phenoxide endgroups were synthesized from SDCDPS,
DCDPS and biphenol by nucleophilic aromatic substitution
(Fig. 1). The molecular weights of the copolymers were con-
trolled by offsetting the stoichiometry between biphenol and
the dihalides. Biphenol was utilized in excess to endcap the
copolymers with phenoxide groups, so that the phenoxide
groups could be further reacted in the crosslinking steps. Three
copolymers with number average molecular weights (Mns) of
3, 5 and 20 kg mol�1 were targeted. The degree of disulfona-
tion was controlled by varying the molar ratio of SDCDPS to
DCDPS. For all of the copolymers, the degree of disulfonation
was 50%.

Fig. 2 shows the proton NMR spectrum of a copolymer
with a targeted molecular weight of 5 kg mol�1. The ratio of
the integrals of the aromatic protons of the biphenol unit in
the end group at 6.8 ppm (b) to those in the polymer repeat
units at 7.7 ppm (m and i) were utilized to calculate Mn of
the copolymers. As shown in Table 1, the experimental Mn

values derived from both NMR and GPC are in good agree-
ment with the targeted values. As expected, intrinsic viscosi-
ties of the copolymers increased with increasing molecular
weight (Table 1). The degree of disulfonation was confirmed
from the ratio of the integrals of protons at 6.95 (e), 7.8 (f)
and 8.25 ppm (g) in the sulfonated unit to the protons at
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Fig. 2. 1H NMR of a phenoxide-endcapped BPS50 copolymer.

Table 1

Summary of BPS50 copolymers

Copolymer Mn (kg mol�1) IVa

(dL g�1)

IEC (meq g�1)

Target 1H NMR GPC Target 1H NMR Titrationb

BPS50-3k 3 3.5 3.6 0.16 2.08 2.08 e

BPS50-5k 5 5.8 5.2 0.22 2.08 2.04 e

BPS50-20k 20 20.8 21.8 0.43 2.08 2.03 1.90

a Intrinsic viscosity (IV) in NMP with 0.05 M LiBr at 25 �C.
b Back-titration of sulfonic acid groups.
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7.9 ppm (k) in the unsulfonated unit. The degrees of disulfona-
tion were used to calculate the ion exchange capacities
(IEC e milliequivalent of sulfonic acid groups per gram of
dry polymer) of the copolymers. Table 1 shows that the exper-
imental IEC values of the copolymers are in good agreement
with the targeted values.

Tetraglycidyl bis( p-aminophenyl)methane (Araldite MY721)
was used as the epoxy crosslinking reagent. The average func-
tionality of the epoxy was 3.66 as determined from the ratio of
the integrals of epoxy ring protons (2) at 3.1 ppm to those of
the methylene protons (6) at 3.75 ppm (Fig. 3).
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3.2. Investigation of the curing reaction parameters
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Fig. 5. TGA study showing the presence of solvent required for ongoing cross-

linking reaction with increasing curing time.
BPS50 is an ion-containing aromatic copolymer with a high
glass transition temperature of w250 �C. Crosslinking reac-
tions of such a high Tg copolymer are challenging because
of the need to avoid vitrification. One method for achieving
high conversions is to conduct the crosslinking reaction in
the presence of a high boiling solvent such as NMP so that
the solvent can depress the Tg of the network as it forms. A
DSC thermogram (Fig. 4(i)) of a BPS50 oligomer containing
about 42% solvent (Table 2) shows a solvent-plasticized Tg

of w145 �C. Fig. 4(ii) shows a curing exotherm at w150 �C
from an epoxy-BPS50 crosslinking reaction. It is evident
that the crosslinking reaction occurred above the solvent-
depressed glass transition temperature. This DSC study high-
lights the necessity of the presence of some solvent during
such crosslinking reactions. Thermogravimetric analysis (Fig. 5)
was used to determine the amount of solvent that remained as
a function of curing time. Table 2 shows that even after
45 min of cure, about 23 wt% solvent remained in the system.
It is noteworthy that this concentration of solvent should also
be sufficient for further crosslinking to take place (i.e., for
membranes cured for 90 min), since it should be sufficient to
depress the Tgs of networks with higher gel fractions to avoid
vitrification.

The crosslinking reaction was also studied by FTIR.
Araldite MY721 has an epoxide ring deformation [33] at
907 cm�1 which does not coincide with any peaks of the
BPS50 copolymer (Fig. 6(i)). Fig. 6(ii) displays the superim-
posed spectra of pure epoxy, the uncrosslinked polymere
epoxy mixture (5k-2E-0M) and a crosslinked network
(5k-2E-90M). Both the uncrosslinked system and the pure
Table 2

Retention of solvent as a function of crosslinking time from TGA

Sample Solvent (%)

5k-2E-0M 42

5k-2E-45M 23

5k-2E-90M 11
epoxy showed similar epoxide ring deformations at 907 cm�1.
However, as expected, a reduction in the peak intensity was
observed upon crosslinking.
3.3. Membrane properties

3.3.1. Gel fractions
Gel fractions of the crosslinked networks can be considered

as an indirect measure for assessing the extent of crosslinking.
As expected, the gel fractions of the cured membranes
increased with increasing crosslinking time and decreasing co-
polymer molecular weight (Table 3). The terminal crosslink-
ing sites increase with decreasing copolymer molecular
weight. The networks formed from 2 eq of epoxy per phenox-
ide end group showed the highest gel fractions, whereas those
with more or less than 2 eq of epoxy had lower gel fractions.
There are at least two types of ring-opening reactions of the
epoxies in systems of the type described herein: (1) reaction
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Table 3

Properties of cured films as functions of curing time, copolymer molecular

weights and epoxy equivalents

System Curing

time

(min)

Mn of

BPS50

(kg mol�1)

Equivalents

of epoxya
Gel

fractionb

(%)

(�10%)

Water

uptake

(mass%)

(�10%)

Swelling

ratio

(vol%)

(�10%)

Control 0 5 0 0 51 70

5k-2E-15M 15 5 2.1 10 41 67

5k-2E-45M 45 5 2.1 20 37 50

5k-2E-90M 90 5 2.1 80 30 39

3k-2E-90M 90 3 2.1 85 34 40

5k-2E-90M 90 10 2.1 17 45 75

5k-1E-90M 90 5 1 10 45 62

5k-3E-90M 90 5 3 50 45 66

5k-4E-90M 90 5 4 9 42 48

a Calculated with respect to phenoxide endgroups in the polymer.
b Soxhlet extraction in DMAc for 48 h.
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of a phenoxide end group with an epoxy group, and (2) chain
extension of the epoxy reagent. Due to chain extension, 1 eq of
epoxy per phenoxide end group is likely insufficient to pro-
duce high gel fractions. Although it is not yet clear exactly
why approximately 2 eq of epoxy per phenoxide produces
the highest gel fractions, it is reasonable that an optimum
should be achieved.
3.3.2. Water uptake and volume swelling ratio
Ion-containing polymers typically have high water uptake

associated with volume swelling. This reduces the effective
charge density of the membrane, and can also result in poor
dimensional stability. One of the main objectives of this paper
was to investigate the effect of crosslinking on water uptake
and swelling of the networks. Table 3 shows a general trend
of reduction in water uptake and volume swelling ratio with
increasing gel fractions. The lowest water uptake and swelling
were observed for the network cured with 2 eq of epoxy per
phenoxide. A drastic change in water uptake and swelling
occurred when the molecular weight of the copolymer was de-
creased from 10 to 5 or 3 kg mol�1. An exponential decrease
in water uptake with increasing gel fraction was found with
increased curing time (Fig. 7). The highest reduction in water
uptake upon curing, w70%, was observed for the network that
was cured for 90 min.
3.3.3. Self-diffusion coefficients of water
The self-diffusion coefficient of water is an intrinsic trans-

port property of the membrane, and is related to the structure
and the chemical composition of the copolymers or net-
works. In general, the self-diffusion coefficient of water
scales with the volume fraction of the solvent or with the
free volume of the system. Crosslinking of a polymer is as-
sociated with a reduction in the free volume and formation of
restricted morphological structure. Self-diffusion coefficients
of water were measured for the uncrosslinked and cross-
linked samples. Fig. 8 illustrates the self-diffusion coefficient
of water as a function of gel fractions of the networks. A sig-
nificant reduction is observed at higher gel fractions relative
to those for the uncrosslinked or lightly crosslinked mate-
rials. This may suggest the formation of restricted morphol-
ogy and reduced water transport with increasing crosslink
density.



0 20 40 60 80 100

2

3

4

5

S
e
l
f
-
D

i
f
f
u

s
i
o

n
 
C

o
e
f
f
i
c
i
e
n

t
 
o

f
 
W

a
t
e
r
 
(
1
0

-
6
c
m

2
/
s
)

Gel Fraction (%)

Fig. 8. Self-diffusion coefficient of water as a function of gel fractions of the

cured systems.

0.27

0.07

0.12

0.17

0.22

H
e
a
t
 
F

l
o

w
 
(
W

/
g

)

40 60 80 100 120 140 160 180 200
Temperature (°C)Exo Down Universal V4.1D TA Ins

15 min

45 min

90 min

85 °C
125 °C

131 °C

Fig. 10. DSC thermogram shows increasing hydrated Tg with curing time.

2250 M. Paul et al. / Polymer 49 (2008) 2243e2252
3.3.4. States of water
There are at least three states of water that have been asso-

ciated with water residing in hydrophilic phases of polymers
[34e37]. The presence of these three states can be defined by
thermal properties. Non-freezing bound water is strongly asso-
ciated with the polymer and depresses its Tg, but the water
shows no melting endotherm by DSC. Freezable bound water
is weakly bound to the polymer (or weakly bound to the non-
freezing water), and displays broad melting behavior at around
0 �C. Free water exhibits a sharp melting point at 0 �C. Earlier
investigations on states of water in ion-containing polymers
have shown a strong dependence of transport properties on
the types of water. Fig. 9 displays the melting endotherms of
the freezable water as a function of the curing time. A sharp
melting peak at around 0 �C along with a broad melting endo-
therm is observed for the system cured for 15 min. However,
the disappearance of the free water peak and a significant
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Fig. 9. DSC thermogram showing water melting endotherm peaks as a function

of crosslinking time.
decrease in the area under the melting endotherm were ob-
served for the samples cured for 45 and 90 min. The ratio of
free to bound water decreases with increasing crosslinking
time. Since different sites have variable interactions with water,
the peaks sometimes appear asymmetric. This may be impor-
tant in understanding the importance of crosslinking on funda-
mental transport properties. The influence of the crosslinking
reaction on the hydrated Tg was also studied. The hydrated Tg

increased with increasing curing time (Fig. 10).

3.3.5. Water permeability and salt rejection
For reverse osmosis, membrane materials should have in-

trinsically high water permeability and low salt permeability.
Usually, increasing the sulfonation level in sulfonated polymers
increases water permeability by improving hydrophilicity,
which leads to higher water uptake. However, excessive water
uptake (i.e., swelling) usually increases salt passage, and also
decreases mechanical properties. In addition, highly sulfonated
polymers can even be soluble in water.

In negatively charged polymer membranes such as in the
disulfonated polymers considered in this study, the ionic groups
can electrostatically repel negative ions in solution. Therefore,
the salt rejection with charged membranes can depend on
charge effects as well as on various factors such as feed concen-
tration and permeant flux. Rejection is higher at lower feed con-
centration due to Donnan exclusion [38e41]. Salt rejection
should improve with increasing membrane charge density.
For this reason, high degrees of disulfonation might improve
rejection if water swelling can be controlled. Crosslinking (to
reduce water swelling) of highly charged membranes (to
enhance rejection) could lead to materials that are both highly
water permeable and exhibit high salt rejection.

Table 4 records water permeability and sodium chloride
rejection of crosslinked sulfonated polymer membranes as
a function of curing time. In this table, results for the sodium
sulfonate form of the polymers are reported. Increased curing
time is associated with more highly crosslinked structures.
For comparison, the properties of BPS50, an uncrosslinked
polymer having the same sulfonic acid group concentration



Table 4

Water permeability and salt transport of crosslinked BPS copolymer films

System Curing

time

(min)

Water

permeability

(L mm/m2 h bar)

NaCl

rejectiona

(%)

NaCl

permeabilityb

(�10�8, cm2 s�1)

BPS-5k-2E-15M 15 3.2 87.8 6.5

BPS-5k-2E-45M 45 1.5 96.1 3.8

BPS-5k-2E-90M 90 1.4 97.2 1.1

Uncrosslinked BPS50 0 3.5 73.4 e

SW30HR-380c e 0.61d 99.7 e

a Feed¼ 2000 ppm NaCl; applied pressure¼ 1000 psig; temperature¼
25 �C.

b Measured using direct salt permeability measurement (donor solution¼
0.1 M NaCl).

c Commercial PA membrane (http://www.dow.com/liquidseps/) [42]; test

conditions: feed¼ 32,000 mg L�1 NaCl; applied pressure¼ 800 psig; temper-

ature¼ 25 �C.
d Unit is permeance (L/m2 h bar).
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as that found in the crosslinked samples, are also presented. As
expected, water permeability decreases somewhat as the curing
time was increased from 15 to 90 min, indicating that cross-
linking modifies the pathway for water transport. On the other
hand, the NaCl rejection increases strongly with curing time,
ranging from 73.4% rejection for the uncrosslinked control to
97.2% for the crosslinked membrane cured for 90 min. Un-
doubtedly, changes in the material structure brought about by
the thermal treatments have subtle effects that systematically
reduce the water swelling of the materials. Substantial further
studies will be needed to fully understand this phenomenon.

The NaCl permeabilities (cm2 s�1) of the crosslinked copoly-
mer membranes are also sensitive to the structural changes
brought about by the crosslinking reactions. The permeability
decreases regularly with increasing curing time (Table 4),
indicating that crosslinking effectively restrains transport of
hydrated salt molecules through the sulfonated polymer
films. These results suggest that covalent crosslinking of
sulfonated polymers is a promising method to achieve high
salt rejection, while maintaining high water permeability.

The crosslinked membranes were compared with a commer-
cial PA membrane, FILMTEC SW30HR-380 [42], in terms of
water permeability and salt rejection (Table 4). It is hard to ob-
tain a true comparison between the salt rejections of the cross-
linked and the commercial PA membrane due to the higher
thickness of the crosslinked membranes and also due to the dif-
ference in testing conditions. Salt rejection of the crosslinked
membranes was measured using a dead-end filtration at a higher
operating pressure (1000 psig). In fact, salt rejection data de-
rived from a dead-end filtration are usually lower than those
from a cross-flow filtration because concentration polarization
often occurs in the dead-end filtration, particularly under such
a high operating condition (1000 psig). Salt rejection is ex-
pected to improve with thinner crosslinked membranes and
further optimization of the crosslinking variables.

We have recently demonstrated that thin film composite
membranes of thermoplastic random BPS copolymers having
comparable selective layers (0.7e1.2 mm) as that of commer-
cial polyamides were prepared successfully [24]. The ongoing
and future plan is to implement the same strategy for preparing
thin film composite membranes for crosslinked BPS systems.
Additionally, the influence of crosslinking on chlorine stability
of the membranes will also be determined experimentally.

4. Conclusions

A series of controlled molecular weight, 50% disulfonated
poly(arylene ether sulfone)s were synthesized with phenoxide
endgroups. These endgroups were reacted with a multifunc-
tional epoxy resin to produce robust, crosslinked, hydrophilic
membranes. By only crosslinking the materials at their
endgroups, flexible, ductile films were achieved. In general,
gel fraction increased with increasing curing time and decreas-
ing copolymer molecular weight. It was determined that the
membrane crosslinked for 90 min with 2 eq of epoxy per
phenoxide end group had the highest gel fraction. All of the
cured membranes had lower water uptake and swelling relative
to their uncrosslinked counterparts, and less water uptake
and volume swelling were correlated with increasing gel
fractions.

The self-diffusion coefficients of water also decreased with
increasing gel fraction, indicating restricted water transport
with increased crosslinking. Salt rejection of the BPS50 copoly-
mer improved dramatically after crosslinking. The membranes
that had been cured for longer times showed 97.2% salt rejec-
tion compared to only 73.4% rejection without crosslinking,
while the water permeability of the crosslinked membrane
only decreased modestly. Reductions in salt permeability
with increasing crosslink density also suggested that crosslink-
ing inhibits salt transport through the membrane. The effects of
crosslinking on fundamental water and salt transport properties
of these highly disulfonated copolymers are encouraging and
suggest their potential as candidates for RO membranes.
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