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SYNOPSIS 

Asymmetric microporous membranes based on polystyrene cross-linked with divinyl 
benzene were prepared. They were sulfonated with sulfonic acid and washed with so- 
lutions of gradually increasing pH to reduce environmental shock. The sulfonation was 
monitored by infrared spectroscopy, and changes in wettability and sulfur content were 
also recorded. Morphologies and reverse osmosis performance of sulfonated membranes 
were measured, with both water flux and salt rejection increasing after treatment. 
0 1994 John Wiley & Sons, Inc. 

INTRODUCTION 

In a previous article,' the preparation of cross- 
linked/asymmetric membranes based on polysty- 
rene and divinylbenzene using UV radiation was de- 
scribed. Their performance as reverse osmosis (RO) 
membranes was inadequate, indicating that modi- 
fication was needed to raise the performance to sat- 
isfactory levels. 

Recently, emphasis has shifted from new mem- 
brane development to membrane modification, 2-5 

with common methods being cross-linking, radiation 
grafting, surface oxidation, plasma-phase reaction, 
and surfactant adsorption followed by copolymeri- 
zation. Among these modification techniques, the 
last is most widely used because of the excellent 
workability and low cost of operation, but it has the 
limitation that the treated surface may not be du- 
rable. The process of surface oxidation (i.e., by a 
wet process) is less useful due to its poor workability. 

Chemical cross-linking considerably improves the 
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selective permeability of poly (vinyl alcohol) (PVA) 
to water and salts. Thus, PVA membranes cross- 
linked with formaldehyde were shown6 to have salt 
rejections of 93-97% and water-absorption perme- 
abilities of 4-8 X lo-' cm2/s (approximately equal 
to 0.11-0.22 l/m2 h ) .  Even better results were ob- 
tained by Dick and Nicolas7 with tolylene diiso- 
cyanate cross-linked PVA membranes, where salt 
rejections of up to 99.2% and water permeability 
coefficients in the range of 2-5 X lop7 cm2/s (ap- 
proximately equal to 0.55-1.39 l/m2 h )  were re- 
ported. Cross-linking with polyvalent metal ions 
enhances the chemical resistance and mechanical 
strength of PVA membranes,' so that H3B03-com- 
plexed products have a flux of 6.3-10.4 l/m2 h and 
retention of 90-9596 at pH 12. Very little pore com- 
paction occurred, reflecting improved mechanical 
strength due to cross-linking. 

Although graft copolymers combine the proper- 
ties of their polymeric constituents and so poten- 
tially offer a wide spectrum of properties, they are 
only used commercially in limited applications. Most 
membranes are made at very high graft yields9-12 
and, consequently, the bulk properties of the base 
polymer are altered. It was reported13 that flame 
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and acid resistance increased when aromatic poly- 
amide was UV-grafted with tetrafluoroethylene, but 
the aromatic polyamide fabric darkened. When the 
silicone rubber tube was y-grafted with N-vinyl- 
pyrrolidone, the thromboresistance of the silicone 
rubber was improved, l4 but the silicone tube became 
brittle a t  higher degrees of grafting. Limitations can 
be avoided if grafting is continued to the surface. 

Plasma deposition of polymers onto appropriate 
microporous substrate membranes has been exten- 
sively in~estigated'~, '~ because of their unique prop- 
erties, being very different from conventionally pre- 
pared polymers. These methods lead to high degrees 
of branching and cross-linking, high concentrations 
of residual free radicals, and high degrees of mono- 
mer fragmentation. However, plasma-modified RO 
membranes are relatively new and at an early stage 
of development. 

Sulfonation is a powerful and versatile polymer 
modification tool, since it not only greatly increases 
the affinity for water, but can also be applied to a 
wide range of polymers. Sulfonated polymers can be 
prepared as free acid ( - S03H), salt ( - S03Na+), 
or ester ( - S03R) ,  l7 at high or low degrees. Poly- 
mers can be sulfonated before fabrication, or the 
fabricated article can be sulfonated either uniformly 
or on the surface only. 

Ion-exchange membranes consist of cross-linked 
polymer networks with ionized or ionizable groups. 
The functional groups can ionize into a fixed ion, 
attached to the polymer chain and a counter- or ge- 
gon ion, which is mobile and can diffuse through the 
swollen membrane and exchange with an ion of like 
charge in a surrounding solution. Separation prop- 
erties of these membranes are determined by the 
charge and concentration of ions in the surrounding 
solution and in the membrane structure. Most of 
the early ion-exchange membranes were produced 
from phenolsulfonic acid cross-linked with formal- 
dehyde but were very brittle and not used." Stronger 

cation-exchange membranes are made with sulfo- 
nated polystyrene (PS) , whereas anion-exchange 
membranes are prepared from chloromethylated PS 
followed by amination with a tertiary amine.Ig 

Conventional sulfonation may be carried out with 
sulfuric acid, sulfur trioxide, oleum, or chlorosulfonic 
acid or with mixtures.20*21 Although sulfonation of 
styrene-divinylbenzene ( DVB ) membranes is a 
commercial example of introduced ionic function- 
ality to preformed cross-linked polymers, obtaining 
intimate molecular contact between aromatic sites 
in the cross-linked polymer and the sulfonating 
agent molecules may be a problem. Generally, sur- 
face layers of the copolymer swell in sulfuric acid 
upon sulfonation, exposing the next layer to the re- 
agent. As a result, sulfonation finally occurs rela- 
tively uniformly throughout the copolymer mem- 
brane. Chlorosulfonic acid/carbon tetrachloride 
mixtures encourage reaction product swelling, re- 
sulting in the highest degree of sulfonation." Or- 
ganic swelling agents in the synthesis of sulfonated 
resins improve the physical properties of the finished 
product and increase reaction rates, thus reducing 
the formation of extra sulfur cross-links.23~24 

In our work, cross-linked asymmetric membranes 
cast from the solutions containing 5 and 10% DVB' 
were selected for modification, because they already 
had adequate water flux and salt rejection and 
showed little initial water-flux decline. 

EXPERIMENTAL 

Membranes 

Cross-linked asymmetric membranes were prepared 
from a mixture of PS, styrene monomer, DVB cross- 
linker, benzoin photoinitiator, and N-methyl-2- 
pyrrolidone (NMP) diluent. The compositions of 
mixture are as follows: 

Membrane Code PS DVB Styrene NMP Benzoin 

s 2  25% 5% 44.2% 25.3% 0.5% 
s 3  25% 10% 41.0% 23.5% 0.5% 

These solutions were stirred for 24 h in darkness 
and then spread with a glass rod onto a glass plate 
framed with a 75 mm-thick PTFE sheet to give a 5 
X 5 cm liquid film. The cast solution was then ex- 

posed to UV light to form partially cross-linked sol. 
The partially polymerized films were then coagu- 
lated in methanol containing benzoin. An additional 
24 h exposure to UV light was used to form the final 
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structure. Further preparation details are described 
elsewhere.’ 

Sulfonation 

Conditions were selected in which sulfone bridge 
formation is minimized. Thus, sulfonation was car- 
ried out a t  30°C using concentrated sulfuric acid 
(98.1% ) and continuous stirring. A large excess of 
sulfuric acid ( - 700 mL of sulfuric acid/ - 0.1 g of 
dry membrane) was used to remove the water formed 
in the sulfonation step. Various reaction times with 
sulfuric acid (4,8, and 24 h )  were employed and the 
extent of modification for each treatment was as- 
sessed by various methods as listed below. 

After each reaction time had elapsed, the treated 
membranes were washed by slow dilution with water 
(i.e., 75, 50, 25, and 5% aqueous sulfuric acid) to 
minimize cracking caused by differential swelling 
(“osmotic shock”). Precautions were taken to min- 
imize sudden changes in the environment, although 
these cross-linked membranes are likely to be more 
resistant to osmotic shock than are conventional 
polymers. Sulfonated membranes were then washed 
in distilled water and 20% aqueous NaOH. 

Several experiments were carried out to verify 
the degree of sulfonation. Treated membrane, 1 X 1 
cm squares, were weighed after vacuum drying at 
25°C for at least 1 week, immersed in water at 25”C, 
and reweighed after equilibration and removal of 
superficial water. The swelling ratio, S, is given as 
a percentage of water relative to dry membrane 
weight. The ion-exchange capacity was measured 
by immersing about 1 mg of the acid form of the 
membrane in a 20 mL solution of 0.005N NaOH 
overnight, with continuous stirring. A 10 mL aliquot 
was backtitrated with 0.005N HCI to a pH of 7.0. 
Blank tests and an average of five results was used 
to reduce the experimental errors during the back- 
titration. Ion-exchange capacity were reported as 
milliequivalent per gram of dry membrane. 

The water contact angle was measured using the 
sessile drop method25 as it is quick and simple. A 
water drop was placed onto a membrane and an an- 
gle reading taken within 10 s. All results presented 
are an average of at least five measured angles with 
water drops placed on three different regions on the 
membrane. 

Infrared absorption spectra were recorded from 
400 to 4000 cm-’ by means of a grating IR spectro- 
photometer ( Perkin-Elmer Model 457). The dried 
sulfonated membranes were powdered with a mortar 
and pestle at liquid nitrogen temperature. Three 
milligram samples were then intimately mixed with 

200 mg dry KBr, and the mixture was subjected for 
5 min to a pressure of approximately 10 tons in an 
evacuated die, producing 13 mm-diameter trans- 
parent discs. 

The relative amounts of sulfur in treated mem- 
branes were measured using an energy dispersive X- 
ray analyzer (Jeol JXA-840 LINK SYSTEM AN 
10000). A carbon coater (SPEEDIVAC, Edwards 
High Vacuum Ltd.) was used to render samples con- 
ductive prior to analysis. 

The morphology of dried membranes was deter- 
mined by SEM after fracturing in liquid nitrogen. 
Jeol JXA-840 and Cambridge 360 microscopes were 
used. Samples were coated with gold-palladium using 
a “Polaron” sputter coater. RO performance of sul- 
fonated cross-linked membranes were determined 
using a small static RO cell described by Kopecek 
and Sourirajan.26 

RESULTS AND DISCUSSION 

Infrared Spectra 

Changes in amounts of monosubstituted vinyl 
groups associated with the cross-linker and reflected 
by absorbances at 1680 cm-I and changes in sulfon- 
ation, reflected by peaks at 1180 and 1010 cm-’, can 
be seen in the IR spectra included in Figures 1-3. 

In the first case, the increasing intensity of the 
1680 cm-’ peak with increased added DVB indicates 
that much of this has been incorporated as vinyl 
side groups or grafts rather than as cross-links 
(where only disubstituted double bonds will occur). 
These unreacted pendent vinyl groups (Fig. 4) have 
been reported by Bertholin et al.27 and Wieczorek 
et a1.28 and greatly affect the properties and structure 
of the membrane during the sulfonation of the cross- 
linked membrane. 

After sulfonation, the IR spectra [Figs. 1 (C)  and 
( D ) ,  2 (B)- (D) ,  and 3(C)  and ( D ) ]  possess new 
peaks at 1180 and 1010 cm-’ due to the symmetric 
and asymmetric vibration of sulfonate groups.29 An 
additional peak at 1350 cm-’ also appears, this being 
the antisymmetric vibration of diarylsulfone, 30 the 
“sulfone bridge.” 

A strong peak at 833 cm-’ compared to a small 
peak at 775 cm-’ indicates that the substitution on 
the benzene ring is mainly in the para position. In 
summary, the sulfonated cross-linked membranes 
contain aromatic rings substituted with - S03H 
groups, unsubstituted rings, and a small number of 
sulfone bridges. 
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I 

Figure 1 IR spectra of ( A )  S1 membrane, (B)  sulfonated S1 membrane for 4 h (Sl- 
1H) , ( C )  sulfonated S1 membrane for 8 h (S1-2H), and ( D )  sulfonated S1 membrane for 
24 h (Sl-3H). 

Ion-exchange Capacity, Swelling, and Contact 
Angle Measurements 

The effects of cross-linking degree and reaction time 
with sulfuric acid on the ion-exchange capacity are 
summarized in Figure 5 and Table I and show that 
the higher cross-linked membrane has the more sul- 
fonated groups. 

The swelling ratio data shown in Figure 6 indicate 
that untreated cross-linked membranes show a de- 
creased swelling ratio with increased cross-linking. 
This is attributed to an increase in tightness of the 
network. These trends are in agreement with pre- 
vious ~ o r k ~ ~ - ~ ~  and also attributed to changes in 
chain stiffness. Levels of swelling in the highly cross- 
linked regions under these conditions are 

I 1  

Figure 2 IR spectra of ( A )  S2 membrane, (B)  sulfonated S2 membrane for 4 h (S2- 
lH) ,  ( C )  sulfonated S2 membrane for 8 h (S2-2H), and ( D )  sulfonated S2 membrane for 
24 h (S2-3H). 
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Figure 3 IR spectra of ( A )  S3 membrane, ( B )  sulfonated S3 membrane for 4 h (S3- 
1H) , (C  ) sulfonated S3 membrane for 8 h (S3-2H ) , and ( D  ) sulfonated S3 membrane for 
24 h (S3-3H). 

I I I _. 

However, after sulfonation, the opposite trend was ofunctional grafts) and also the formation of intra- 
found. The significant increases in swelling ratio molecular cyclization products, as described in 
with DVB may reflect an increased reaction between Odian.35 Whereas Pepper21 indicates that sulfona- 
the bridging molecules and the sulfuric acid, coun- tion decreases with increased DVB cross-linking, 
teracting any reduced access to reagent within the 0 t h e 1 - s ~ ~ ~ ~ ~  show, also using beads, that the cation- 
more constricted network. There are also two other exchange capacity of PS-co-DVB after sulfonation 
structural possibilities, these being pendant groups increases with increased cross-linking, in agreement 
formed by uncross-linked DVB (i.e., acting as mon- with our own data. 
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Figure 5 Cation-exchange capacity of sulfonated cross-linked membranes containing 
(A) 2% DVB ( S1 ) , ( B  ) 5% DVB ( S2 1, and ( C) 10% DVB ( S3) with increasing exposure 
time to sulfuric acid. 

With higher levels of ionic sulfonate groups, hy- 
drophilicity increases, as reflected by the water-up- 
take data. The trend found for the swelling ration 
were mirrored by the contact angle data (Fig. 7 ) ,  
with the contact angle decreasing with increased 
cross-linking and sulfuric acid reaction time. This 
further confirms that sulfonation increases with in- 
creased DVB content. 

8 and 9, respectively. Sulfuric acid treatment en- 
hanced performance as reflected both in higher water 
flux and salt rejection. It will be remembered that 
the original substrate membranes showed the best 
(but low) properties as previously described.' The 
enhancement in performance is quite dramatic and 
has transformed the previously unpractical mem- 
branes into legitimate reverse osmosis candidates. 

Reverse Osmosis (RO) Performance 

Performance of treated and untreated S2 and S3 
membranes with sulfuric acid are shown in Figures 

Membrane Microstructure 

The morphology of a typical sulfonated cross-linked 
membrane is shown in Figure 10 ( A )  - ( C ) . The top 

Table I The Effects of Cross-linking Degree and the Reaction Time with Sulfuric Acid 
on the Cation-exchange Capacity 

Membrane Code 
DVB 
(760) 

Reaction Time 
with Sulfuric Acid 

Cation-exchange Capacity 
(meq/g Dry Resin) 

S1-1H membrane 2 4 0.52 
S2-1H membrane 5 4 0.54 
S3-1H membrane 10 4 0.65 
S1-2H membrane 2 8 0.71 
S2-2H membrane 5 8 0.92 
S3-2H membrane 10 8 1.01 
S1-3H membrane 2 24 0.8 
S2-3H membrane 5 24 1.01 
S3-3H membrane 10 24 1.56 
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Figure 6 The effects of cross-linking degree and sulfonation on the swelling ratio. 

surface is now characterized by numerous pores up 
to several microns in diameter and this is much more 
vesicular than is the untreated membrane [Fig. 3 ( C )  
in Ref. 11. This surface alteration may be due to 
some etching or leaching during the treatment pro- 

cess. Energy dispersive X-ray spectroscopy (EDS) 
reveals that the highest levels of sulfur occur at the 
top surface, with reducing levels at the bottom. 

However, the cross-section and bottom layer [Fig. 
10(A) and ( B ) ]  are essentially unaltered morpho- 

80 i 

A 

Ul 
al 
2. 
al 
Ul c a 

0 a 
c 
0 
0 

- 

c 

c 

70 

60 

50 

40 

30 

20 

A 

B 

C 

10 ! I I i 
0 1 0  20 30 

Reaction time with sulfuric acid (hr) 

Figure 7 
( B )  5% DVB (S2),  and (C)  10% DVB (S3) with sulfonation hours. 

Changes in contact angle of the membranes containing ( A )  2% DVB (Sl), 
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Figure 8 Water flux and salt rejection of ( A )  S2 membrane and (B)  sulfonated S2 
membrane for 8 h (S2-2H membrane) with 0.005M NaCl at room temperature and 1.38 
MPa. 

logically, and no evidence of internal pore structure 
disruption can be found. Thus, whereas the altered 
water flux might be attributed in part to top surface 
morphology, the dramatic changes found, particu- 
larly, in salt rejection, are primarily due to the sul- 
fonation itself. 

Energy Dispersive X-ray Spectroscopy (EDS) 

Whereas some structural information concerning 
sulfonation has previously been given using IR 
spectroscopy, EDS is useful in giving semiquanti- 
tative estimates of absolute sulfur contents that can 
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Figure 9 Water flux and salt rejection of (A )  S3 membrane and (B)  sulfonated S3 
membrane for 8 h (S3-2H membrane) with 0.005M NaCl at room temperature and 1.38 
MPa. 

be related to levels of sulfonation. The top surfaces 
of each of the four levels of DVB cross-linked mem- 
branes (i.e., S1-S4) after 8 h treatment with sulfuric 
acid were analyzed and the spectra are shown in 
Figure 11. It can be seen that the background counts 
are comparable for each sample, but that the sulfur 

K,, peak at 2.30 keV increases with increased DVB 
level. 

In summary, from this work, we believe that the 
uncross-linked DVB pendant groups have a signif- 
icant role, and some IR evidence for these has been 
previously shown (Fig. 4). Clearly, further work is 
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needed to provide an unambiguous picture of the 
detailed molecular structure of these systems. For 
example, solid-state NMR, FTIR, and other tech- 
niques would prove useful but are beyond the scope 

A 

B 

0.5 1.08 10.8 
KeV 

C 

D 

Figure 10 Electron micrographs of the S3-2H mem- 0.5 108 10.8 
KeV brane: (A)  top surface; (B ) cross-section, top side upper- 

most; (C) bottom surface. The scale bars correspond to 
100 pm for (A)  and (B) and 20 pm for (C). Magnifications 
are 400X for (A)  and (B ) and 2000X for ( C ) . 

Figure 11 Energy Dispersive X-ray Spectroscopy of the 
top surface of ( A )  S1-2H membrane, (B)  S2-2H mem- 
brane, (C) S3-2H membrane and (D) S4-2H membrane. 
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of this work. The performance data and analysis so 
far performed give a strong indication of increased 
sulfonation and associated membrane properties at 
different levels of DVB. 
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