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ABSTRACT: Cation-exchange hollow fiber membrane was prepared by radiation-in-
duced grafting polymerization of styrene onto polyethylene hollow fiber membrane and
its sulfonation. Adsorption characteristics for the cation-exchange membranes are
examined when the solution of Co21 permeates across the cation-exchange fiber mem-
brane. The maximum grafting peak was obtained from 70% styrene concentration at
50°C. The degree of grafting (%) was enhanced with additives such as H2SO4 and
divinylbenzene. The content of OSO3H groups ranged from 2 to 5 mmol g21 with
chlorosulfonic acid (ClSO3H) in dichloroethane, from 0.5 to 6 mmol g21 with ClSO3H in
H2SO4, respectively. The adsorption of Co21 by the cation-exchange membranes in-
creased with increasingOSO3H content. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci
71: 2227–2235, 1999
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INTRODUCTION

The search for new and improved membrane
properties, using almost every available poly-
meric material,1–6 has been the subject of very
considerable and extensive research because of its
great practical importance.

Graft polymerization is a well-known method
for modification of the chemical and physical
properties of polymeric materials, and is of par-
ticular interest for achieving specifically desired
properties, as well as excellent membrane qual-
ity, because various commercial polymers can be
used as the grafting substrate. Graft polymeriza-
tion can be achieved by ionizing radiation,7 UV,8

plasma treatment,9 or chemical initiators.10 Of

these, the radiation process is one of the most
promising techniques, because it is possible to get
the uniform formation of active sites for initiating
grafting throughout the matrix.11

A hollow fiber membrane has an advantage in
terms of the ratio of surface area to volume com-
paring with a flat sheet membrane because the
former has the high ratio. A polymer with a func-
tional group cannot always be molded into a po-
rous hollow fiber membrane. Therefore, the chem-
ical modification of existing hollow fibers is effec-
tive in adding new properties to collect proteins12

and metallic ions.13

The role of additives is important in the radi-
ation grafting process, because the addition of
appropriate compounds can enhance grafting
yields. In this study, the grafting of styrene onto
polyethylene hollow fiber membrane (PEHM) was
conducted by the preirradiation grafting tech-
nique. The effects of the reaction time, the reac-
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tion temperature, and additives [such as sulfuric
acid (H2SO4) and divinylbenzene on grafting re-
action] were studied.

In a previous article,14 the adsorption charac-
teristics of lead and palladium ions were exam-
ined when two ions were permeated across six
types of the chelating hollow fiber membranes
containing trimethylamine, dimethylamine, eth-
ylenediamine, hexamethyldiamine, diethylenetri-
amine, iminodiacetate, respectively.

In this study, cation-exchange hollow fiber
membrane was prepared by radiation-induced
grafting of styrene onto PEHM and its subse-
quent chemical modification. When the cobalt
(Co21) solution is permeated across the cation-
exchange hollow fiber membrane with OSO3H,
the adsorption characteristics of cation-exchange
membrane on Co21 were examined.

EXPERIMENTAL

Materials

A commercially available microfiltration hollow
fiber membrane (Asahi Chemical Industry Co.,
Ltd.) was used as a trunk polymer for grafting.
The inner and outer diameters of the porous
PEHM were 1.95 and 3.01 mm, respectively.
PEHM has 0.34 mm pore diameter and 71% po-
rosity. Styrene was used without further purifi-
cation. Other chemicals were of reagent grade.

Grafting Procedures

PEHM irradiated by g-ray from Co-60 under at-
mospheric pressure and ambient temperatures
was added in a reaction ampoule with a cock.
After evacuating the ampoule, the monomer solu-
tion was placed into the ampoule. Grafting copoly-
merizations were conducted at 30°C and 50°C.

After grafting reaction, the monomer and homo-
polymer were removed from the membrane by
extraction with benzene, and styrene-grafted mi-
crofiltration membrane obtained was dried in vac-
uum at 60°C for 4 h.

To study the effects of various parameters on
grafting copolymerization, the degree of grafting
is defined as

Degree of grafting ~%! 5
~Wg 2 Wo!

Wo
3 100 (1)

where Wg and Wo denote the weights of the
grafted and ungrafted polyethylene hollow fiber,
respectively.

Preparation of Cation-Exchange Hollow Fiber
Membrane

Scheme 1 shows the preparation procedure of ra-
diation grafting of styrene onto PEHM and intro-
duction of a functional group of sulfonic acids
(OSO3H).

Styrene was grafted onto the preirradiated
PEHM, and then reacted with chlorosulfonic acid
(ClSO3H) in ClCH2CH2Cl, and ClSO3H in H2SO4
in a glass ampoule at various times and concen-
trations, respectively. After sulfonation, the cat-
ion-exchange hollow fiber are washed with the
order of 99% H2SO4 . 50% H2SO4 . 20% H2SO4
. deionized water, and was dried under reduced
pressure, and then weighted (Ws). The OSO3H
content (mmol g21) was calculated as follows:

OSO3H Content (mmol g21)

5
~Ws 2 Wg!

Ws
3

1000
81 (2)

where Ws is the weight of the cation-exchange
hollow fiber containingOSO3H and factor 81 cor-
responds to the molecular weight of SO3H.

Subsequently, OSO3H group content was also
measured by titration. OSO3H form membrane
was immersed in 5% NaCl aqueous solution at
room temperature for 12 h, and then the hydro-
gen ion liberated from the membrane was titrated
with 0.02M NaOH aqueous solution.

Breakthrough Curve

Scheme 2 shows the experimental apparatus for
measuring pure flux and breakthrough curves.
The inner and outer diameters and the length of
hollow fiber membrane were measured in the wet
state with a microscope, respectively. After the
hollow fiber was dried under reduced pressure,
the pore volume distribution was measured by
the mercury intrusion method. Flux, ui, was de-
termined by

ui 5 ~volumetric flow rate!/pDiL (3)

Scheme 1 Preparation of cation-exchange hollow fi-
ber membrane. PE, polyethylene; ST, styrene.
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where Di is the inner diameter and L is the length
of the hollow fiber membrane (9.0 cm). The volu-
metric flow rate of pure water was measured from
the dropping amount from the outside of the
membrane. The pressure in the feed tank, shown
in Scheme 2, was 1.0 3 105 Pa. A measuring
cylinder was used to collect Co21 during perme-
ation of the solution across the membrane under a
constant pressure of 1.0 3 105 Pa. The concentra-
tion of Co21 ion obtained during permeation was
determined by inductively coupled plasma atomic
emission spectroscopy. The extent of adsorption
was determined by a ratio of C : C°, C° being the
initial concentration of Co21 before the perme-
ation across sulfonated membrane, and C being
the final concentration after permeation. The per-
meation volume (PV) was determined by:

PV 5 pDiLuit (4)

where t is the time of permeation.

RESULTS AND DISCUSSION

Grafting Copolymerization

The grafting of styrene onto PEHM was con-
ducted by the preirradiation grafting technique.
The effects of reaction time, reaction tempera-
ture, and additives (such as H2SO4 and divinyl-
benzene) on the grafting reaction were studied in
this study.

The role of additives is important in the radi-
ation grafting process, because the addition of
appropriate compounds can enhance grafting

yields. Thus, the radiation dose required to
achieve a particular percentage graft can be low-
ered in the presence of additives. This is of value
especially for backbone polymer, which is radia-
tion sensive. This concept is also of economic sig-
nificance in commercial processing, because lower
radiation doses are required to produce a given
product.

Figure 1 illustrates the effects of styrene con-
centration on the grafting of styrene onto 40 kGy-
irradiated PEHM in the presence and absence of
H2SO4 using methanol (MeOH) as solvent. The
degree of grafting (%) was increased with in-
creased reaction temperature. The maximum de-
gree of grafting was observed ; 70% monomer
concentration at 50°C, presumably due to a Trom-
msdorff-type effect.15 On the other hand, the
grafting reaction was insignificant at 30°C.
Therefore, a relatively high temperature is re-
quired for a high grafting yield, which indicates
that another important factor for grafting is the
reaction temperature. The grafting yield in-
creased significantly with the addition of H2SO4.
The effect of H2SO4 concentration on the grafting
yield is shown in Figure 2. As shown in Figure 2,
the grafting yield increased rapidly with in-
creased H2SO4.

Mechanistically, the acid enhancement effect
in grafting, based on Garnett’s16 work, has been

Figure 1 Grafting of styrene onto 40 kGy-irradiated
polyethylene hollow fiber for 14 h.

Scheme 2 Experimental apparatus for determining
flux and breakthrough curves. PE, polyethylene.
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attributed to a partitioning phenomenon. Thus, in
the present polyethylene system involving the
grafting of styrene in MeOH, partitioning of
monomer into the backbone polymer may be sig-
nificantly improved by the inclusion of H2SO4 in
the grafting solution. With nonpolar polyethyl-
ene, acid will remain predominantly partitioned
onto the more polar bulk grafting monomer solu-
tion and thus becomes available for increasing the
partitioning of styrene onto the backbone polymer
and thus enhancing grafting. Generally, the ex-
tent of this improved monomer partitioning de-
pends on the polarity of the monomer, the sub-
strate, solvent, and the concentration of H2SO4
present in the grafting solution.

Divinylbenzene, having a similar chemical
structure with styrene, was used for examining
the effect of multifunctional monomer on the
grafting yields (Fig. 3). The addition of divinyl-
benzene to the grafting solution enhanced the
grafting yield. When divinylbenzene monomer
was combined with H2SO4, the synergistic effect
in radiation grafting was observed, with the en-
hancement on grafting yield being accentuated at
the Trommsdorff peak. The inclusion of divinyl-
benzene and H2SO4 increases the grafting yields
for all solutions studied. The level of enhance-
ment by divinylbenzene is generally not as signif-
icant as found with H2SO4. The enhancement of
grafting yield by multifunctional monomer seems
to accelerate grafting by chain branching.

Figure 4 shows the effects of reaction time on
the grafting of styrene onto 40 kGy-irradiated
PEHM at a temperature of 30°C and 50°C in the
presence and absence of H2SO4. The degree of
grafting increased with increased reaction time at
50°C. On the other hand, the grafting reaction
proceeded very slightly at 30°C, regardless of the
inclusion of H2SO4.

Figure 5 shows the relationship between pore
diameter distribution and the grafting yield when
PEHM was grafted with styrene. Styrene-grafted
PEHM consisted mostly of the pore diameters
ranging from 1 to 1021 mm. While ungrafted,
PEHM has the broad range of pore diameter,
compared with grafted PEHM. The pore volume
decreased with decreased grafting yield. The pore
volume of 2.7 L kg21 for the ungrafted PEHM was
reduced to 1.75 L kg21 for the 100% grafting
yield, to ; 0.8 L kg21 for 250% grafting yield. The
pore volume was approximately linearly in in-
verse proportion to the degree of grafting up to
250%.

Figure 6 shows the pure water flux of ungrafted
and grafted PEHM. Pure water flux was decreased
with increased grafting yield. The increase in graft-
ing yield caused decreased water permeability be-
cause the grafted polymer branches are formed on
the micropore.

Figure 3 Grafting of styrene onto 40 kGy-irradiated
polyethylene hollow fiber at 50°C for 14 h. DVB, divi-
nylbenzene.

Figure 2 Grafting of styrene onto 40 kGy-irradiated
polyethylene hollow fiber at 50°C for 14 h.
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Sulfonation of Styrene-Grafted PEHM

Styrene-grafted PEHM (150%) was dipped into a
mixture of ClSO3H/ClCH2CH2Cl to make the cat-
ion-exchange membrane having the OSO3H

group, varying the parameters, such as ClSO3H
concentrations and swelling agents for polyethyl-
ene membrane.

Figure 7 shows the effects of swelling agents on
the sulfonation reaction when 150% styrene-
grafted PEHM was treated by 5% ClSO3H in

Figure 4 Grafting of styrene (70% v/v) onto 40 kGy-
irradiated polyethylene hollow fiber in MeOH.

Figure 5 Pore diameter distribution of polyethylene
(PE) hollow fiber. St, styrene.

Figure 6 Pure water flux of polyethylene and sty-
rene-grafted PE hollow fiber.

Figure 7 Sulfonation of 150% styrene-grafted poly-
ethylene with 5% ClSO3H in ClCH2CH2Cl at room
temperature for 30 min.
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ClCH2CH2Cl at room temperature for 30 min. In
the case where the swelling solvents (such as
ClCH2CH2Cl, CCl4, and CHCl3) were used, the
content ofOSO3H (mmol g21) ranged from 3.2 to
3.8 mmol g21. The content of OSO3H was only
; 2.2 mmol g21 without swelling agent. It was
almost impossible to get the high yield of sulfon-
ation unless the internal part of the polymer is
sulfonated by using swelling agents. The swelling
effect followed in order of ClCH2CH2Cl . CCl4
. CHCl3.

Figure 8 shows the effects of ClSO3H concen-
tration in ClCH2CH2Cl on the sulfonation as a
function of reaction time. The high concentration
of ClSO3H in ClCH2CH2Cl is effective for sulfon-
ation at initial time (5 min); however, low concen-
tration of ClSO3H in ClCH2CH2Cl was effective
after 10 min of sulfonation. Concerning the sul-
fonation of 150% styrene-grafted PEHM, the con-
tent of sulfonation increased with increased reac-
tion time.

Figure 9 shows the effects of ClSO3H concen-
tration in H2SO4 on the content of OSO3H. The
sulfonation of styrene-grafted PEHM increased
with the increased ClSO3H concentration in
H2SO4. The content of OSO3H was linearly pro-
portional to the reaction time.

Figure 10 shows the comparison of OSO3H
content determined from weight gain and titra-
tion. It was shown that OSO3H content deter-

mined by the weight gain accurately coincided
with that by titration.

Properties of Cation-Exchange Hollow Fiber and
Breakthrough Curves

Figure 11 shows the breakthrough curves of Co21

with inlet concentration of Co21 of 50 ppm and 80
ppm. With 80 ppm Co21, C/C° remained 0 until
the PV value reached 0.008. After this point, the
C/C° rose gradually with increasing PV. A lower
inlet concentration required higher PV until C/C°
5 1. At C/C° 5 1, the amount of Co21 adsorbed by
the cation-exchange fiber membrane with the
OSO3H functionality can be calculated from the
area of PV 3 C, which is the area of the upper
portion above the breakthrough curves. The ad-
sorbed amounts of Co21 by the sameOSO3H con-
tent was ; 18 g kg21, regardless of the inlet
concentration of Co21. These results indicate that
the amount of adsorbed Co21 adsorbed by the
cation-exchange membrane is constant, regard-
less of the inlet concentration.

Figure 12 shows the breakthrough curves of
Co21 ion to the cation-exchange hollow fiber with
OSO3H of 3.56 mmol g21 and 4.16 mmol g21. In
the case of modified membrane where OSO3H
density was 3.56 mmol g21, after PV reached
0.142 L, the C/Co rose gradually with increasing

Figure 8 Sulfonation of 150% styrene-grafted poly-
ethylene hollow fiber with ClSO3H in ClCH2CH2Cl.

Figure 9 Sulfonation of 150% styrene-grafted poly-
ethylene hollow fiber with ClSO3H in H2SO4.
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PV. After PV reached 0.29 L for the cation-ex-
change hollow fiber with OSO3H of 4.16 mmol
g21, C/Co rose gradually with increasing PV. A
higher sulfonic acid group density resulted in a
higher PV required to reach C/Co 5 1. The
amount of Co21 absorbed by sulfonated mem-
branes of 3.56 and 4.16 mmol g21 were ; 18 and

25 g kg21, respectively. If the amount of Co21

adsorbed by sulfonated membranes of 3.56 mmol
g21 is 18 g kg21, a membrane with 4.16 mmol g21

density should adsorb ; 21 g kg21 of Co21 by
means of functionality of OSO3H. However, a
membrane with 4.16 mmol g21 density adsorbed
25 g kg21 of Co21. These results may explain that
the membrane with high OSO3H functionality
involves the more physical adsorption than that
with low OSO3H functionality.

The Co21 adsorbed by the cation exchange
membrane was eluted by permeating across the
hollow fiber membrane with 1.0M HCl aqueous
solution. The content of Co21 was calculated from
the amount of Co21 in the eluate. Figure 13 shows
the desorption curves of Co21 to the cation-ex-
change hollow fiber membrane with OSO3H of
3.56 and 4.16 mmol g21. The cation-exchange hol-
low fiber membrane withOSO3H density showed
different elution curves. The amount of Co21 ad-
sorbed by the cation-exchange fiber membrane
was calculated from the area of elimination
curves. The amount of Co21 desorbed by the mem-
branes havingOSO3H of 3.56 and 4.16 mmol g21

were ; 18 and 25 g kg21, respectively, which are
the same as the adsorbed amounts of Co21.

Figure 14 shows the breakthrough curves of
readsorption for cation-exchange hollow fiber
membrane that was washed with 1.0 mol HCl
aqueous solution. It was shown that the adsorp-

Figure 10 Comparison of sulfonic acid by titration
and weight gain.

Figure 11 Adsorption characteristics of Co21 ion to
polyethylene hollow fiber with 3.56 mmol OSO3H g21.

Figure 12 Adsorption characteristics of Co21 ion to
polyethylene hollow fiber in the inlet concentration of
80 ppm Co21 L21.
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tion curve had an identical shape with a readsorp-
tion curve. From the results, the cation-exchange
hollow fiber membrane was found to have a good
regeneration property.

CONCLUSIONS

Cation-exchange hollow fiber membrane was pre-
pared by radiation-induced grafting of styrene
onto the PEHM and its sulfonation. The adsorp-
tion characteristics for the cation-exchange mem-
branes are examined when the solution of Co21

permeates across the cation-exchange fiber mem-
brane.

1. In the grafting reaction of styrene onto
preirradiated polyethylene hollow fiber,
the degree of grafting (%) exhibited the
maximum in 70% styrene concentration.
The degree of grafting was remarkably en-
hanced with inclusion of additives such as
H2SO4 and divinylbenzene. When divinyl-
benzene was combined with H2SO4, the
synergistic effect in radiation grafting was
observed, with the enhancement on graft-
ing yield being accentuated at the Tromms-
dorff peak. The inclusion of divinylbenzene
and H2SO4 increases the grafting yields for
all solutions studied. The level of enhance-

ment by divinylbenzene is generally not as
significant as found with H2SO4.

2. It was almost impossible to get the high
yield of sulfonation without swelling agent.
The swelling effect followed in order of
ClCH2CH2Cl . CCl4 . CHCl3.

3. The adsorbed amounts of Co21 by the same
OSO3H content was definite, regardless of
the inlet concentration of Co21. The cation-
exchange fiber showed a good regeneration
property.
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