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Abstract : lon-exchange membranes having the sulfonic acid groups for battery separators were pre-
pared by radiation-induced grafting of styrene onto polyethylene (PE) films and by the subsequent sul-
fonation of polystyrene graft chains. The surface area, thickness, and volume of grafted film increased
with increasing grafting vield. The water uptake and KOH diffusion flux of the ion-exchange membrane
also increased by increasing the sulfonic acid content. Electrical resistance of ion-exchange membrane
having the sulfonic acid group decreased with increasing sulfonic acid content. The transport number
{t.) of K” in the sulfonated membrane was in the range of 0.81—0.92.

Introduction

Storage batteries are generally composed of
one pair of electrodes of opposite polarity and an
electrolyte. In addition to the electrodes and elec-
trolyte, one of the recognized key components in
a battery is a separator. Separators are elements
located between electrodes to prevent direct con-
tact. The separator permits the free flow of elec-
trolyte and has a large electrolyte retention
volume.™

Radiation-induced grafting is a good method to
introduce functional groups into different polymer
materials using a specially selected monomer. A
number of papers have been published on the
radiation graft copolymerization of polar mono-
mers onto a hydrophobic polymer matrix to
obtain hydrophilic properties for versatile applica-
tions.*® lon-exchange membrane can be used for
water desalination,” as carriers for immobilization
of medical products,” as separators in alkaline
batteries,” etc.”

In a previous study,” the grafting of styrene
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onto a PE hollow fiber membrane was carried out
by the pre-irradiation grafting technique. The
effects of reaction time, reaction temperature,
additives such as H;5Q,, and divinylbenzene on
the grafting reaction were studied. From the study,
it was found that the role of additives such as fer-
rous salts, sulfuric acid and divinylbenzene could
enhance the grafting yield in the radiation grafting
process. In a previous paper,” we also prepared
an ion-exchange membrane having the carboxylic
acid group by the radiation-induced grafting of
acrylic acid (AA) and methacrylic acid onto a PE
film. The surface area, thickness, volume, water
uptake, ion-exchange capacity, specific electric
resistance and electrolyie flux were evaluated after
the PE was grafted with AA and MA. It was found
that the KOH diffusion flux of an AA-grafted PE
membrane had a higher diffusion flux than an
MA-grafted PE membrane. Electrical resistance of
two cation-exchange membranes having AA and
MA decreased rapidly by increasing the degree of
grafting. However, the two ion-exchange mem-
branes had almost the same electrical resistance.
In this study, an ion-exchange membrane hav-
ing sulfonic acid groups was prepared by the radi-
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ation-induced grafting of styrene and by its sub-
sequent chemical modification for an alkaline bat-
tery separator. The electrochemical properties
such as electrolyte flux, transport number and
electrical resistance of the ion-exchange mem-
brane grafted with the sulfonic acid group were
examined.

Experimental

Materials. Polyethylene (PE) films with a
thickness of 0.03 mm (Tae-Syeng Chemistry Co,,
Korea) were washed with methanol and dried in a
vacuum oven at 50 °C for 8 h. Reagent-grade sty-
rene (Merck, 99%) was used as received. Other
chemicals of reagent grade were used without fur-
ther purification.

Grafting Procedure. Scheme 1 shows the
preparation procedure for the radiation grafting of
styrene (St) onto PE film and sulfonation of poly-
St graft chains. The PE film was used as the base
polymer for the grafting polymerization. The PE
film with a size of 4x5 cm was irradiated by yray
from a Co-60 source {Co-60 Gamma-ray Irradia-
tor IR-79} under atmospheric pressure and ambi-
ent temperatures, and then the irradiated PE film
was immediately grafted with monomer. The
unreacted monomer and homopolymers after the
grafting of St were removed with benzene using
Soxhlet apparatus. The PE film obtained by the
grafting polymerization was dried in a vacuum
oven at 50 °C for 14 h. To study the effects of var-
ious parameters on the grafting polymerization,
the degree of grafting can be defined as

Degree of grafting (%) = [(W, —W,} / W.] x 100
(1)

where W, and W, denote the weights of the
grafted and the ungrafted PE film, respectively.

—&-CH,—CH¥p—

Sulfonation of St-grafted PE Film. Polysty-
rene in St-grafted PE film was reacted with
CISOsH in CICHCH.Cl in a glass ampoule at var-
ious periods of time and concentrations. After the
sulfonation, the cation-exchange membrane was
washed in the order of 99% H.SO4 > 50% Hz50,
> 20% H.S0; > deionized water and was dried
under reduced pressure. The -SOsH group con-
tent was determined by the measurement of the
total ion-exchange capacity by titration. The -SG:H
form membrane was immersed in a 5% NaCl
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Scheme II. The apparatus for the measurement of elec-
trolyte flux and electric resistance of cation-exchange
membrane.
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Scheme 1. Preparation of cation-exchange membrane for battery separator.
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aqueous solution at room temperature for 12 h,
and then the hydrogen ion liberated from the
membrane was titrated with a 0.025N NaOH
agueous solution.

Electrolyte Flux Test. Scheme II shows the
experimental apparatus for measuring electrolyte
flux and electrical resistance. With this apparatus,
the permeation of an aqueous 40% (by weight)
potassium hydroxide (KOH) solution through the
membrane into distilled water was monitored by
measuring the pH of the solution in the receiving
cell. The pH values were continuously recorded,
from which the diffusion rate of the hydroxy ion-
versus-time curves was calculated. The electrolyte
flux, Ui {mo! cm”sec), was determined by

U, = (diffusionrate) /T S (2)

where S denotes the surface area (c) of the
membrane. T denotes the thickness (cm) of the
membrane.

Electrical Resistance. The electrical resist-
ance of the grafted film was measured in 1.0 M
KCl solution at 25 °C using an IM5-D impedance
spectroscopy (Zaner Mebtechnik Co. in Germany)
working at 1,000 Hz. The specific electric resist-
ance, B, {Q cm), was calculated by the following
equation:

Rsp = {[(Rsoln+membr 7Rsofn)] J" T} x & (3)

where R mems denotes the electrical resistance
of KCl solution in the presence of the membrane,
and R.., donotes the electrical resistance of KCI
solution without the membrane.

Transport Number (t.). The synthesized mem-
brane with SO:;H groups was conditioned in
0.75 N KCl sclution for 1 day at room tempera-
ture, and then placed between two compartments
to measure the transport number. KCl solutions of
0.5 and 1.0 N were added and allowed to flow
through the membrane until equilibriumm was
reached. The potential was measured at 25 °C
using an IM5-D impedance spectroscopy. The
transport number {,) of K ion was calculated
from the value of the measured potential E..) by
the following eguation:

t. = E./2E,+ 05 (4)
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where E, is the theoretical potential calculated
by the Nernst equation

E, = RT/FIn(Cep /C: ) {5)

where 3 and ¥ are the aciivity coefficients of
KCl at concentration C; and C;, respectively.

Results and Discussion

Grafting of St onto PE Film. The effects of
St and H.S0; concentration on the grafting of St
onto PE film in presence of ferrous sulphate,
FeSQ.-7H,0 are shown in Table I. The maximum
grafting yield occurred in monomer concentration
of 5.85 M except for the addition of 0.1 M H:SO..
The pronounced maximum at certain concentra-
tion of monomer can be explained partially by an
increased rate swelling of the grafted layer in a
reaction medium of the composition. As shown in
Table 1, the grafting yield was much enhanced
with the addition of sulfonic acid and ferrous salt.
Ferrous sulphate (FeSQO,) is one of the most com-
monly used compounds for inhibiting the homo-
polymerization of vinyl monomer during grafting
polymerization.”® Garnett'” explained that the fer-
rous ion (Fe®*) present in the reaction solution has
a high rate constant for the reaction with the
hydroxyl radical, and it effectively mops up these
radicals before they react with the monomer. In
previous work," the influence of inhibitor concen-
tration on the degree of grafting was examined
using FeSO; as the hompolymerization inhibitor.

Table 1. Effects of Sulfuric Acid and Concentration
on the Grafting of St onto PE Film °

Degree of Grafting{%)

St

Concentration 01322850}: 7HS%65 MO
M NoHSOs [’ 14,50, K80
neat 17.2 - - .
6.30 36.9 443 60.1 1228
5.85 371 52.7 674 102.4
5.40 10.6 41.1 47.8 75.0
495 5.6 17.9 293 369
4.50 2.3 13.2 14.6 174

“Irradiation dose 30 kGy, PE film 0.03 mm, reaction time
15 h, at 70 °C, in MeOH.

® Concentration = 2.5 % 10°M.
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Table II. Effects of Sulfuric Acid and Concentration on the Grafting of St onto PE Film °

Degree of Grafting{%}

St Concentration

™M) Styrene FeS0;- 7TH0"
No Hz50: 0.025 MH50;  0.05 MH;S0; 0.1 MH;50,

neat 6.5 16.7 — - —

6.30 93 35.4 43.4 58.7 123.0
5.85 7.4 382 475 64.7 120.0
5.40 3.2 10.2 40.1 478 74.0
495 1.0 6.0 159 29.0 40.6
450 ~0 3.1 12.3 15.6 15.8

®Irradiation dose 30 kGy, PE film 0.03 mm, reaction time
® Concentration = 2.5 * 10°M.

Table Il shows the effects of St and H:SO, concen-
tration on the grafting of St onto PE film in the
presence of Mohrs salt [(NH:):50:-FeSO4-6H:0].
As shown in Table II, the grafting vield was much
enhanced with the addition of sulfonic acid and
Mohrs salt.

When polyethylene is subjected to ionizing irra-
diation in air, trapped radicals or peroxy radicals
are formed. In the presence of oxygen, the sche-
matic reactton mechanism of polyethylene during
irradiation is as follows:

PHLP +H. 6
P'+ O; = POO" (7
POO" + PH — POOH + P* (8
POO" + P*— POOP 9
POO" + ‘OOP —» POOP + O, (10
P+ P — PP (11

In this scheme, P and P’ represent the polyeth-
ylene chain and polyethylene radicals produced
by irradiation, respectively, Irradiation in air leads
to the formation of hydroperoxide species which
may result in undesirable homopolymerization
initiated by the OH radical formed in the thermal
decomposition reaction. It is possible to avoid
this problem by using a reducing agent, e.q.,
metallic salt, to decompose the peroxy species.
O Neill” used the Fe”* ion as the reducing agent
to decompose the hydroperoxides, thereby con-
verting hydroxyl radicals to inactive hydroxide
ions.

POOH + F** - PO + Fe* + OH + 2H"
(12)
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15 h, at 70 °C, in MeOH.

Table 111. Effects of Reaction Temperature and St
Concentration on the Grafting of St on to PE Film
in the Presence of Ferrous Salt °

St Concentra- Degree of Grafting(%)
tion{M} 30°C 50°C  70°C
neat ~0 8.5 17.2
6.30 8.3 15.3 371
5.85 7.3 14.6 369
5.40 5.6 78 10.6
195 1.0 2.6 5.6
4.50 ~0 0.8 2.3

® Irradiation dose 30 kGy, PE film 0.03 mm, ferrous sulph-
ate 2.5 % 107 M, reaction time 15 h, in MeOH.

By the addition of sulfuric acid to the grafting
solution, OH™ accumulated in eq.(12) can be con-
sumed with the reaction with H", which is dissoci-
ated from sulfuric acid. Therefore, eq.(12) can
progress in the presence of sulfuric acid by the
principle of Le Chartelier.

The effects of St concentration and reaction
temperature on the grafting of 5t onto PE film at
reaction temperatures of 30, 50, 70 °C with a
reaction time of 15 h are shown in Table Ill. The
grafting at 70 °C was high, compared to 30 and
50 °C. The reason for this is due to radicals
formed when the peroxide caused by oxygen dur-
ing irradiation in air is much decomposed at 70
°C. Therefore, a relatively high temperature is
required to obtain a high grafting yield, suggesting
that it is an important factor for controlling the
grafting vield.

The effects of monomer concentration and total
radiation dose on the grafting of St onto PE film
are shown in Table IV. The reaction temperature
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Table IV, Effects of Irmadiation Dose and Monomer
Concentration on the Grafting of St onto PE Film in
the Presence of Fe*"

Table V1. Effects of Additives and Reaction Time on
the Grafting of 5t onto PE Film in MeOH at 76°C’

Degree of Grafting (%)

St Concentration Degree of Grafting(%) Qraﬂlng No . -
M) 0Ky  30KGy  40KGY Timeth)  ditives ~ PVB TMPTA
neat 16.4 172 208 3 ~0 ~0 —0
6.30 31.2 371 412 7 -0 54 13.2
5.85 324 36.9 409 12 53 34.6 68.7
5.40 9.7 10.6 149 15 7.4 789 132.0
4.95 50 5.6 8.7 24 8.6 solidification  solidfication
450 19 23 7.0 48 17.6 solidification sclidfication

“PE film 0.03 mm, reaction time 15 h, at 70°C, Fe"" con-
centration = 2.5X10° M, in MeOH.

Table V. Effects of Solvent and Monomer Concentra-
tion on the Grafting of St onto PE Film at 70°C for
15 K

Degree of Grafting (%)

St Concentration

(M) MeOH EtOH DMF® THF D.1’4'
1oxane

neat 6.5 - - -

6.30 93 56 364 543 573
5.85 74 64 434 586 627
5.40 32 28 343 432 500
495 10 16 150 186 246
4.50 ~0 ~0 98 102 174

“Irradiation dose 30 kGy, PE film 0.03 mm,
*N,N,-Dimethylformamide.
“Tetrahydrofuran.

was set at 70 °C with a reaction time of 15 h.
Grafting increased with increasing total radiation
dose.

The effects of monomer conceniration and sol-
vents on the grafting of St onto PE film at 70°C
with a reaction time of 15 h are shown in Table V.
The graft yield in N,N-dimethylformamide (DMF),
THE and 1,4-dioxane was higher than that
obtained using MeOH and EtOH. Solvent effect is
extremely important in radiation grafting to pely-
ethylene since, not only is the efficiency of the
copolymerization affected, but also the swelling
effect of polymer matrix can give a high grafting
vield. The grafting vield in the presence of
CH:OH and EtOH was small without giving any
accelerating effect. Various solvents showed the
following accelerating effect on the radiation-
induced graft polymerization of styrene onto PE
film:
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*frradiation dose 30 kGy, PE film 0.03 mm, 5t concen-
tration =5.85 M.

©(0.2% (v/v) diviny] benzene/styrene.
¢0.2% (v/v) trimethylol propane triacrylate/styrene.

1,4-dioxane > THF > DMF > MeOH > EtOH

The effects of additive and reaction time on the
grafting of St onto PE film in MeOH at 70°C are
shown in Table VI. Divinylbenzene (DVB) having
two vinyl groups and trimethylol propane triacry-
late (TMPTA) having three vinyl groups were used
to examine the effect of multifunctional monomer
on the grafting vields. The addition of DVB and
TMPTA to the grafting solution enhanced the
grafting vield. When DVB or TMPTA were com-
bined with sulfuric acid, respectively, a synergistic
effect in radiation grafting was observed. The
inclusion of DVB, TMPTA and sulfuric acid
increased the grafting vield for all solutions stud-
ied. The level of enhancement by the DVB and
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Figure 1. Change of dimension of the St-grafted PE film.
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Figure 2. Water uptake and ion-exchange capacity of
sulfonated membrane.
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Figure 3. Specific electric resistance of sulfonated mem-
brane (d.q.=75%).

TMPTA is generally not as significant as that
found with sulfuric acid. The enhancement of the
grafting vield by multifunctional monomer ap-

pears to accelerate grafting chain branching.

The change in dimension of the polymer film
with grafting was shown in Figure 1. Both the
thickness and the surface area of the film
increased linearly with an increasing grafting
yield. These increases in dimension are due to the
growth of graft chains inside the polymer film.
Because the graft polymerization occurs mainly in
the amorphous region of the polyethylene film,
the growth of the graft chain is to expand the
amorphous region of the film.

Electrochemical Properties of Sulfonated
Membrane. 75% styrene-grafied PE film was
dipped in a mixture of 5% CISOH/CICH,CH.Cl
to introduce the cation-exchange membrane with
-503H group.

The water uptake (%) of the sulfonated mem-
brane (d.g. = 75%} as a function of the ion-
exchange capacity is shown in Figure 2. The lin-
ear increase indicates that the water uptake is due
to the hydrophilic groups of the graft chains.

The variation of the specific electrical resistance
of an ion-exchange membrane containing -SGH
group at different -SOsH group contents is shown
in Figure 3. The specific electric resistance de-
creased by increasing the sulfonic acid content.
This result indicates that the ion transfer depends
on the ion-exchange capacity.

The properties of ion-exchange membrane hav-
ing the -50H group are shown in Table VII. The
water uptake increased with an increasing capac-
ity of -SOsH group. The KOH diffusion flux was
in the range of 0.16~0.24 moles cm® sec’. The
transport number {.) of K™ in the sulfonated
membrane was in the range of 0.81~0.92,

Conclusions

lon-exchange membranes having the sulfonic

Table VII. Properties of lon-Exchange Membrane Modified with the -SO ;H Group®

lon-Exchange Capacity  Specific Electric KOH Diffusion Flux Transport Number
(mmol/g) Resistance (Qcm) Water Uptake(%) {moles cm™ sec™) (0.5/1.0 M of KCI)

0.40 58,640 8.0 0.16 0.81

1.20 0.9 14.0 0.21 0.90

1.60 0.3 16.2 0.22 0.91

1.90 0.2 198 0.24 0.92

2.10 0.2 24.0 0.24 0.92

“ Degree of grafting = 75%.
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acid group for battery separators were prepared
by the radiation-induced grafting of styrene onto
the polyethylene film and its chemical modifica-
tion. From the results, the conclusions are as fol-
lows:

(1) The surface area, thickness, and volume of
arafted film increased with an increasing grafting
yield.

(2) The water uptake and KOH diffusion flux of
the sulfonated membrane increased by increasing
ion-exchange capacity.

(3) Electrical resistance of the sulfonated ion-
exchange membrane decreased by increasing ion-
exchange capacity.

(4) The transport number of K' in the sul-
fonated membrane was in the range of 0.81
0.91.
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