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ABSTRACT: Anion-exchange organic-inorganic hybrid
membranes were prepared through sol-gel reaction and
UV/thermal curing of positively charged alkoxysilane and
the alkoxysilane containing acrylate or epoxy groups.
Properties of prepared hybrid membranes were varied by
control of the molar ratio of the precursors. It was shown
that the thermal degradation temperatures (T,) of the
membranes were in the range of 212-226°C, water uptakes

in the range of 9.6-14.6% and IEC values in the range of
0.9-1.6 mmol g '. The hybrid membranes show high per-
meability to anions, as reflected by the high static transport
number (f_) of the anion (Cl7). © 2007 Wiley Periodicals, Inc.
] Appl Polym Sci 107: 1865-1871, 2008
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INTRODUCTION

Ion-exchange membranes are now widely used for
membrane electrolysis, solid polymer electrolytes,
and fuel cell storage batteries as well as electrochem-
ical separation, which includes diffusion dialysis,
electrodialysis, electro-deionization, etc."™ For these
processes, thermally and mechanically stable ion-
exchange materials should be developed. Hence, the
exploration of new organic polymeric ion-exchange
materials or modification of the commercial exam-
ples continues to be a hot topic.>® In recent years, a
new kind of material, the organic-inorganic hybrid
has been extensively investigated because of the abil-
ity to combine the best properties of both organic
and inorganic components.”” In the hybrid materi-
als, ion-exchange groups are grafted to the organic
components,'®!" in some cases, organic or inorganic
ion-exchangers may be directly incorporated into the
hybrid matrices.'*"® Up till now, the proton-
exchange or cation-exchange hybrid materials/mem-
branes have been widely reported.'®'*'® Investiga-
tions of anion-exchange membranes are less com-
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mon, mainly because the commercial applications of
anion exchange membranes are not as wide as cation
exchange materials.* However, as the applications of
ion-exchange membranes increase, anion exchange
membranes are finding an increasingly wider
range of applications. For applications such as the
separation of species with positive charge (e.g.,
biomacromolecules) below their isoelectric points,
and recovery of cathode electrophoresis lacquers,
anion-exchange membranes are required.'*'* In some
electroanalytical processes, such as electrochemical
sensors and electrocatalysis, anion-exchange organic-
inorganic membranes are highly desirable.'"'*”

In our laboratory, a series of supported cation-
and anion-exchange organic-inorganic hybrid mem-
branes have been prepared."®*' Porous alumina
plates were used as the substrates so that composite
membranes with asymmetrical structure (top active
hybrid layer and porous intermediate and bottom
layers) could be synthesized. These membranes are
targeted at liquid separation processes (microfiltra-
tion, nanofiltration, etc.). For application in other
fields (e.g., membrane electrolysis, solid polymer
electrolytes, and electrochemical separation), the de-
velopment of free-standing anion-exchange hybrid
membranes is essential.” The present work continues
a series of work investigating the preparation of
free-standing anion-exchange hybrid membranes.
Different alkoxysilanes were used as the precursors
for the sol-gel process in this study. Precursors con-
taining acrylate/epoxy groups or quaternary amino
groups were used. The quaternary ammonium
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groups yield anion-exchange functionality, while the
acrylate/epoxy groups allow formation of organic
polymeric network via UV/thermal curing. Research
by other groups developing proton exchange hybrid
membranes suggests that such UV and/or thermal
curing procedure is simple and effective.”” Variation
of the feed ratio of the different precursors allows
hybrid membranes with different hydrophilicity,
electrical properties, and thermal/chemical stabilities
to be prepared. The physicochemical properties of
these hybrid membranes were investigated.

EXPERIMENTAL
Materials

Glycidylmethacrylate (GMA) was purchased from
ACROS Organics (USA), while triethoxysilylpropyl-
amine (TESPA), y-methacryloxypropyltrimethoxysi-
lane  (y-MPS), ~y-glycidoxypropyltrimethoxysilane
(GPTMS), and tetraethoxysilane (TEOS) were pur-
chased from Nanjing Crompton Shuguang Organosi-
licon Specialties Co (China). Potoinitiator (Darocur
1173) was kindly provided by Jingjiang Hongtai
Chemical Engineering Co. Ltd (Jiangsu, China). All
the reagents were of analytical grade and used as
received. Deionized water was used throughout.

Preparation of the charged sol-gel precursor:
Alkylated triethoxysilylpropylamine [TESPA (+)]

TESPA was added dropwise into methyl iodide
(CHgl) at room temperature (TESPA:CH;l molar ra-
tio = 1:6). The temperature was then raised to 58°C
and the mixture was stirred for a further 12 h. At
the end of the reaction, excess methyl iodide was
recovered by distillation.

Synthesis of the hybrid organic-inorganic
membranes

Into a ethanol solution of GPTMS, ~-MPS,
TESPA(+), TEOS, and GMA (ethanol: Si(molar ratio)
= 4), a quantitative amount of water (H,O:Si (molar
ratio) = 1.5 : 1) was added and the mixture was
stirred at room temperature for 2 days. The molar
ratio of the different precursors was varied to yield
six sol-gel samples (A-F) (see Table I). The solution
was then blended with 0.25% photoinitiator which
had been diluted by ethanol (ethanol: Darocur 1173
mass ratio = 20) and further stirred for 6 h. Subse-
quently, the mixture was cast onto Teflon plate. The
film produced on solvent evaporation at room tem-
perature was cured by exposure to a medium pres-
sure Hg lamp (300 W in.”!, Fusion UV Systems,
USA) for 1 min followed by treatment from 60 to
110°C at a rate of 5°C h™! and holding at 110°C for
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TABLE I
Feed Ratio of the Different Precursors for the
Preparation of the Hybrid Membranes A-F

Hybrid
membrane y-MPS* TESPA(+) TEOS GMA
A 1 1 2/13
B 1 1 4/13
C 1 1.6 4/13
D 1 1.6 4/13 0.5
E 1 1.2 4/13
F 1 1.2 4/13 0.5

@ GPTMS is used and the molar ratio of GPTMS to ~y-
MPS is fixed as 1 : 1 for all the membranes.

2.5 h. The final hybrid membranes obtained are des-
ignated A-F in all following discussion.

Membrane characterization

FTIR spectra of the hybrid membranes were
recorded using FTIR spectrometer (Vector 22,
Bruker) with a resolution of 2 cm™' and a spectral
range of 4000400 cm . The morphology of the
hybrid membrane cross sections were studied using
scanning electron microscopy (XT30 ESEM-TMP
PHILIP).

To explore hydrophilicity of the hybrid mem-
branes, the gravimetric water uptakes (Wg) were
measured as following: The dried membranes were
weighed and immersed in water at ~ 25°C for one
and a half days. Surfaces of the wet membranes
were then carefully dried and the membranes
weighed again. Wi was calculated as the relative
weight gain per gram of the dry membrane samples:

Wi = (Ww — WD)/WD X 100%

where Wy or Wp is the weight of the wet or dry
membrane respectively.

Ion exchange capacities (IECs) of the membranes
(Cl” form) were determined using the Mohr method
as described in a previous article®: Accurately
weighed dry membranes A-G were converted to
Cl™ ionic form through immersion in 1 mol dm™°
NaCl for 2 days. Excess NaCl were washed off and
then the membranes were immersed in 200 cm® 0.5
mol dm ° Na,SO,. The amount of Cl~ was deter-
mined using titration with AgNOs;; anion exchange
values were obtained and expressed as mmol g~ ' of
dry membrane (in CI™ form).

To evaluate the chemical stability of the mem-
branes under basic conditions, the IECs of the mem-
branes in the OH™ form were monitored with time
after immersion in 0.2 mol dm 2 NaOH solution,
with subsequent water washing and soaking to
remove any remaining NaOH. Then, the samples
were immersed in 0.02 mol dm 3 HCI for 24 h,
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Scheme 1 The preparation of the anion-exchange hybrid membranes.

back-titrated by 0.02 mol dm > NaOH. The immer-
sion time in 0.2 mol dm > NaOH for membrane D
was 2, 4, 8, 12, 24, or 36 h. For the other membranes,
the immersion time was simply 12 h.

The thermal behavior of the hybrid membranes
was determined with a Shimadzu TGA-50H analyzer
under airflow, with a heating rate of 10°C/min.

The membrane potentials (E,) were determined
using the procedure reported previously.” The
hybrid membrane was placed between two half cells
which were fitted with a specially designed double
junction saturation calomel electrodes (S.C.E.).** The
unit was designed to permit continuous flows of
aqueous KCI (0.1 mol dm™3) and KCl (0.2 mol
dm™?) on each side of the membrane surface. Mem-
brane potential (E,), i.e., the potential difference
between the two sides of the membranes, was deter-
mined using a digital multimeter (model: GDM-
8145, Goodwill Instrument Co., Taiwan). From E,,
the static transport number of the anion (t_) in the
membrane is calculated using;:

_ En+Ep RT ., G

with Eo=—— In =

t_
ZEO F Cl

where Ej is the standard solution potential; R is gas
constant, T = 298.15 K, F Faraday constant, and C;

and C, the concentrations of the aqueous solutions
in the two sides of the cell.

The E,, experiments were repeated at least three
times under identical conditions; the experimental
error of E,, and t_ was calculated from the variation
between each measurement.

RESULTS AND DISCUSSION
Chemical structure and morphology

Six different membranes (Table I) were prepared
from different molar ratio of the precursors. In sam-
ples D and F, the organic monomer GMA was also
added. This was to show how the organic monomer
influences the properties of the membranes. In the
sol-gel process, hydrolysis and condensation proc-
esses of the alkoxysilane groups (—Si(OR);) take
place, leaving most of the epoxy and the acrylate
groups unaffected. During the subsequent UV- and
thermally- curing steps, the epoxy and the acrylate
groups undergo a crosslinking reaction forming an
organic polymeric network. The reaction steps are
schematically shown in Scheme 1.

FITR spectra of the hybrid membranes were
recorded to investigate the chemical structure (Fig.
1). The ~ 1720 cm™ ' and ~ 1200 cm ™! bands are due
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Figure 1 The FTIR spectra of hybrid membranes A-F.

to the ve_p or v_c_o modes of the ester groups
respectively, while the ~ 1635 cm ™' band is due to
the vc_c mode of the remaining CH=CH groups.
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The ~ 1120 cm™ ' and ~ 1040 cm ™' bands are due to
the C—O—C and Si—O—Si bonds. The strong
absorption band at ~ 3420 cm ™! indicates that —OH
groups are present in the hybrid membranes due to
uncondensed —SiOH groups and the product of the
reaction between water and the epoxy groups.

Morphologies of the hybrid membranes were
probed using SEM. The SEM micrographs of mem-
branes A-F are similar, therefore, only four images
of membranes A, C, E, and F are presented in Figure
2. The membrane cross sections were very smooth
and dense with no obvious separated silica particles.
Therefore, a good compatibility between the inor-
ganic and organic component is indicated.

Thermal stability (TGA analysis)

The weight-loss behaviors of the hybrid materials
were studied using TGA at a heating rate of 10°C
min~! in flowing air atmosphere. Thermal degrada-
tion temperatures (T defined as the temperature at
5% mass loss) were determined from TGA thermo-
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Figure 2 The SEM micrographs of (a) membrane A; (b) membrane C; (c) membrane E; (d) membrane F.
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Figure 3 TGA results for hybrid membranes A-F.

grams in Figure 3, with the main results summarized
in Figure 4.

The T, values of the hybrid membranes were in
the range of 212-226°C. Changes in the T; with the
content of TESPA(+) or TEOS was not observed
(similar content of inorganic silica component is
introduced by both of the precursors). However,
addition of organic monomer GMA led to a slight
decrease in T,; values (membrane D compared with
membrane C or membrane F compared with E),
indicating that an increase in the organic component
may possibly lead to a decrease of the thermal stabil-
ity of the hybrid membranes.

Water uptake (Wg) and ion-exchange capacity (IEC)

The result from water uptake (Wg) and ion-exchange
capacity (IEC) measurement of the hybrid mem-
branes are shown in Figure 5. It can be seen that the
Wr of the membranes are in the range of 9.6-14.6%,
while the TEC in the range of 0.91.6 mmol g '. The
influence of the content of TESPA(+) on the hydro-
philicity of the membranes is obvious when compar-
ing membranes D and F or membranes B, E, and C.
For the preparation of these membranes, the molar
ratio of the other precursors (KH-570, GPTMS,
TEOS, and/or GMA) are fixed. The content of
TESPA(+) increases from membranes F to D or from
membranes B, E to C and the Wy and IEC value
generally increases accordingly.

Comparison of the values for membrane A and B
indicates that on increasing the TEOS content, the
IEC value decreases, while Wy increases. The
decrease of IEC corresponds to the decrease in ionic
content of the membrane. A decrease in IEC of or-
ganic polymeric membranes is anticipated to lead to
a decrease in Wi* (ion-exchange groups have a
strong hydration effect). However, the silica compo-
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Figure 4 The thermal degradation temperatures (T,),
defined as the temperature relating to 5% weight loss, for
hybrid membranes A-F.

nent contains hydrophilic Si—OH groups and so the
Wr value increases as the TEOS content increases.
These two factors balance with each other and it is
clear that the latter is predominant.

Comparison of membrane D with C, or membrane
F with E demonstrates that the addition of GMA
decreases Wy values. Two factors may be responsi-
ble for such change: (1) the decrease of the IEC value
and (2) the increase in the organic polymer network
crosslinkage.

Chemical stability

The hybrid membranes contain acrylate groups
which will be sensitive to basic conditions. To probe
this, the IEC values of the membranes in OH™~ form
were measured for evaluation of the chemical stabil-

WR(%)

A B c D E F
Serial number of hybrid membranes

Figure 5 Water uptake (Wg) and ion-exchange capacity
(IEC) (C1” form) for hybrid membranes A-F.
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Figure 6 The change of the measured ion exchange
capacity (IEC) (OH™ form) of the hybrid membrane D
with the immersion time in 0.2 mol dm > NaOH solution.

ity of the membranes with time when immersed in
NaOH (0.2 mol dm3).

Firstly, membrane D was immersed in NaOH so-
lution (0.2 mol dm™3) for different period of time.
The IEC values in OH™ form obtained are shown in
Figure 6. On increasing immersion times in NaOH,
the IEC value instantly increases, then decreases.
The highest TEC value (0.48 mmol g™ ') is at the
immersion time of 12 h. Initially, the anion (I") of
the hybrid membranes will be gradually transformed
to OH™ groups. However, as the immersion contin-
ues, the hybrid membrane degrades since the acry-
late groups are hydrolyzed in the basic solution.

On the basis of the results above, the other mem-
branes were immersed in 0.2 mol dm 2 NaOH for
12 h for similar measurements (Fig. 7). The IEC val-
ues for the OH™ forms are lower than for the Cl™
forms for all membranes. Therefore, degradation of

1.6 FZZ1 IEC (CI form) [

[ IEC (OH form) [/
1.4 e |EC loss ratio |

C (mmaolig)

u

Serial number of hybrid membranes

Figure 7 Ion exchange capacity (IEC) in CI° or OH™
form and IEC loss ratio for hybrid membranes A-F (For
the IEC in OH™ form measurement, immersion time of the
membranes in 0.2 mol dm > NaOH was all fixed at 12 h).
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the membranes has taken place during the 12 h
immersion in aqueous NaOH solution. The IEC loss
ratio, defined below, can be used as an estimate of
the chemical stability of the membranes under basic
conditions:

IEC loss ratio = [IEC(CI™ form) — IEC(OH™ form)]/
IEC(CI" form)

The IEC loss ratio decreases when the TEOS con-
tent increases (from membrane A to B-see Fig. 7).
When the GMA content increases from membranes
C to D or membranes E to F, the IEC loss ratio also
decreases. When the TESPA(+) content increases
from membranes B, to E, C or from membranes F to
D, the IEC loss ratio generally increases. Therefore, it
was concluded that an increase in TEOS or GMA
content increases the chemical stability of the mem-
branes (due to the strengthening of the inorganic
silica or organic polymeric network). On the other
hand, when the TESPA(+) content increases, the
chemical stability decreases, partly due to the
increase of the membrane hydrophilicity as dis-
cussed earlier.

Membrane potential E,, and static transport
number (t_)

E, and t_ values of the hybrid membranes were
measured and the results presented in Figure 8. The
static transport number t_ of the anion (Cl7) in
the membranes are calculated from E,,. Membrane
potential were in the range of 14.8-18.8 mV and the
t_ values were in the range of 0.92-1.03 (Some ex-
perimental errors for the E,, and t_ determination
are shown in Figure 8, and therefore t_ in some case
is greater than 1), indicating these membranes are
positively charged and show excellent permselectiv-
ity to anions. Hence, the membranes can be used in
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Figure 8 Membrane potential (E,,) and static transport
number of the anion (C17) (t_) for hybrid membranes A-F.
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electrochemical separation processes. Among the
hybrid membranes, membrane D shows relatively
lower t_ value, though its IEC value is relatively
high. The source of this is not currently known.

CONCLUSIONS

Free-standing positively charged organic-inorganic
hybrid membranes were prepared through sol-gel
and UV-/thermally- curing processes of different
precursors: y-methacryloxypropyltrimethoxysilane (-
MPS), vy-glycidoxypropyltrimethoxysilane (GPTMS),
alkylated triethoxysilylpropylamine (TESPA (+)), tet-
raethoxysilane (TEOS), and GMA.

By varying the molar ratio of the different precur-
sors, hydrophilicity, thermal and chemical stability,
and the electronic properties of the hybrid mem-
branes can be changed. Increases in TEOS content
increase water uptakes and chemical stabilities but
decrease the ion-exchange capacities. The addition of
GMA in the system decreases the hydrophilicity and
IEC, but increases the chemical stability by strength-
ening of the organic polymeric network.

The chemical stability of the hybrid membranes
forwards alkali show that all the membranes are sen-
sitive to the basic conditions, largely because of the
easily hydrolyzable acrylate groups. Other sol-gel
precursors which contain styrene rather than acry-
late groups are being explored to prepare related
hybrid anion-exchange membranes and will be
reported in due course.
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