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ABSTRACT: Three types of novel hybrid zwitterionic
membranes were prepared via a coupling reaction between
two silane-coupling agents in a nonaqueous system and a
subsequent reaction with 1,4-butyrolactone to create ion
pairs in the hybrid precursors. FTIR spectra corroborated the
corresponding reactions. The synthesized membranes were
characterized by thermal analyses, ion-exchange capacities,
streaming potentials, and pure water flux. Thermal analyses
exhibited that the degradation temperature of the hybrid
precursors decreased with an increase in zwitterionic extent
because of the introduction of ion pairs. Ion-exchange
capacity measurements revealed that the anion—exchange
capacities and cation-exchange capac1t1es were in the range
of 0.023-0.05 and 0.32-0.58 mmol g, respectively. Stream-

ing potentials displayed that when the membranes coated
for one or three times, the isoelectric points were in the pH
range of 6.6-7.58 and 6.58-7.7, respectively. The pure water
flux showed that it could be affected by the coating times
and the ingredients of these zwitterionic membranes. This
difference in membrane’s characteristics can be ascribed to
the effect of molecular structure of the hybrid precursors.
Both the Coulombic interactions of ion pairs between the
polymer chains and the hydrophilicity of these membranes
were proposed to clarify the above phenomena. © 2007 Wiley
Periodicals, Inc. ] Appl Polym Sci 105: 3162-3170, 2007
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INTRODUCTION

With the rapid development of modern industries,
environmental contamination has become increas-
ingly severe in that numerous industrial wastes have
ruthlessly polluted the natural environment, which
was very suitable for the habitation of human being in
the past. Meanwhile, the public attention for environ-
mental protection is rapidly escalating, thus the treat-
ment of industrial wastewater and the recovery of
chemicals that will be wasted are becoming extremely
important. With the drive to treat such environmen-
tally harmful substances, innovative technologies to
meet this demand have attracted many researchers.
One of the promising technologies is the one based on
ion-exchange membranes because it has such advan-
tages as lower operation expense, secure process, and
mature technology support.'” The researches for such
membrane technology therefore are significantly im-
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portant. In view of its significance, a great multitude
of researchers thus have focused on this field since
many years.”*

At present, various approaches have been proposed
and developed to create inorganic-organic hybrid
materials or membranes.”” Among them, the sol-gel
process has become one of the most effective methods
in that it provides a convenient, versatile, and low
temperature-demanding route, and potential mixing
of organic and inorganic components at the molecular
level to produce hybrid systems, etc.®® Meanwhile,
inorganic-organic hybrid charged materials or mem-
branes, derived from such a sol-gel process, are
becoming increasingly attractive because of the fol-
lowing reasons: the sol-gel route affords great sim-
plicity®”; at the same time, the products prepared
from such technique demonstrate advantageous prop-
erties, such as the structural flexibility, thermal and
mechanical stability, etc.'"*'® In particular, hybrid
zwitterionic materials or membranes have been given
especial attentions owing to their multifunctional
group characteristics, and they expect to be applied in
the separation of inorganic salts from water-soluble
organic substances."! Up to now, many efforts have
been made to explore hybrid zwitterionic materials.'*'*
The investigation of hybrid zwitterionic membranes
derived from such materials, however, is unsatisfactorily
conducted so far.
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TABLE I
Composition of Coating Solutions in the Alkoxide Solution System for the Hybrid
Zwitterionic Membranes (Molar Ratio)

Membrane  TMSPEDA  APTMS PAMTMS TEOS  n-BuOH  1,4-Butyrolactone
A 0.1 — — 0.1 0.4 0.5
B — 0.1 — 0.1 0.4 0.5
C — — 0.1 0.1 0.4 0.5

Recently, in our laboratory, numerous efforts have
been taken to synthesize and characterize hybrid
charged membranes.'>'® With the motivation of devel-
oping novel ion-exchange membranes with antifouling
feature, chemical stability, higher mechanical strength,
and especially the higher permeability of electrolytes
for purification of organic species, ’ inorganic-organic
hybrid zwitterionic materials and membranes have
also been prepared and characterized in our labora-
tory.'® " These zwitterionic membranes and materials
have been synthesized successfully via a sol-gel pro-
cess, followed by zwitterionization to create ion pairs
on the polymer chains. Our continuing interest in such
membranes stimulates us to further this research. Con-
sequently, in this article, three types of novel hybrid
zwitterionic membranes were synthesized by a cou-
pling reaction between two silane-coupling agents and
a subsequent reaction with 1,4-butyrolactone (BL) to
produce ion pairs in the membrane precursors. Com-
pared with those reported previously,'®2° particular
attentions should be paid to the effect of molecular
structure of hybrid precursors on the performances of
these membranes.

EXPERIMENTAL
Materials

Phenylaminomethyl trimethoxysilane (PAMTMS)
(>95.0%), N-[3-(trimethoxysilyl)propyl] ethylene di-
amine (TMSPEDA) (>95.0%), 3-aminopropyl trime-
thoxysilane (APTMS) (>95.0%), and tetraethoxysilane
(TEOS) (>28.0%) were obtained from Silicone New
Material Co. of Wuhan University (China) and used
without further purification. 1,4-Butyrolactone (BL)
(>97.0%), n-butanol (n-BuOH), and other reagents
were of analytical grade; these chemicals were
obtained from Shanghai Chemical Reagent Co. (China)
and used as received. Microporous alumina plates
were obtained commercially from ZiBo Ceramic Insti-
tute of Shandong (China), and had a symmetrical
structure with 40-45% porosity, average pore diameter
of near 1 um, and total thickness of around 0.4 cm.

Preparation of the hybrid zwitterionic membranes

The membrane preparation procedure was as follows:
the microporous alumina plate was immersed into
different coating solutions whose chemical ingredients

were listed in Table I. After dip-coating for 15 min, the
alumina plate was air-dried at room temperature for
30 min, kept at 60-70°C for 1 h and heat-cured at 110°C
for additional 1 h, subsequently allowing it to cool
off to the room temperature prior to obtaining the
final membranes. This step might be repeated sev-
eral times for the same alumina plate to increase the
thickness of these investigated membranes.

To reduce the hydrolysis speed of the silicone, the
sol-gel reaction was conducted in an n-BuOH solu-
tion system. The possible reactions for the hybrid
zwitterionic membranes were presented in Scheme 1
and the structure unit of the membranes was de-
pendent on the corresponding molecular structure of
the used silane-coupling agents as listed in Table IL
For each silane-coupling agent, the reactions included
two steps: Step 1 was the hydrolysis and polyconden-
sation reaction between the TMSPEDA, APTMS, or
PAMTMS, respectively, and the TEOS, producing a
hybrid precursor; Step 2 was a crosslinking reaction
between the hybrid precursor and 1,4-butyrolactone.
In Step 2, BL opened the lactone ring and reacted with
the —NH,— and/or —NH— groups in the hybrid
precursor, leading to the creation of ion pairs grafted
on the two sides of the polymer chain due to its amine
structure.

Moreover, it should be noted that in the previous
articles,'” the hybrid zwitterionic membranes and
polymers were prepared by regulating the amount
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Scheme 1 Possible reactions for the synthesis of hybrid

zwitterionic membranes A—C were schematically illustrated
in reaction formula (a—c), respectively.
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TABLE II
Molecular Structure of the Silane-Coupling Agents Employed for the Preparation
of the Hybrid Zwitterionic Membranes

Silane coupling agents

Chemical structure

N-[3-(trimethoxysilyl)propyl]
ethylene diamine (TMSPEDA)

3-Aminopropyl trimethoxysilane
(APTMS)

Phenylaminomethyl trimethoxysilane
(PAMTMS)

Tetraethoxysilane (TEOS)

H,NCH,CH,NH(CH,);Si(OCHs);

H,NCH,CH,CH,Si(OCHs);

of BL in the reaction process; whereas in this experi-
ment, the hybrid zwitterionic membranes were syn-
thesized from different structure units of hybrid pre-
cursors. The preparation technique in this case will
be proved simpler and more practical than that used
in the earlier work,'®' this is because the selection
of molecular structure of the membrane precursors
is relatively easier than the quantity control of BL
during the membrane preparation. Thus, it will pro-
vide a possibility to develop a hybrid zwitterionic
membrane by properly selecting the chemical struc-
ture of the reagents.

Membrane characterizations

For determining the FTIR spectra of the samples from
each step, the coating solution was smeared on the
surface of NaCl salt plate, and then evaporated the n-
BuOH under an ultraviolet lamp to form a stable film
on the surface of such NaCl salt plate. The FTIR spec-
tra of these samples can thus be recorded using a
Bruker Equinox-55 FTIR spectrometer in the range of
4000400 cm " with a resolution of 0.5 cm ™.

To investigate the thermal stability of the mem-
branes and appropriately select the heat-curing tem-
perature during the membrane preparation, the ther-
mal behavior (TGA and DrTGA) of the xerogels was
determined by the thermogravimetric analysis (TGA-
50H, Shimadzu Japan) in a nitrogen flow using a
heating rate of 10°C min '. For the preparation of
these xerogels, the coating solutions were dried at
70°C in a vacuum oven for 48 h to remove the n-
BuOH, then allowing them to cool off to the room
temperature. As a consequence, the white powders
for the xerogels of the membranes A and B, respec-
tively, and the yellow powder for the xerogel of the
membrane C, could be obtained to qualify for the
thermal analyses.

The anion-exchange capacities (AIECs) of the pre-
pared hybrid zwitterionic membranes were deter-
mined by using the Mohr method, in which the mem-
branes were converted to Cl™ form with an aqueous
NaCl solution (0.1 mol dm>), and then back titrated
with an aqueous AgNO; solution (0.01 mol dm?),
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and the AIECs were expressed as mmol g~ ' of dry-
membrane.* The cation-exchange capacities (CIECs)
of the membranes were determined by using the
similar method, in which the membranes were con-
verted to Na* form with an aqueous NaOH solution
(0.1 mol dm ™), and subsequently back titrated with
an aqueous HCl solution (0.01 mol dm?)."*%

The measurement of streaming potentials (AE/AP)
and the determination of isoelectric point (IEP) fol-
lowed the same procedures as the earlier articles."*

Pure water flux (F) of the explored membranes
was conducted in a self-made dead-end membrane
module." The pressure difference used in this testing
was around 0-2.5 MPa, and the effective membrane
area was about 10.5 cm.? The total volume of water
across the membranes was collected at a given time
interval (1-10 min). To reduce the experimental
errors, the mean values of thrice tests were selected
as the final results. The uncertainties of water flux
were estimated to be *5%. The water flux could be
calculated as F = V/(AtAP), where V stood for the
total volume of the water permeated during the
experiment. A represented the membrane area; t
denoted the operation time; and AP was the pressure
difference across the membranes.

RESULTS AND DISCUSSION
FTIR spectra

To demonstrate the reactions described in Scheme
1(a)-(c) and investigate the bonding coupling behav-
iors of the prepared products, FTIR spectroscopy
was performed and the corresponding spectra were
shown in Figure 1(a)-1(f).

As can be seen from Figures 1(a) and 1(b), the
strong absorption peak at 1090 cm ™" was the overlap-
ping bonds of Si—O—Si asymmetric stretching and
S5i—O—C stretching bands from trimethoxysilane
groups of TMSPEDA and ethoxysilane of TEOS.*! The
distinct absorption peaks associated with —CHj or
—CH,— groups of n-BuOH and PAMTMS were
observed at about 3000 cm ~'. The peak located at near
3300 cm ! was ascribed to N—H bond, and the peak
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Figure 1 The FTIR spectra of: (a) the film of uncharged
product of TMSPEDA reacted with TEOS; (b) the film cor-
responding to the membrane A; (c) the film of uncharged
product of APTMS reacted with TEOS, (d) the film corre-
sponding to the membrane B; (e) the film of uncharged
product of PAMTMS reacted with TEOS, and (f) the film
corresponding to the membrane C.
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within the range of 1220-1500 cm ' could be assigned
to the C—N bond in the samples.'”*** After compar-
ing Figure 1(b) with Figure 1(a), it can be found that
the new peaks at 1550 and 1650 cm ™' were from the
asymmetric stretching vibration of COO~,'*** and the
peak situated at 1735 cm ™' should be attributed to
the C=O0 vibration, these changes in absorption peaks
clearly confirmed the reactions described in Scheme
1(a), i.e., the occurrence of lactone-ring opening of BL
and the formation of the zwitterionic polymer. In Fig-
ures 1(c) and 1(d), the FTIR spectra were similar in
appearance except a little decrease in the intensity of
concerned peaks to those observed in Figures 1(a) and
1(b), which confirmed the reactions illustrated in
Scheme 1(b). In Figures 1(e) and 1(f), it should be noted
that the sharp peak at 1604 cm ' was attributed to the
phenyl group in the samples,” and the other peaks
were analogous to those observed in Figures 1(a)-1(d).
The vibration of C=0 group located at 1735 cm ™' [as
depicted in Fig. 1(f)] corroborated the reactions pre-
sented in Scheme 1(c). In addition, it can also be found
that within the range of 1780-1760 cm ™!, no obvious
evidence of the peak associated with the C=O vibra-
tion of lactone ring in BL was presented in the FTIR
spectra of Figure 1(a)-1(f), implying the completion of
the lactone-ring opening reaction of BL as presented in
Scheme 1(a)-1(c), respectively.

Moreover, it should be emphasized that, after com-
paring the peak intensity of C=0O groups associated
with the carboxylic groups located at near 1735 cm ™"
in Figures 1(b), 1(d), and 1(f), respectively, it can be
found that these peaks’ intensities follow the order: B
> A > C. Such order suggested that the membrane B
had the highest carboxylic groups content among
membranes A-C, that is, the membrane B had the
largest zwitterionic extent; whereas the membrane A,
which possessed more active hydrogen than that of
the membrane B, had a relatively lower one. This
order was also proved by the IEC and streaming
potential measurements (as shown in Figs. 4 and 5,
hereinafter). These findings were beyond our expecta-
tion that the hybrid precursor containing more active
hydrogen atoms in —NH,— and —NH— groups will
graft more ion pairs on the chains of such zwitterionic
polymers. It is hard to elucidate this phenomenon
extensively within the authors’ present knowledge;
however, several ideas might be useful for explaining
this unusual behavior.

Taking the membrane A into account, the chief
reason why it does not exhibit the maximal content
of ion pairs according to its molecular structure as
presented in Scheme 1(a), is possibly related to both
the reaction activity of —NH,— and —NH— groups
in its hybrid precursor and the steric hindrance of
the ion pairs grafted on the polymer chains. Namely,
the primary amine is more active than the secondary
one, while the steric hindrance derived from one ion

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 TGA curves of (a—c) for the hybrid precursor of
the membranes A-C, respectively.

pair will inhibit another one’s grafting, especially
onto the neighboring nitrogen atom. In addition, the
length of molecular chain will also conduce to this
trend. It is well accepted that short chain of a poly-
mer will favor the proceeding of the reaction
between two molecules. Since the polymer chain of
the hybrid precursor in the membrane B is shorter
than that of in the membrane A, the reaction
between the primary amine of the hybrid precursor
in the membrane B with BL is perhaps easier than
that of in the membrane A; the number of ion pairs
in the membrane B is thus higher than that in the
membrane A because of the combined effects of both
the reaction activity of the amine groups and the
steric hindrance of the ion pairs on the pendent side
chains. Consequently, the peak intensity of C=O
group at 1735 cm ™! in the membrane B is stronger
than that in the membrane A as observed in Figures
1(a) and 1(b).

Furthermore, as concerns the molecular structure of
the membrane precursors presented in Scheme 1(b)
and 1(c), membranes B and C seem to have the same
zwitterionic extent, but the above observation reveals
that the amount of carboxylic groups in the membrane
C is much lower than that in the membrane B; the
cause might be due to the steric hindrance of phenyl
group linked on the —NH— group in the hybrid pre-
cursor, which prevents the ion pairs from being
grafted on such a —NH— group, leading to the lower
content of ion pairs created in the polymer chain.

Thermal analysis

Understanding the degradation behavior and ther-
mal stability of the organic groups are of vital im-
portance in membrane preparation, thus both TGA
and DrTGA analyses were conducted in a N, flow.
The corresponding testing curves were illustrated in
Figures 2 and 3.

Journal of Applied Polymer Science DOI 10.1002/app
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It is interesting to find that, for different mem-
branes A-C, the TGA curves (Fig. 2) clearly demon-
strated different change trends in mass loss; mean-
while, corresponding to these mass loss stages,
several endothermic peaks (mass loss peak) were
exhibited in DrTGA curves (see Fig. 3). Moreover, it
can be noted that, for the membrane A, three steps of
mass loss are obvious. A sharp mass loss (~ 24 wt %)
lower than 270°C was primarily caused by the
evaporation and elimination of the solvent in the xe-
rogel. A quick mass loss (~ 22 wt %) in the tempera-
ture range from 270 to 460°C could be ascribed to
the decomposition of organic groups and the forma-
tion of silica. The steady mass loss (ca. 10 wt %)
above 460°C was possibly due to the crystallization
of silica. Regarding the membrane B, three steps of
mass loss were discovered. A quick mass loss (ca.
32 wt %) below 280°C was the evaporation of sol-
vent in the xerogel. The gradual mass loss (ca. 21 wt
%) from 280 to 440°C was chiefly caused by the
decomposition of organic groups and the formation
of silica. The steady mass loss (ca. 9 wt %) above
440°C was probably due to the crystallization of
silica. However, unlike those detected in the TGA
curves of the membranes A and B, only a one-step
mass loss was observed in that of the membrane C.
The mass loss (ca. 45 wt %) less than 325°C was
largely brought by the evaporation and elimination
of solvent in the xerogel as well as the gradually
degraded phenyl groups in the sample. The slight
mass loss (ca. 8 wt %) above 325°C could be as-
signed to the crystallization of silica.

Figure 3 is the DrITGA curves of membranes A-C.
As presented in Figures 3(a)-3(c), there existed dif-
ferent endothermic peaks in the DrTGA curves, which
indicated different thermal degradation behaviors as
revealed in TGA curves (cf. Fig. 2). In addition, the
temperature of the first mass loss peak, which repre-
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Figure 3 DrTGA curves of (a—c) for the prepared
membranes A-C, respectively.
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sented the beginning of the thermal decomposition,
was 325, 204, and 170°C for membranes C, A, and B,
respectively, implying a decline trend in the thermal
degradation temperature with an increase in the
zwitterionic extent of the synthesized membranes.
Such result was consistent with the observations in
FTIR spectra as shown in Figure 1. The above phe-
nomena in thermal behaviors clearly showed the
effect of molecular structure of hybrid precursors on
the membrane’s features.

Furthermore, to have an insight into such trend,
special attention should be given to the significant dif-
ference in the zwitterionic extent of the investigated
membranes. It is well known that the higher the or-
ganic composition in a substance, the lower its thermal
degradation temperature will be. Since the organic
ingredients in the membranes enhanced with the
increasing content of ion pairs grafted on the polymer
chains, the degradation temperature of this hybrid
precursor should decrease accordingly. Consequently,
the degradation temperature of the membrane B lower
than that of membrane A was mainly due to its higher
ion pair content as mentioned in FTIR spectra. As for
the abnormal phenomenon observed in the membrane
C, its higher degradation temperature was primarily
assigned to the existence of phenyl groups in the
hybrid precursor, which was apparently hard to be
decomposed among the organic groups.

Determination of ion-exchange capacity

To further verify the reactions described in Scheme 1
and probe the electrical properties of the tested mem-
branes, the ion-exchange capacities (IECs) for both
anionic and cationic groups were determined and
the measured results were illustrated in Figures 4(a)
and 4(b).

It can be noted that the anion exchange capacities
(AIECs) of the three types of hybrid zwitterionic mem-
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branes were in the range of 0.023-0.05 mmol g *,
suggesting that the membranes possessed anion
exchange groups. Meanwhile, the cation exchange
capacities (CIECs) of these membranes were in the
range of 0.32-0.58 mmol g, implying that they also
contained cation exchange groups. These outcomes
demonstrate that the above-developed membranes
can exhibit the features of both positively and nega-
tively charged groups, which further corroborates
the reaction depicted in Scheme 1, i.e., the lactone-
ring opening of BL and the zwitterionic reaction
have occurred during the membrane preparation.

Moreover, it can be found in Figures 4(a) and 4(b)
that both the AIECs and CIECs were affected greatly
by the composition of the hybrid precursors and the
coating times. For example, for the same ingredients
of the membranes A-C, both the AIECs and CIECs
enhanced with an increase in coating times. The the-
oretical explanation of these trends is that both the
positively and negatively charged groups increase
with the rising coating times due to an increase in
the deposited materials on the membrane surface,
resulting in the promotion of ion-exchange ability.
Whereas for the same coating times of the mem-
branes originated from different hybrid precursors,
both the AIECs and CIECs displayed the same
change trends: the membrane B had the highest IECs
among them. These results in the IECs also follow
the order of zwitterionic extent as observed in FTIR
spectra (cf. Fig. 1). This tendency can be ascribed to
the distinction in the zwitterionic extent of the inves-
tigated membranes. In general, IEC is the reflection
of ion-exchange ability of a membrane, which is pri-
marily related to the quantity of anions or cations in
the membrane. In this case, the membrane B has the
highest content of carboxylic groups among mem-
branes A-C, whereas the membrane C has the low-
est one; therefore the IECs follow the same order as
above.
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Figure 4 The influence of coating times on both the AIECs (a) and CIECs (b) of the membranes.
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Furthermore, it should be pointed out that in view
of the structure of the produced membranes [Scheme
1(a)-1(c)], the molar number of anionic groups is
about 2-3 times larger than that of cationic groups.
However, from the experimental data of IECs, the
CIECs of the membranes are nearly 10 times higher
than the AIECs (Figs. 4(a) and 4(b). Several major
factors might be responsible for this tendency. One
is associated with the residual BL in the membranes,
which can be easily transferred to butyric acid (BA)
and favors the increase in the CIECs during the
membrane preparation, resulting in a great differ-
ence between the IECs of cationic and anionic
groups as discussed in a previous article.** Another
can be assigned to the molecular structure of the
hybrid precursors. On the one hand, the negatively
charged groups are located on the pendent side
chains or situated on the chain terminals of the poly-
mer backbones [Scheme 1(a)-1(c)], which possibly
tend to contribute positively to the ion-exchange
capacity. On the other hand, the positively charged
groups are positioned on the main chains of the
polymers [cf. Scheme 1(a)-1(c)], and it is difficult for
them to conduct ion exchange because of both the
steric hindrance and the charge-charge repulsion of
the quaternary ammonium groups.” In addition, the
IEC difference might also be caused by either the
low positive charge density on the membrane matrix
or low extent of dissociation of anion-exchange func-
tional groups under the measuring conditions. As a
result, they also give rise to some contributions to
the great difference between the CIECs and AIECs.

Streaming potentials and IEP

It is reported that the membrane containing both
positively and negatively charged groups has an
IEP.* In this case, the prepared hybrid zwitterionic

4 6 8 10 12
a) pH
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membranes also possessed ion pairs as depicted in
Scheme 1, therefore, it is supposed to exist an IEP in
these membranes and this IEP could be determined
by the measurement of streaming potentials.”® The
streaming potentials were thus measured and the
results were shown in Figures 5(a) and 5(b).

It can be seen that the streaming potentials of the
explored membranes were affected by both the coat-
ing times and the chemical structure of the hybrid
precursors. As observed in Figures 5(a) and 5(b), no
matter whether the membranes were coated one or
three times, the IEPs exhibited an upward trend
with the increasing content of ion pairs in the mem-
branes. These IEPs were in the pH range of 6.6-7.58
for the membranes coated one time (pH 6.6, 7.3, and
7.58 for the membranes C, A, and B, respectively),
and pH 6.58-7.7 for the membranes coated thrice
(pH 6.58, 7.56, and 7.7 for the membranes C, A, and
B, respectively), indicating an increasing trend with
the growing zwitterionic extent. In addition, taking
these IEPs into consideration, it can be discovered
that there existed a good agreement among them if
neglecting the experimental errors.

Moreover, although the above IEPs displayed a
similar rising tendency, the streaming potentials
against pH values presented different change trends.
For instance, when the membranes A-C were coated
one time, the streaming potentials against pH values
exhibited an upward trend, i.e., they increased from
negative to positive values as pH increases [see Fig.
5(a)]. Whereas, when these membranes were coated
thrice, the streaming potentials vs. pH values
changed from positive to negative values with pH
elevating [cf. Fig. 5(b)]. These distinctions in stream-
ing potentials clearly reveal the influence of coating
times and the molecular structure of the hybrid pre-
cursors on the performances of the investigated
membranes.
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Figure 5 Streaming potentials of the prepared membranes coated: (a) one time, (b) thrice. A-C correspond to the membranes

listed in Table I.
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To give an explanation to the above phenomena,
special attentions should be paid to the surface
charge of these membranes and the possible adsorp-
tion behavior of the ions, which changed with the
pH value of the external solution as discussed ear-
lier.'”” If the membranes were coated one time [cf.
Fig. 5(a)], the amount of both anionic and cationic
charge sites was relatively small and the mobile ions
in the external solution might form a single ionic
adsorption layer on the membrane surface. Accord-
ingly, the membranes displayed positive charge
properties when the pH value was lower than the
IEP (in the acidic condition) in that the carboxylic
groups were protonated,” and they displayed nega-
tive charge properties when the pH value was
higher than the IEP (in the basic condition)."”” How-
ever, when the membranes were coated thrice [see
Fig. 5(b)], the quantity of the anionic charge sites
was higher than that of the cationic ones because of
an increase in carboxyl groups in the membrane pre-
cursors (see Scheme 1), thus the electrolyte solution
might easily produce multi-ionic adsorption layers
on membrane surface, while the acidity of amine
groups was quite weaker than that of the carboxylic
groups in these membranes. As a result, the proper-
ties of cationic groups were weaker than those of
anionic groups in the prepared membranes. Conse-
quently, the streaming potentials against pH values
indicate different change trends.

Measurements of pure water flux

To examine the effect of the hybrid precursors on
the performances of these prepared membranes A-
C, pure water flux was conducted and the results
were summarized in Table IIL

It is quite interesting to find that both the mem-
brane ingredients and the coating times can highly
affect the pure water flux of the membranes. For
example, for the same composition of the mem-
branes, pure water flux decreased considerably with
an increase in coating times. The main reason of this
tendency might be related to an increase in mem-
brane thickness with the increasing coating times,
which resulted in the shrinkage of the membrane
pore size.'”?® However, for the same coating time of

TABLE III
Pure Water Flux [1 (m? Pa h) '] of the Membranes
A-C Coated for Different Times

Membrane A Membrane B Membrane C

Coating times (107 (1079 (1074
Without coating 650 728 685.5
1 501.2 9.6 120
2 410.6 5.74 75.7
3 335 3.81 46.9
4 216.8 1.53 31.1
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the membranes with different ingredients (Table I),
water flux displayed diverse change trends, which
was dependent on the content of ion pairs in the
membranes, i.e., pure water flux decreased with the
order of membranes A > C > B. This trend can be
explained theoretically by the Coulombic interactions
between ion pairs and the difference between molec-
ular structures of the hybrid precursors (see Table
II). After the introduction of ion pairs onto the main
chains of the hybrid precursors, the impact of Cou-
lombic attractions between anionic and cationic
groups® will increase with the increasing zwitter-
ionic extent, the tightness of the membranes thus
increases,*®*” leading to the shrinkage of membrane
pore size and the subsequent fall in water flux. For
instance, as stated in FTIR spectra (Fig. 1, hereinbe-
fore), the number of ion pairs in the prepared mem-
branes A-C followed the order: B > A > C, i.e., the
membrane B had the largest zwitterionic extent
among these membranes. Its water flux as observed
in Table III, however, presented the minimum among
them, indicating a completely different change trend
between the water flux and zwitterionic extent.
Therefore, it can be deduced from the above experi-
ence that the drop in water flux could be ascribed to
the combined effects of the Coulombic interactions
between ion pairs and the shrinkage of membrane
pore size.

Moreover, it should be noted that according to the
Coulombic attractions between ion pairs, the water
flux of the membrane A should be lower than that of
membrane C, but the actual trend in water flux is
apparently opposite to this deduction. It is difficult to
explain this phenomenon extensively; however, the
hydrophilicity of the membranes might be responsi-
ble for this abnormal behavior. As mentioned above,
the number of carboxylic groups in the membrane A
was higher than that of the membrane C. These car-
boxylic groups are capable of increasing the hydro-
philicity of the hybrid zwitterionic membranes in that
they conduce to the penetration of water molecules;
meanwhile the hydrophilicity enhances with the
increasing content of the carboxylic groups in the
membranes as reported previously,19'20'25 the water
flux thus increase accordingly. What’s more, the phe-
nyl group in the membrane C is a hydrophobic
group, which will result in a decrease in the hydro-
philicity of such membrane. The water flux across the
membrane C is, therefore, lower than that of the
membrane A. Consequently, it can be concluded that
hydrophilicity is one of the major impact factors on
the water flux of the tested membranes.

CONCLUSIONS

A series of novel hybrid zwitterionic membranes
have been synthesized through a coupling reaction

Journal of Applied Polymer Science DOI 10.1002/app



3170

between two silane-coupling agents in the alcohol
solution system, and a subsequent reaction with BL
to produce ion pairs in the membrane precursors.
The degradation temperature of these hybrid precur-
sors decreased with an increase in the zwitterionic
extent. This declining trend in thermal degradation
temperature could be ascribed to the introduction of
ion pairs to the polymer chains. The IECs demon-
strated that the AIECs of the membranes were in the
range of 0.023-0.05 mmol g '; and the CIECs ranged
from 0.32 to 0.58 mmol g ', which was also related
to the zwitterionic extent of the produced hybrid
precursors. Streaming potentials revealed that when
the membranes were coated for one or three times,
the IEPs were in the pH range of 6.6-7.58 and 6.58—
7.7, respectively, and these IEPs enhanced with the
increasing zwitterionic extent. The pure water flux
showed that it could be affected by the coating times
and the compositions of the prepared membranes.
Both the Coulombic interactions between charged
groups and the membrane’s hydrophilicity were put
forward to explain the above change trends in the
membrane’s properties. These findings suggested
that the molecular structure of the hybrid precursors
could dominate the performances of these investi-
gated membranes.
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