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ABSTRACT: To develop ion-exchange membranes for
application in severe conditions, such as those with high
temperatures, strongly oxidizing environments, or or-
ganic solvents, new hollow-fiber anion-exchange hybrid
membranes were prepared by the immersion of bromi-
nated poly(2,6-dimethyl-1,4-phenylene oxide) base hol-
low fibers in a tetraethoxysilane-ethanol solution
followed by sol-gel and quaternary amination. Com-
pared to conventional polymeric charged membranes,
the prepared hybrid membranes were higher in both
thermal and dimensional stabilities. The results suggest
that tetraethoxysilane concentration was an important

factor affecting the membrane’s intrinsic properties.
When the tetraethoxysilane concentration was in the
range 15-45%, the final hollow-fiber anion-exchange
hybrid membranes had an ion-exchange capacity of 1.9-
2.0 mmol/g, a water uptake of.83-1.23 g of water/g of
dry weight, and a dimensional change ratio of 13-18%.
An evaluation on the membranes’ separation performan-
ces is underway. © 2008 Wiley Periodicals, Inc. ] Appl Polym
Sci 111: 3128-3136, 2009
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INTRODUCTION

An ion-exchange membrane is generally defined as
an ion-exchange resin in membrane shape. This defi-
nition leads to a classification analogous to that of
ion-exchange resins. For example, traditional ion-
exchange membranes are classified as anion-
exchange and cation-exchange membranes according
to the type of ionic groups attached to the mem-
brane matrix. Cation-exchange membranes contain
negatively charged groups, such as =503, —COO™,
—PO%~, —PO;H ", and —C¢H,O~, which are fixed to
the membrane backbone and allow the passage of
cations but reject anions. On the contrary, anion-
exchange membranes contain positively charged
groups, such as —NHJ, —NRH;, —NR,H", —NR{,
—PR3+ , and —SR; , which are fixed to the membrane
backbone and allow the passage of anions but reject
cations."” Unique in ionic selectivity, anion-exchange
and cation-exchange membranes can be used together
under an electric gradient (termed electrodialysis) or
alone under a concentration gradient (termed diffusion
dialysis) in many fields, such as the desalination of sea
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water and brackish water, treatment of industrial efflu-
ents, concentration or separation of food and pharma-
ceutical products containing ionic species, and recovery
of acids or bases from waste effluents.”® The technol-
ogy based on ion-exchange membranes can not only
make the process cleaner and more energy-efficient but
also recover resources from waste discharges and thus
make development in society sustainable.

In most cases, ion-exchange membranes have to
be applied under severe conditions, such as those
with high temperatures, a strongly oxidizing envi-
ronment, or organic solvents; however, the available
organic ion-exchange membranes cannot function
well under these conditions. Recently, organic—inor-
ganic hybrid materials have attracted great attention
because they can add the advantages of inorganic
materials to those of organic materials.”'! As for
their preparation, three methods can be used: (1)
charged precursors (including organically modified
alkoxysilanes or alkoxysilane functionalized poly-
mers/oligomers) are used for sol-gel processes, (2)
organically modified alkoxysilanes or alkoxysilane-
functionalized polymers/oligomers are used for sol-
gel processes and subsequent quaternary amination
or sulfonation (note that the precursor must contain
a moiety that can be transformed into ionic groups
in the subsequent chemical reaction), and (3) a single
precursor or a mixture of precursors are used for
sol-gel processes in the presence of charged organic
polymers.'? With these methods, some anion- and
cation-exchange hybrid membranes were prepared
in our laboratory. For example, cation-exchange
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hybrid membranes were prepared through sol-gel
processes with negatively charged alkoxysilane-func-
tionalized poly(ethylene oxide) as the sol-gel precur-
sor.”* Also, we prepared a series of anion-exchange
hybrid membranes or materials from positively
charged poly(methyl acrylate)-S5iO, nanocompo-
sites;'* end-capped poly(ethylene oxide) 400 with
the silane containing secondary amine and trialkoxy-
silane groups;'® positively charged brominated
poly(2,6-dimethyl-1,4-phenylene oxide) (BPPO) and
aminopropyl-trimethoxysilane; and trimethylamine
(TMA).'® According to a search with Web of Science
(http:/ /portal.isiknowledge.com), the hybrid mem-
branes reported were all flat-plate membranes; how-
ever, in some cases, especially in acid or/and base
recovery with diffusion dialysis, hollow-fiber mod-
ules constructed from hollow-fiber ionic membranes
have more advantages, such as maximum mass
transfer area per unit volume of the module, the
lowest cost, and the lowest weight because of the
elimination of clamping plates, spacers, and gas-
kets."” In our previous study, we developed hollow-
fiber anion-exchange membranes for this purpose by
spinning a BPPO-1-methyl-2-pyrrolidone (NMP) so-
lution and then aminating the fibers.'” However, the
prepared hollow-fiber anion-exchange membranes
did not have desirable thermal and dimensional
stabilities. Therefore, in this study, we focused on
preparing novel hollow-fiber anion-exchange hybrid
membranes by treating BPPO base fibers with tetra-
ethoxysilane (TEOS) and then performing sol-gel
and quaternary amination. The characterizations and
properties of the obtained hollow-hybrid mem-
branes, such as the thermal stability, ion-exchange
capacity (IEC), water uptake, and dimensional stabil-
ity, are fully discussed.

EXPERIMENTAL
Materials

The BPPO polymers were kindly supplied by Tian-
wei Membrane Corp., Ltd. (Shandong, China). In
this research, two kinds of BPPOs were used. Theo-
retically, they had 90% benzyl substitution and 10%
aryl substitution (D9010) and 90% benzyl substitu-
tion and 20% aryl substitution (D9020), respectively.
TMA was a saturated aqueous solution. Other chem-
icals, such as ethanol, NMP, and TEOS, were analyt-
ical grade, and all of them were purchased from a
domestic chemical-reagent company. Deionized
water was used throughout.

Preparation of the base hollow fibers

Base hollow fibers were prepared in an industrial
spinning line that contained dissolution, filtration,
spinning, coagulation, and take-up units. The line
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Figure 1 Schematic of the base hollow-fiber spinning sys-
tem: (1) air compressor, (2) controllable tank, (3) stirrers,
(4) dissolution kettle (left) and filtration kettle (right), (5)
15-pm filter, (6) spinneret, (7) syringe pumps (left for bore
fluid and right for the polymer solution), (8) bore fluid
tank, (9) coagulation bath, and (10) take-up unit and col-
lection bath. Reprinted with permission from ref. 17.
Copyright 2008 American Chemical Society.

was schematically shown in our previous article’”
and is reproduced here (Fig. 1). We prepared the
dope by dissolving a mixture of BPPO 9010 and
BPPO 9020 (0.42 : 0.38 w/w) in NMP (polymer con-
centration =~ 34.3 wt %); this was then fed into the
tanks by an air compressor and filtered by a 15-um
filter (metallic net). After it was degassed in the tank
for more than 24 h, the dope was driven by high
pressure through a 1.5-mm spinneret. Tap water
was used as the bore fluid, and its flow rate was
controlled by a syringe pump. The spinning process
was conducted at room temperature (28-30°C). The
liquid fiber dropped under gravity into the coagula-
tion bath (tap water). The liquid fiber was solidified
simultaneously by the external coagulation bath and
internal bore fluid, which formed the internal and
external surfaces, respectively. The solidified fibers
were collected with a take-up reel. The hollow fibers
were then stored in water for 3 days, with the water
replaced every 0.5 days, and dried in air for subse-
quent treatment. Notably, during phase inversion,
the pore structure of the hollow fiber was affected
by the composition of the dope and the coagulation
bath, temperature, and humidity. This was discussed
in our previous article,'”” and the optimum condi-
tions (Table I) were adopted for this research. In this
sense, the base hollow fibers prepared had the same
microstructure as before.

Preparation of the hollow-fiber anion-exchange
hybrid membranes

The hollow-fiber hybrid membranes were prepared
through a sol-gel process with TEOS and subse-
quent quaternary amination with TMA. Initially, the
BPPO hollow fiber with an initial length of L, (75
mm) and an initial weight of W; was immersed in a
TEOS-C,Hs0OH solution at room temperature. The
volumetric ratios of TEOS to ethanol were set at 0, 5,

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Preparation of the BPPO Base Hollow Fibers

Dope solution

Bore fluid

External coagulant

Distance from the spinneret to the coagulation bath (mm)
Spinning temperature (°C)

Size of the spinneret (mm)

Bore fluid flow rate (mL/min)

Frequency controlling the dope flow rate (Hz)

Frequency controlling the take-up unit (Hz)

Solvent exchange

Drying

34.3 wt % BPPO mixture in NMP with a
BPPO9010/BPPO9020 weight ratio of 1.1 : 1

Tap water

Tap water

500

28-30

15

0.2-0.3

25.8

124

3 days in tap water with water replaced every half-day

Ambient temperature

10, 15, 25, 35, and 45% and so on. The product in
this step was denoted as BPPO-TEOS. After 12 h,
0.01 mol/L HCl was added, and its volume was
controlled to ensure that the molar ratio of Si/H,O
was 1 : 6. After 3 h, the fibers, denoted as BPPO-
Si0O,, were taken out, washed, and dried at 70°C for
2 h and then at 90°C for a further 2 h. The length
(Lp) and weight (W,) were determined. Then, these
hollow fibers were quaternary aminated with a 1.0M
TMA aqueous solution for 24 h at room tempera-
ture. Then, the aminated hollow fibers, denoted as
BPPO-SiO,(+), were washed with deionized water
repeatedly to remove the residual alkali. The lengths
and weights of the wet fibers in this step were
recorded as Lz and W;, and the corresponding dry

weights were recorded as W, The reactions are
schematically shown in Figure 2.

Instrumentation

Fourier transform infrared (FTIR) spectra were
recorded with an FTIR spectrometer (Vector 22,
Bruker, Ettlingen, Germany) at a resolution of 2
cm ™! and a spectral range of 4000-400 cm . In the
test, we used the BPPO in the form of a membrane
by casting its chloroform solution, whereas the other
samples [BPPO-TEOS, BPPO-SiO,, and BPPO-
SiOy(+)] were powdered and mixed with KBr. The
thermal behavior was analyzed with a Shimadzu
TGA-50H analyzer (Kyoto, Japan) under a nitrogen

CH CH.Br
BrCH, P BrCH, ocHy
, 2 CoH40 — Si- OCHs
TEOS OCHs (1) HCI/H0
—_—
—_—
CReRan OCsH (2) 70-90°C
]
BrCH CH4Br BriHzy] 2 CHO — Sli -0CHs | ,CHEr
OCHs
BPPO BPPO-TEOS
N(CH3)
C ¥ CHz-N{CHyl3
BrCH; s HaBr fCHs}sgr-CH; 3 | B
= [}
: Si_0_Si_o
R=El= N(CHy)3 T
0 [s} —_— ? cI)
| 1 s
Si-0—Si—0 . Si-0-Si-0 .
BrcHx| OH | CHaBr (CHpN-CH O | CrN(CHa
BPPO-SIO4(+
BPPO-SIO, 2+)

-

Figure 2 Preparation procedures for hollow-fiber anion-exchange hybrid membranes from BPPO.
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flow and at a heating rate of 10°C/min. The mor-
phologies of the base hollow fibers and some further
aminated ones were observed with scanning electron
microscopy (XT30 ESEM-TMP, Philip, Amsterdam,
The Netherlands). Samples were cut into small
pieces and coated with gold before cross-section ob-
servation. If not specifically mentioned, the hybrid
hollow-fiber samples for characterizations were
obtained by the treatment of the hollow-fiber base
membranes with a 25% TEOS-C,HsOH solution at
room temperature for 12 h, including the samples
before the sol-gel process, after the sol-gel process,
and after further amination.

IEC

IEC was determined by the Mohr method.'”® The
final hollow-fiber hybrid membranes in the chloride
form were converted to the sulfate after immersion
in a 0.5 mol/L Na,SO, solution. The chloride ions
released from the fibers were determined by titration
with a 0.1M AgNOj solution with K;CrO, as an in-
dicator. IECs were calculated from the released chlo-
ride ions with the following equation:

VAgCAg (

IEC = mmol/g of dry weight in the C1~ form)

)

where V4, and Cu, are the volume and concentra-
tion of the AgNO; solution, respectively, and W, is
the dry weight of the final fiber [BPPO-SiOx(+)] in
the C1™ form.

4

Weight gain and water content

There are four kinds of weights denoted in this arti-
cle: Wj is the dry weight of the base BPPO, W; is the
dry weight of BPPO-SiO, (after the sol-gel process),
and W; and W, are the wet and dry weights of the
final aminated sample [BPPO-SiO,(+)]. To describe
the weight changes after the sol-gel and amination
processes, two weight gains were defined. The first
weight gain (W,,) indicates an increase in the hol-
low-fiber weight due to the incorporation of TEOS.
It was calculated from the dry weight difference
between the base fiber (W;) and the fiber after the
sol-gel process (W>):

Wy — Wy

W =
gl W1

)
where the second weight gain (W) indicates a
weight change due to amination and was calculated
from the dry weight difference between the final
aminated fiber (W,) and the fiber after the sol-gel
process (Wa):

3131

Wi W,

W,
82 Wz

)

The water content was determined from the
weight difference between the wet weight (W;) and
the dry weight (W,) of the aminated fiber [BPPO-
SiO(+)] in units of grams of H,O/grams of dry
fibers (in the Cl~ form). The equation used for calcu-
lation is as follows:

W3 - W,

R
W W,

4)

Dimensional stability

There are also four kinds of lengths denoted in this
article: L, is the length of the dry base BPPO, L, is
the length of the dry BPPO-SiO, (after the sol-gel
process), and L and L, are the lengths of the final
wet and dry samples [BPPO-SiO,(+)]. Our experi-
mental results show that the dimensional change
during the sol-gel process was negligible [such a
dimensional change ratio (DCR) was within 0.3
0.7%]. Therefore, in this study, DCR was calculated
from L; and L:

Ly - L
DCR = % x 100% (5)
1

RESULTS AND DISCUSSION

As described in the Experimental section, we pre-
pared the final fibers by soaking the base fiber with
TEOS solution and then aminating the fiber. Because
it was possible for some adsorbed TEOS to leach out
through the fiber in the subsequent processes, it was
difficult to precisely determine the fiber’s silica con-
tent. Also, it would be inconvenient for others to
repeat the experiment if silica content was used
instead of TEOS concentration. Our preliminary test
also showed that the weight gain after the sol-gel
reactions increased with increasing TEOS concentra-
tion, so in the following sections, discussions are
made on the basis of TEOS concentration instead of
the exact silica content.

FTIR

To confirm the step reactions, the base fibers and the
products in each step were characterized by FTIR,
and the spectra for the base hollow fibers and the
hybrid fibers are shown in Figure 3. Before FTIR
analysis, all of the samples were conditioned in a
25% TEOS-C,HsOH solution at room temperature
for 12 h. In all of the spectra, the characteristic vibra-
tions of the BPPO units were observed at about

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 FTIR spectra of (a) BPPO (the base fiber), (b)
BPPO-TEOS (the fiber was immersed in a 25% TEOS-
C,HsOH solution at room temperature for 12 h before the
sol-gel process), (c) BPPO-SiO, (the fiber was immersed
after the sol-gel process), and (d) BPPO-SiO,(+) (the final
hybrid membrane after amination).

1602, 1463, 1307, and 1192 cm .Y As compared to
the curve in Figure 3(a), some strong absorption
bands appeared in the range 1150-950 cm ™' shown
in Figure 3(b); moreover, the peak at about 1189
cm ' became broader. These bands and peaks were
characteristic of TEOS: 1165 cm ™" (Si—O—C rocking),
1105 cm ™' [v(C—C+C—0), 3(COH)], 1082 cm '
[vo(SIO—CO)], and 968 cm ™" [§(H;CO), §(H;CC)].>*>
As for the strong band at about 3450 cm ™' shown in
Figure 3(b), it was ascribed to —Si—OH or —OH
groups from the remaining ethanol. When BPPO was
immersed in TEOS, trace water in the air may have
been introduced into the reaction system, and then,
the unstable alkoxysilane [Si(OCH,CHs;);] groups
were likely to hydrolyze or even condense partly and
form —Si—OH groups.

When Figure 3(c) is compared with Figure 3(b), no
new absorption peak can be recognized because the
characteristic peaks associated with Si—O—Si or
Si—OH groups, such as v,(Si—O—Si) (~ 1066 cm ™)
and v(Si—OH) (940960 cm '), were also in the
range 1150-950 cm ™. Nonetheless, the peak at about
790 cm ! [v,(Si—O—Si)] increased to some extent;***
the peak at about 1189 cm ™!, which was broader in
Figure 3(b), shrank slightly in Figure 3(c). This was
because the absorption of Si(OCH,CHj); groups
(1165 cm ™!, Si—O—C rocking) disappeared.

After quaternary amination, the peak of hydroxyl
groups at about 3450 cm ' strengthened significantly
[Fig. 3(d)], but the bands in the range 1150-950 cm '
became weaker than those in Figure 3(c). This was
mainly because some silica components leached out
during the reaction with an aqueous solution of
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N(CHs)s. The peak of v(—N"—CHj) at 1440 cm ™’
overlapped the peak from the polymer chain (—1466
cm ') and thus could not be clearly recognized. The
IEC values of hybrid membranes confirmed the reac-
tion of quaternary amination.

Thermogravimetric analysis (TGA)

The thermal stability of the hollow-fiber hybrid
membranes (treated with a 25% TEOS-C,HsOH so-
lution before the sol-gel process) before and after
amination was measured with TGA under an air
atmosphere, and the results are shown in Figure
4(b,d). For comparison, the TGA results of the base
BPPO fiber and its aminated one are also presented
in Figure 4(a,c). The thermal degradation tempera-
ture (T;) of BPPO was about 240°C under an air
atmosphere, and that of the prepared hybrid hollow
fibers after TEOS treatment and the sol-gel process
(BPPO-SiO,) was about 251°C. This increase in T,
was due to formation of a Si—O—Si network in the
matrix. After quaternary amination, the thermal sta-
bility of the final hollow-fiber anion-exchange hybrid
membrane decreased to some extent (T; = 198°C).
Such a decrease in T, may have been due to the
existence of quaternary amine groups, which were
relatively thermally unstable. As compared to qua-
ternized BPPO, which had a T, around 193°C, the
final hollow-fiber anion-exchange hybrid membrane
had a higher T, Therefore, the hybrid membrane
showed better thermal stability than the correspond-
ing polymeric membrane; that is, the formation of
the silica network by the incorporation of TEOS in

100 —semccmnne . {a) BPPO

5 % N ib) BPPO-SIO,

g vy (c) BPPO(+)

E 80 R b} | () BPPO-SIO(+)

) (e} : Il". 4

4

S 604 (d)

e W

= \

D404

20 H“"'-a__j__ N
5 N
(a)
D T b T b T
0 200 400 600 800
Temperature(°C)

Figure 4 TGA thermograms of (a) BPPO (the base fiber),
(b) BPPO-SiO, (the BPPO base fiber after immersion in a
25% TEOS-C,HsOH solution at room temperature for 12 h
and then the sol-gel process), (c) BPPO after quaternary
amination, and (d) BPPO-SiO,(+) (final hybrid membrane
of BPPO-SiO, after amination).



HOLLOW-FIBER ANION-EXCHANGE MEMBRANES

Magn  Det
Ox SE

T00x SE 164

» Magn Dat WD i—'—'—“—'""'—"'——|
A0 KV i

3133

Figure 5 SEM images of hollow fibers: (a) BPPO (the base fiber), (b) BPPO-TEOS (the fiber was immersed in a 25%
TEOS-C,H50H solution at room temperature for 12 h before the sol-gel process), (c) BPPO-SiO, (the fiber was immersed
after the sol-gel process), and (d) BPPO-SiO,(+) (the final hybrid membrane after amination).

the BPPO base hollow fibers enhanced the thermal
stability.

SEM

For the hollow-fiber hybrid membranes, not only is
sufficient adhesion between the organic-inorganic
hybrid layer essential for physical stability but also
enough compatibility between the organic and inor-
ganic phases is necessary for membrane chemical
stability. Particularly, practical applications with dif-
fusion dialysis require the hollow-fiber membranes
to have a homogeneous and denser structure than
the conventional hollow-fiber membranes designed
for ultrafiltration or microfiltration. To obtain the
microstructure, SEM was used to observe the cross
section of the hollow fibers. Our preliminary tests
indicated that there were many similarities in SEM
images between the hollow-fiber hybrid membranes
treated with TEOS and the corresponding aminated
samples, so only the image was randomly selected

as an example (TEOS, 25 v/v %). Figure 5 shows the
cross section of a base hollow fiber (BPPO) and
those of BPPO-TEOS, BPPO-SiO, and BPPO-
SiO,(+). Generally speaking, during phase inversion,
the base hollow fibers contained many visible pores
and cavities; naturally, fine pores may have existed.
In our previous studies,'” the hollow fibers before
amination possessed relatively high water contents
(ca. 49.6%) due to capillary tension. This may have
been the reason why the image of the base hollow
fiber was a little darker in color [Fig. 5(a)]. After
immersion in a TEOS solution, the fiber’s water con-
tent seemed to decrease because of the incorporation
of TEOS. Some of the TEOS was not dispersed
homogeneously and existed as particles [Fig. 5(b)].
However, after hydrolysis and condensation with
water/HCI as the catalyst, the hybrid hollow-fiber
BPPO-5iO, appeared homogeneous and had no rec-
ognizable silica particles [Fig. 5(c)]. The pores were
filled with silica partially because a Si—O—Si net-
work formed in the membrane matrix, and thus, the

Journal of Applied Polymer Science DOI 10.1002/app
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pore fraction seemed to diminish. After further ami-
nation with TMA, the formed trimethylbenzylammo-
nium groups were more hydrophilic and made the
organic phase swellable, but the inorganic Si—O—Si
network contributed to the dimensional stability of
the fiber. So the final result is that the initial pores in
the base hollow fibers disappeared because of the
swelling of the organic phase and the final hollow-
fiber membranes became denser, as shown in Figure
5(d).

For the investigated hybrid system, the formed
Si—O—S5i network was more hydrophobic compared
to the aminated BPPO. This caused a problem in the
compatibility between inorganic and polymer phases.
However, in the sol-gel process, more Si—OH groups
were formed simultaneously, and these groups added
to the hydrophilicity. Furthermore, as described later,
not all of the bromomethylated groups in BPPO were
involved in amination. A relatively high portion of
bromomethylated groups remained unchanged and
contributed to the hydrophobicity. Hence, as pre-
sented in Figure 5(d), the final hollow-fiber mem-
branes showed good compatibility.

Weight gain

To prove the existence of inorganic silica in the base
organic hollow fibers, the weight changes after the
sol-gel process were determined, and the results are
illustrated in Figure 6(a). With an increase in TEOS
concentration, the weight gain increased. In the
experiment, the maximum weight gain attained was
as high as 17% when the TEOS concentration was
equal to 45% v/v. This suggested that the higher the
TEOS concentration was, the greater the amount of
TEOS that entered the matrix was. After the sol-gel
process, more inorganic silica phases were formed in
the organic matrix, and this increased the total weight
of the fiber. Surprisingly, the base hollow fiber, which
followed the same treatment procedure but with a
TEOS concentration of 0, had a negative value. This
may have been caused by the weight decrease of the
base fiber after treatment; that is, some impurities,
such as small-molecule (brominated) poly(2,6-di-
methyl-1,4-phenylene oxide) in the base hollow fiber,
were removed. Correspondingly, the practical weight
gain due to TEOS incorporation was a little higher
than the experimental values. Such impurities only
accounted for 0.69% (the weight gain for the base
fiber was around —0.69%). Such a value was too small
to change any trend in the experiment.

After amination, all of the samples had positive
weight gains; however, the changing trend was
opposite to that discussed previously [Fig. 6(b)]: the
higher the TEOS concentration was, the lower the
increase in weight was. There were two reasons for
this. First, although the total number of bromome-

Journal of Applied Polymer Science DOI 10.1002/app

XU, LU, AND WU

0.2

i

1

0.1+

0.0 H@,%‘. .
0 20

0 30 40 50
Concentration of TEOS, % in C,H.OH(V/V)

2

(W -W )W

gl

w

0.256

0.20 4 (b)

2

0.15 1

2

4

(W -W YW

0.104

>
g2

W

0.05

0.00

T T T T T T T

10 20 30 40 50
Concentration of TECS, % in C,H.OH(V/V)

Figure 6 Weight gains of hollow fibers treated with dif-
ferent concentrations of TEOS: (a) after the sol-gel process
and (b) after amination.

thylated groups in the base fiber had not reacted
with TMA, the incorporation of TEOS in the matrix
still made the fiber more compact. The water content
decreased as the TEOS concentration increased, and
more Si—O—Si networks were formed. These net-
works were steric hindrance for the quaternary reac-
tion, as verified by the IEC values hereafter. Second,
there was a change in the composition of the hollow
fibers. As shown previously, the higher TEOS con-
centration was, the higher the weight gain after the
sol-gel process was (i.e., a higher increase in silica
content). This led to a decrease in the BPPO content;
hence, after amination, a fiber having a higher silica
content had a lower weight gain. These trends con-
formed to eq. (3), in which the weight gain after
amination decreased as W, increased.

The change in weight gain was confirmed by the
change in IEC and water content, as discussed later.

IEC and water content

Figure 7 illustrates the IECs of the final hollow-fiber
hybrid membranes. With an increase in TEOS
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Figure 7 IEC of BPPO-S5iO,(+) treated with different con-
centrations of TEOS.

concentration, IEC decreased. The trend was the
same as that for the weight gain due to amination
(Wg2) and could be explained in the same way: an
increase in the content of the BPPO-SiO, hybrid
resulted in a decrease in the portion of the organic
phase, and the network formed made the fiber more
compact. Those two reasons were responsible for the
IEC decrease with an increase in TEOS concentra-
tion. Nonetheless, the magnitude of change was not
so significant. For the samples in this investigation,
the values of IEC changed from 2.15 mmol/g of dry
fiber (base BPPO fibers) to 1.92 mmol/g of dry fiber
(the fiber treated with 45 v/v % TEOS). The material
used in this experiment was a mixture of D9010
(90% benzyl substitution and 10% aryl substitution)
and 9020 (90% benzyl substitution and 20% aryl sub-
stitution) with a weight ratio of 0.42 : 0.38. The theo-
retical IEC value was estimated to be 3.1-3.5 mmol/
g with full amination. Obviously, the yield of amina-
tion was lower than 100%. However, this will not
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Figure 8 Water content (WR) of BPPO-SiOy(+) treated
with different concentrations of TEOS.
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prevent such hollow-fiber membranes from applica-
tion because the famous anion-exchange membrane
AMX from Tokuyama (Japan) only has an IEC of
about 1.6 mmol/g of dry weight.

The water contents of the final hollow-fiber anion-
exchange hybrid membranes are illustrated in Figure
8. Initially, the water content increased as the TEOS
concentration increased, but it decreased when the
TEOS concentration was higher than 10%. Such a
changing trend was different from that for IEC. It
was not difficult to understand the decrease at high
TEOS concentrations because the IEC was propor-
tional to water content and decreased at this stage.
When the TEOS concentration was less than 10%, IEC
decreased slightly (from 2.14 to 2.11, as shown in Fig.
7), but the increase in the weight gain after the sol-
gel process seemed a little higher [0.7-4.3%, as shown
in Fig. 6(a)]. Although such a weight gain was still
not enough to form well-organized Si—O—Si net-
works and many of them existed in the form of
hydroxyl silica (—Si—OH), this hydroxyl silica was
hydrophilic and responsible for a slight increase in
the water content at low TEOS concentrations. To
summarize, the water contents were determined by
two factors: (1) at low TEOS concentrations, an
increase in the amount of —Si—OH groups resulted
in an increase in the water content, and (2) at high
TEOS concentrations, a decrease in the amount of tri-
methylbenzylammonium groups (due to the weight
gain after the sol-gel process) gave rise to a decrease
in the water content.

DCR

For practical applications, it is required that hollow-
fiber membranes have dimensional stability. As
shown in Figure 9, DCR decreased as the TEOS con-
centration increased. The explanation was the same
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Figure 9 DCR of BPPO-SiO,(+) treated with different
concentrations of TEOS.
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as discussed previously: an increase in the TEOS
concentration was favorable for the formation of
Si—O—Si networks and made the final hollow-fiber
membranes more dimensionally stable. If the TEOS
concentration was controlled in the range 25-45 wt
%, the final hollow-fiber hybrid membranes had a
DCR ranging from 13 to 16%.

In our previous study,"” polymeric hollow-fiber
membranes were prepared from similar base fibers.
In that case, to retain the dimensional stability, the
hollow fibers were aminated with dimethyethanol-
amine, and some were further aminated with TMA.
Under optimum conditions, the membranes had the
following properties: IEC = 2.2-2.5 mmol/g, water
content = 0.6-0.8 g of water/g of dry weight, and
DCR = 18-20%. Obviously, in this research, the hol-
low-fiber hybrid membranes had a relatively higher
dimensional stability, although they possessed rela-
tively higher water contents. In this sense, this
research provides another method for controlling the
dimensional stability of hollow-fiber membranes.
The construction of hollow-fiber modules and the
investigation of their separation performance are
underway.

CONCLUSIONS

A novel route for preparation of hollow-fiber anion-
exchange hybrid membranes was examined, and the
procedure included the immersion of BPPO base
hollow fibers in a TEOS-ethanol solution and
subsequent sol-gel and quaternary amination. The
prepared hollow-fiber anion-exchange hybrid mem-
branes had (1) good compatibility between the inor-
ganic silica and organic phase by the formation of
Si—O—Si networks within fiber matrix and (2) rela-
tively high thermal and dimensional stabilities. The
main properties, including IEC and water content,
were related to TEOS concentration. The recom-
mended TEOS concentration is in the range 15-45%
in ethanol, and the membrane obtained had IECs of
1.9-2.0 mmol/g of dry weight, water contents of
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XU, LU, AND WU

0.83-1.23 g of water/g of dry weight, and DCRs of
13-16%. Further studies will focus on the application
of such hybrid hollow-fiber membranes under
severe conditions, such as the recovery of acid from
industrial waste at high temperatures by diffusion
dialysis.

The authors give special thanks to Cuiming Wu for analyzing
the FTIR data and Chuanhui Huang for proofreading the
manuscript.
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