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Cross-linking of Poly(vinyl alcohol) with N,N’-methylene bisacrylamide
via a radical reaction to prepare pervaporation membranes

Junjun Li®, Lin Zhang®, Jin Gu®, Yuping Sun®, Xiaosheng Ji%"

To retain the hydroxyl group of poly(vinyl alcohol) (PVA), ammonium persulfate
(APS) was used to initiate the polymerization of hydrogen on the PVA chain.
Rather than hydroxyl-based crosslinking, the generated PVA macromolecule
radicals were cross-linked with N,N’-methylene bisacrylamide (MBA) to prepare
PVA membranes. The PVA membranes were shown to be successfully cross-
linked via FT-IR characterization, as well as measurements of swelling degree
and gel fraction. With increasing the content of cross-linker, the swelling degree
of the membranes decreased, and the gel fraction increased. The pervaporation
performance of the membrane was investigated by separating 95 wt.% ethanol
aqueous solutions. The cross-linked PVA membrane containing 0.5 wt.% cross-
linker yielded a high permeate water content (99 wt.%) and a total flux of 353
g/m”h at 40 °C. As increasing the feed temperature, the total flux increased, while
the permeate water content decreased. The cross-linked membrane exhibited good
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Introduction

Pervaporation (PV) is an energy-saving membrane process
that is used to separate azeotropic and close-boiling
mixtures, dehydrate organic solvents, and concentrate
organic aqueous solutions."® Among these applications,
PV dehydration of organic solvents has obvious technical
and economic advantages.” PV dehydration performance is
dependent on the membrane material.

Hydrophilic polymers are widely used in the PV
dehydration of alcohols and other organic solvents.*"
Poly(vinyl alcohol) (PVA)'* is an attractive hydrophilic
membrane material due to its low cost, excellent
membrane formation properties as well as mechanical
strength, thermal stability, and chemical resistance.'”"®

The outstanding hydrophilicity of PVA is due to an
abundance of hydroxyl groups the linear PVA chain. This
hydroxyl-rich structure facilitates PVA swelling in
aqueous solutions; such swelling leads to decreased
membrane selectivity. To prevent excessive swellin%,
modified methods such as grafting'” *, blending®" *,
hybridization'> **, substitution®* and cross-linking have
been investigated. Cross-linking is the most popular
method used to minimize swelling, and many cross-linked
PVA membranes have been reported using different cross-
linking agents. These cross-linking agents include
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durability over long-term operation.
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carboxylic acids and carboxylic acid derivatives™ ",

aldehyde30 and silane coupling agents.31

However, these cross-linking methods all react the
hydroxyl group with the cross-linker, consuming hydroxyl
groups in the PVA chains and decreasing membrane
hydrophilicity. Katz et al. cross-linked PVAs to prepare
reverse osmosis membranes by radiation, generating
membranes with high water permeabilities and low
selectivities between water and salt.*® In another work,
PVA was modified and insolubilized via a reaction with
potassium peroxydisulfate (K,S,0g), then used to fabricate
reverse osmosis membranes on tubular poly(ether sulfone)
ultrafiltration substrates.” The cross-linked PVA reverse
osmosis membrane had a flux of 47.1 L/m>h with a
rejection of 46% for 2000 ppm NaCl aqueous solution at
20 °C and 2 MPa. Although PVA membranes cross-linked
by radical reaction retain strong hydrophilicities, the
degree of cross-linking in these membranes is low, as self-
cross-linking of radicals does not readily occur. Because
both hydrophilicity and degree of cross-linking are
important factors for higher pervaporation membrane flux
and selectivity, retaining the hydroxyl group of poly(vinyl
alcohol) (PVA) via a radical reaction in the presence of
cross-linker is a desirable cross-linking method.

N,N’-methylene bisacrylamide (MBA) is water-soluble
and has two terminal vinyl groups that can react with
radicals. In this work, APS was used as initiator,
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PVA/PAN composite membranes cross-linked with MBA
in the presence of APS were prepared by a coating method.
The swelling degree and gel fraction of cross-linked PVA
membranes were determined. The PV dehydration
performance of PVA/PAN composite membranes was
studied under different operating conditions. In addition,
the stability of cross-linked PVA composite membranes
was also investigated.

Experimental
Materials and instruments

PVA with a polymerization degree of 1700 and an
alcoholysis degree of 99 % was provided by Chongqing
Chuanwei Petrochemical Engineering Co., Ltd. (China).
(NH4),S,05 (AR) and ethanol (AR) were provided by
Shanghai Chemical Reagent Co., Ltd. (China). MBA (CP)
was obtained from Aladdin Reagent Co., Ltd. (China).
Poly(acrylonitrile) (PAN) plate ultrafiltration membranes
were purchased from Shanghai Megavision Membrane
Engineering & Technology Co., Ltd. (China). Deionized
water was generated in the lab.

A gas chromatograph (GC-950, China), Fourier
transform infrared (FT-IR) spectrometer (Nexus 670,
America) and Scanning Electron Microscope (Ultra 55,
Germany) were used.

Membrane preparation

PVA was dissolved in deionized water and stirred at 90 °C
for 6 h to form a 5 wt.% aqueous solution. When cooled to
room temperature, APS and MBA were added, and the
mixture was stirred for 6 h. The solution was then
degassed to produce the membrane casting solution. To
prepare the composite membrane, the degassed solution
was cast onto a PAN ultrafiltration membrane covering a
glass plate using a lab-made casting knife. The casting film
was heated in an oven at 80 °C for 4 h to allow the cross-
linking reaction to occur as shown in Fig. 1. Homogeneous
cross-linking membrane was prepared by casting the
mixture dope onto a glass plate and treated as described
above.

J
i ‘.‘ ‘}r*‘.ll NH—\ ‘
%

Fig. 1 Cross-linking reaction between PVA, APS and
MBA.

Fourier transform infrared (FT-IR) spectroscopy

FT-IR spectroscopy was used to characterize the chemical
composition of the membranes before and after cross-
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linking. All samples were scanned by a Nexus 670 FT-IR
spectrometer with a scanning range of 800-4000cm™.

Scanning electron microscopy (SEM)

The surface and cross-section morphologies of PAN
ultrafiltration and cross-linked PVA/PAN membranes were
visualized ~with SEM. Membrane cross-sections
membranes were broken in liquid nitrogen and then dried
in an oven. All samples were sputter-coated with gold
before characterization.

Degree of swelling

Cross-linked homogeneous membranes with equal
dimensions were weighed and immersed in deionized
water at 25 °C for 24 h to allow the equilibrium state to be
reached. The swollen membranes were removed from
water, rapidly wiped with filter paper, and weighed
immediately. The degree of swelling (S) of each membrane
was determined by Eq. 1:
_m; —my

§=——%x100%

mo

(M

Where m; and m, are the weights of wet and dry
membranes, respectively.

Gel fraction

Each cross-linked homogeneous membrane was weighed
and placed in a flask filled with deionized water at 100 °C
for 12 h. The wet membranes were then removed from
water and dried in a vacuum oven at 50 °C for 24 h. The
treated membranes were weighed, and the gel fraction (G)
was expressed as Eq. 2:

G =2 x100% )
mg

Where m; and m, are the weights of the treated and

original membranes, respectively.

Pervaporation experiments

Pervaporation experiments were carried out in a lab-made
piece of equipment depicted in Fig. 2. The membrane had
an effective area of 18.1 cm”. The feed solution was a 95
wt.% ethanol aqueous solution, and the temperature was
controlled by a constant-temperature water bath. A
vacuum pump was used to maintain the downstream
pressure at 200 Pa. Prior to each experiment, the feed
solution was allowed to circulate for 2 h. Then, the
vacuum pump was turned on, and the permeate was
collected in a liquid nitrogen-cooled permeate collection
tube. The compositions of the permeate and feed solutions
were analysed by gas chromatography. Each membrane
was tested three times, and average values are reported.

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 Pervaporation setup.
(1-feed tank, 2-constant temperature bath, 3-circular pump,
4-thermometer, 5-membrane cell, 6-membrane, 7-permeate
collection tube, 8-cold trap, 9-vacuometer, 10-three-way
glass stopcock, 11-desiccator, 12-vacuum pump)

The separation performance of PVA/PAN composite
membranes is characterized by the permeation flux (J) and
the separation factor ().

The permeation flux (J, g/m*h) can be obtained as Eq.
3:

j=% (3)

Where w (g), 4 (m?), and ¢ (h) are the weight of permeate
solution, the effective area of the membrane, and the
collection time, respectively.
The separation factor (a) can be defined as follows:
_ yi/xi
Ty i/xj

“4)

Where y; and y; are the mass fractions of water in the
permeate and feed solution, and x; and x; are the mass
fractions of ethanol in the permeate and feed solution,
respectively.

Results and Discussion
FT-IR results

The original and cross-linked PVA membranes can be
characterized by their FT-IR spectra, shown in Fig. 3. The
distinct broad adsorption bands at 3000-3500 cm’
correspond to the hydroxyl group. Compared to the
original PVA membrane, the cross-linked membrane
exhibits a new adsorption band near 3100 cm™; this band
corresponds to the N-H group of the -cross-linker.
Meanwhile, the relative intensity of the hydroxyl group
decreases a little of the cross-linked membrane. This is due
to the presence of initiator and cross-linker in PVA casting
solutions, the PVA content in cross-linked membrane
decreases. For the cross-linked membrane, the relative
intensity of the C-H bands near 2900 cm™ are lower than
the original membrane, indicating that the number of C-H
groups in the PVA membrane decreased after cross-
linking. The 1750 cm™ peak corresponds to C=0; this peak
is broadened after cross-linking due to the carbonyl group
of the cross-linked polymer. The peaks at 1450 and 1200
cm’ are due to stretching vibrations of C-H and C-O
groups, respectively. The intensity of these two peaks in
the cross-linked PVA membrane increased because the N-

This journal is © The Royal Society of Chemistry 2012
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H and C-N groups of cross-linker overlap with the C-H
and C-O groups.

PVA

Cross-linked PV'A

T'ransmittance

4000 3500 3000 2500 2000 1500 1000

Wavenumber cm™!

Fig. 3 FTIR spectra of the original and cross-linked PVA
membranes.

SEM

Fig. 4 contains SEM micrographs of the surface and cross-
section of the PAN support membrane as well as the cross-
linked PVA/PAN composite membrane. The cross-linked
PVA/PAN composite membrane consisted of two layers:
the PAN support layer and the cross-linked PVA selective
layer. These two layers are tightly integrated. The surface
of the PAN support membrane is porous, while the cross-
linked PVA/PAN composite membrane has a dense
surface. A selective layer 10 pm thick was observed on the
PAN support layer, indicating that the PVA membrane was
successfully cast on the PAN support membrane.

(b)

Fig. 4 SEM micrographs of the PAN support membrane
and the cross-linked PVA/PAN composite membrane: (a)
surface of PAN; (b) surface of PVA/PAN; (c) cross-
section of PAN; (d) cross-section of PVA/PAN.

Degree of swelling

The effect of cross-linking degree on the swelling degree
of membranes in pure water was determined. The variation
of swelling degree with cross-linker content is shown in
Fig. 5. When cross-linker content was increased, the
swelling degree decreased from 52 % to 41 %. When the
cross-linker content exceeded 0.5 wt.%, only a slight
change in swelling degree was observed. The degree of
cross-linking increases with MBA content, decreasing the
mobility of the PVA chains. As a result, water cannot
easily penetrate into the PVA membrane to cause swelling.

J. Name., 2012, 00, 1-3 | 3
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The free volume of the polymer is also decreased by
the limited mobility of the PVA polymer chains. By
decreasing the free volume of the polymer, the degree of
swelling was also decreased. The degree of swelling
remained nearly constant when cross-linker content
exceeded 0.5 wt.%, indicating that cross-linking degree
changes little when the amount of mixed cross-linker is
above a certain concentration.
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Gel fraction (%)
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Fig. 5 Variations of degree of swelling and gel fraction of
membrane with cross-linker content.

Gel fraction

Fig. 5 shows the variation of gel fraction of cross-linked
membranes with cross-linker content. Gel fraction is a
simple and effective method to verify whether PVA
membranes are cross-linked. Pristine PVA membranes are
fully dissolved in hot water. However, cross-linked PVA
membranes are not soluble in hot water. Therefore, gel
fraction reflects the cross-linking degree of the
membranes.

As seen in Fig. 5, when the cross-linker content in the
casting solution was increased, the gel fraction of the
cross-linked membranes increased. Similar to the degree of
swelling, the gel fraction of the membranes remained
nearly constant when the cross-linker content exceeded 0.5
wt.%. This phenomenon could be explained by increased
cross-linking efficiency resulting from the cross-linker.
When the cross-linker is included in the membrane casting
solution, PVA macromolecule chains are more easily
cross-linked. Therefore, the soluble fraction of the
membranes decreased, and the gel fraction of the
membranes increased. However, further increases in cross-
linker content may not affect the gel fraction of PVA
membranes, as the cross-linking degree of PVA
membranes does not increase when the cross-linker
exceeds a certain concentration.

Pervaporation performance

The pervaporation performance of membranes is closely
related to feed temperature. To study the influence of feed
temperature, four temperatures (40 °C, 50 °C, 60 °C, 70 °C)
were considered. Experiments were carried out using
aqueous ethanol solutions containing 5 wt.% water at
different temperatures. The downstream pressure was
maintained at 200 Pa. The effect of feed temperature on
total flux and permeate water content is shown in Fig. 6.

4| J. Name., 2012, 00, 1-3

Similar to results reported in the literature, Fig. 6
indicates that total flux increases as feed temperature is
increased. For example, flux increased from 353 g/m*h to
422 g/m*h as the temperature was increased from 40 °C to
70 °C. The relationship of feed temperature and permeate
flux can be calculated by the Arrhenius equation:

Ji = Ax exp (=2) 5)
Where J (g/m*h) is the permeate flux of component i, 4 is
constant. £, (kJ/mol) is the activation energy, R (J/mol-K)
is gas constant, and T (K) is feed temperature.

100

440 o~ Flux

== Permeate water content

%)

Permeate water content

Temperature ('C')

Fig. 6 Flux and permeate water content as a function of
feed temperature.

6 e e —

31 =watr
—— Ethanol

100061 (1)
Fig. 7 Arrhenius plot of InJ versus 1/T for the cross-linked
PVA membrane.

As the feed temperature is increased, PVA chain
mobility strengthens, increasing the free volume of the
membrane. This increase in free volume allows feed
components to permeate the membrane more easily,
increasing total permeate flux. Arrhenius plot of InJ versus
1/T for the cross-linked PVA membranes are displayed in
Fig. 7. The Ea values of ethanol and water are 47.02
kJ/mol, 4.46 kJ/mol, respectively. As Because water has a
lower activation energy than ethanol, the permeate flux of
ethanol tended to increase faster than that of water when
the feed temperature was increased, leading to lower
selectivity.

PV performance is also related to feed concentration.
Experiments were carried out using ethanol aqueous
solutions containing 1, 5, 10 and 15 wt.% water at 40 °C.
The results are shown in Fig. 8. When water concentration
of feed was increased, flux increased, and the permeate
water content decreased. The reason can be explained as
follows. The membrane would be plasticized or swollen by
high concentrations of water, enhancing the free volume of
the membrane. As a result, the transfer resistance of water
and ethanol decreased, the permeate flux increased.
Meanwhile, more ethanol could diffuse through the

This journal is © The Royal Society of Chemistry 2012
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membrane, and the permeate water content decreased.
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Fig. 8 Effect of feed water concentration on pervaporation
performance.

Table 1 compares the flux and separation factor of the
PVA membranes from this work with other cross-linked
PVA membranes for the pervaporation separation of
ethanol-water mixtures. Table 1 clearly indicates that the
cross-linked PVA membranes from this work have the
highest flux and separation factor. This result is due to the
fact that cross-linking of PVA membranes with aldehydes,
carboxylic acids and silane coupling agents consume a
portion of the hydroxyl groups in PVA, decreasing
membrane hydrophilicity. In contrast, the PVA membranes
cross-linked with MBA in this work retained the hydroxyl
groups, and the membranes exhibit good pervaporation
performance.

Membrane durability

To investigate the pervaporation performance stability of
membranes, experiments were carried out at 40 °C for 48 h
with aqueous ethanol solutions containing 5 wt.% water.
Membrane stabilities are illustrated in Fig. 9. The
downstream pressure was maintained at 200 Pa. As shown
in Fig. 9, the permeate water content remained above 99
wt.%, even as operating time was increased. Total
membrane flux changed only slightly from 353 g/m*h to
346 g/m™h after 48 h. This performance is most likely
observed because PVA membranes cross-linked by MBA

in the presence of APS cannot swell significantly in 95 wt.%

RSC Advances

ethanol aqueous solutions. The membranes therefore
exhibit good long-term stability when used for the
dehydration of aqueous ethanol mixtures.

600
550 " eaan, R L T = T R E F100
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Fig. 9 Membrane stability for the separation of 95 wt.%
ethanol aqueous solutions at 40 °C.

Conclusions

PVA pervaporation membranes were prepared via cross-
linking of PVA and MBA in the presence of APS for the
separation of ethanol-water mixtures. The swelling degree
and gel fraction of the membranes were affected by the
content of cross-linker. Cross-linked membranes
containing 0.5 wt.% cross-linker exhibited high permeate
water content (99 wt.%) and a total flux of 353 g/m2~h for
the pervaporation separation of 95 wt.% ethanol aqueous
solutions. Total flux was found to increase with increasing
feed temperature, while the selectivity was found to
decrease. Moreover, the cross-linked membranes also
maintained good performance when operated for 48 h. The
cross-linked PVA/PAN composite membranes in this work
are therefore excellent candidates for the dehydration of
ethanol-water mixtures.

Table 1 Comparison of pervaporation performance of cross-linked PVA membranes for dehydration of ethanol-water

mixtures.
Cross-linker Tem. (°C) Feed water content Flux Separation ~ Reference
(Wt.%) (g/m*h) factor

Glutaraldehyde 40 5 94 100 34
Glutaraldehyde 40 10 280 104 35
Maleic acid 30 20 201 22 36
Maleic acid 50 5 60 93 37
Fumaric acid 60 20 217 779 15
Sulfosuccinic acid 40 10 54 50 38
y-aminopropyltriet-hoxysilane 50 5 36 537 39
Tetraethoxysilane 40 15 50 329 40
Sulfated zirconia 50 5 10 263 41
MBA 40 5 353 3781 This work

This journal is © The Royal Society of Chemistry 2012
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