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Novel polymer membranes were prepared mainly by poly(vinyl alcohol) (PVA), poly(acrylic acid) (PAA),
and glutaraldehyde (GA) for the separation of methanol (MeOH) from dimethyl carbonate (DMC)/MeOH
mixtures by pervaporation. The membranes of different GA content were characterized by contact angle,
Fourier transform infared spectra (FTIR), X-ray diffractometer (XRD), and dynamic mechanical analysis
(DMA). Swelling experiments were tested in DMC/MeOH mixtures to evaluate the membranes of different
ervaporation
MC/MeOH mixtures
VA
embrane

GA content. Besides, the effects of GA content in membrane, operating temperature, and feed composition
on pervaporation performances were observed: the flux increased but the separation factor increased first
and then decreased with increasing the GA content in membrane; the flux increased but the separation
factor decreased with increasing the operation temperature or the MeOH concentration in feed. The results
demonstrated that the crosslinked PVA membrane prepared in this work had an excellent selectivity: the
MeOH concentration in permeate side was always higher than 98.6 wt% for separating feed mixtures of

0 ◦C.
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40–70 wt% MeOH at 50–7

. Introduction

As an environmental benign chemical material, dimethyl car-
onate (DMC) is gaining increasing importance in the chemical

ndustry for its versatility in many fields. Because of its low toxicity
nd quick biodegradation, DMC can be applied in industrial manu-
acture to achieve SHE (safety, health and environment) compliance
1,2]. It has higher oxygen content (53%) than methyl ter-butyl
ther (MTBE) and ter-amyl methyl ether (TAME) [3,4], and shows
potential possibility to act as an oxygenation agent in reformu-

ated gasoline and an octane component. DMC is also used as a
ethylating, carbonylating, and methoxylating agent to replace the

irulent carcinogen (such as phosgene, dimethyl sulphate (DMS),
hloromethane and methyl chloroformate), because DMC molecule
ncludes CH3–, CH3O–, and –CO– groups. Besides, DMC can be

idely used in other fields, such as medicine, pesticide, solvent,
omposite material, dyestuff, flavoring agent of foodstuff and elec-
ronic chemical [5–7].
Up to now, there are mainly three methods for the synthesis
f DMC: (a) phosgenation of methanol (MeOH) [8], (b) oxidative
arbonylation of MeOH [9], and (c) transesterification of ethylene
arbonate with MeOH [10]. However, in any of these methods,
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MC is obtained as a mixture with MeOH, so purifying DMC is
n indispensable step in DMC manufacturing. Under normal pres-
ure, DMC and MeOH constitute an azeotrope at a composition
f 30 wt% DMC and 70 wt% MeOH, which DMC/MeOH mixtures
re difficult to be separated. It has been reported that some
onventional methods of low temperature crystallization [11],
igh-pressure distillation [12], azeotropic distillation [13], extrac-
ive distillation [14], and adsorption [15] can be used for separating
MC/MeOH mixtures. But each of these conventional methods
as some disadvantages, such as high capital investment, high-
nergy consumption, low efficiency, and complicated operation,
tc.

Recently, pervaporation has gained much attention to separate
rganic mixtures, especially to separate azeotropis mixtures or
lose boiling point mixtures. Pervaporation is a membrane based
rocess: the liquid mixtures contact with one side of the membrane
nd the permeates are removed from the other side, to achieve
eparation. Compared with other separation method, pervapora-
ion have high separation efficiency, low energy consumption, less
nvironmental pollution, and cost saving. It was reported that per-
aporation coupled with distillation enables to simply break the

MC/MeOH azeotrope and to inject the corresponding mixture on
lower distillation plate to obtain purified DMC [16]. Jonquières

t al. [17] compared this new hybrid process with distillation and
oncluded that the hybrid process could substantially save capital
ost and operating cost, for example, the total cost for an annual

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:lijiding@mail.tsinghua.edu.cn
dx.doi.org/10.1016/j.cej.2008.05.026
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roduction of 907 t DMC is only 40% of that of the conventional
istillation process.

In our previous studies [18], the poly(acrylic acid)
PAA)/poly(vinyl alcohol) (PVA) blend membrane of 70 wt%
AA showed high permeate flux and good selectivity for the
eparation of MeOH from DMC/MeOH azeotrope. Although the
embrane was crosslinked through an esterafication reaction

etween the carboxylic groups in PAA and the hydroxyl groups in
VA, the membrane was brittle because of the high PAA content in
he membrane. Reducing the PAA content in the membrane could
mprove the physical properties of the membrane, but at the same
ime the crosslinking degree of the membrane decreased resulting
n a low selectivity. In order to improve the PVA membrane’s
electivity to MeOH, crosslinking was a common way and a lot of
rosslinking agents were reported [19]. Glutaraldehyde (GA) was
typical crosslinking agent for PVA membrane which had been

tudied many years [19–23].
In this study, crosslinked PVA membranes were prepared mainly

y PVA, PAA, and GA for the selective separation of MeOH from
MC by pervaporation. In these membranes, the weight ratio of
VA to PAA was 90/10 but the GA content was varied. Contact
ngle, FTIR, XRD, DMA, and swelling experiments were carried out
o characterize the crosslinked PVA membranes of different GA
ontent. Furthermore, the pervaporation experiments were used
o investigate the effects of GA content in the membrane, operation
emperature and feed composition on pervaporation performances.

. Experimental

.1. Materials

PVA (hydrolyzed 99%) and PAA (35 wt% in water) were pur-
hased from Beijing Organic Chemical Plant and Aldrich Co.,
espectively. GA (25 wt% in water), sulfuric acid, and MeOH were
ll from Beijing Bei Hua Fine Chemicals Co. DMC was supplied by
ebei Newchaoyang Chemical Stock Co. All chemicals were used
ithout further purified.

.2. Membrane preparation

PVA was dissolved in water by refluxing and stirring for about
h at 90–100 ◦C and the resulting clear solution was cooled to room

emperature to form a homogeneous solution of 10 wt% PVA. Then
he PVA solution and PAA solution were mixed in a weight ratio of
0/10. To this polymer solution, GA solution and sulfuric acid were
dded by slowly stirring at room temperature. After kept at vac-
um oven to remove bubbles, the resulting solutions of different GA
ontent were cast on a glass plate and on supported membranes,
espectively. The membranes were dried at desired temperature
y heating, and then were heated in a thermosetted oven at least
00 ◦C for 1 h. Homogeneous membranes prepared were used to
arry out membrane characterization studies and swelling experi-
ents, and the composite membranes prepared were used to carry

ut pervaporation experiments.
The GA content in the PVA membrane was usually presented by

he term of the crosslinking ratio (X), which equaled moles of GA
er mole of PVA repeating unit [24]:

(%) = mGA/MGA

mPVA/44
× 100 (1)
here mGA and mPVA are the weights of GA and PVA (g), respec-
ively, MGA the mole weight of GA (g/mol), and 44 means the mole
eight for a repeat unit of PVA (g/mol). The resulting crosslinked

VA membrane of different GA content was designated as PVA-GX.
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6
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n this work, the PVA-G3 membrane, the PVA-G6 membrane, and
he PVA-G9 membrane were prepared, respectively.

.3. Membrane characterization

The contact angles for water on the surfaces of the membranes
ere measured at home temperature by Contact Angle System
CA20 (DataPhysics Co.). Fourier transform infared (FTIR) spectral
f different membranes were scanned in a range of 4000–400 cm−1

n a FTIR spectrometer (Nicolet, IR560) to study the intermolecular
nteractions. The morphologies of the membranes were character-
zed by a Germany Bruker D8 Advance X-ray diffractometer (XRD)
sing Cu K�, the angle of diffraction was varied from 5◦ to 60◦.
ynamic mechanical analysis (DMA) was conducted using DMA
980 instrument (TA Instruments), in the tensile mode, at a fre-
uency of 1 Hz, with a 20 �m amplitude, and by heating from−20 ◦C
o 160 ◦C at a rate of 5 ◦C/min in an air atmosphere.

.4. Swelling experiments

The membranes were immersed in DMC/MeOH mixtures at
ome temperature for 48 h to reach swelling equilibrium, and then
ere taken out from the mixtures. The free liquid on the sur-

ace of the swollen membranes must be removed quickly by using
bsorbent paper, and then the swollen membranes were weighted
sing electronic balance (Sartorius, BP 210S).

The degree of swelling (DS) of the membranes was defined as

S (%) = mt − m0

m0
× 100 (2)

here m0 and mt are the weights of dry and swollen membrane
g), respectively.

.5. Pervaporation experiments

The composite membranes were used in pervaporation experi-
ents.
The pervaporation apparatus used in this study is showed in

ig. 1. The membrane was installed in a membrane cell, and the
ffective membrane area in this cell was 21.70 cm2. The feeding
olutions were continuously circulated from a feed tank to the
pstream side of the membrane at the desired temperature by a
ump. The pressure at downstream side was maintained at about
00 Pa. Upon reaching steady-state conditions which was obtained
fter about 3 h throughout the experiments, permeates were col-
ected in liquid nitrogen traps with certain intervals (1–2 h), and

eighted to calculate the permeate flux. The composition of col-
ected permeate was determined by GC (SHIMADZU,GC-14C) to
alculate the separation factor.

The separation factor (˛) was defined as

= Ya/Yb

Xa/Xb
(3)

here X and Y represent the weight fraction in the feed and per-
eate, respectively; indices a and b refer to the more permeable

omponent and the less permeable component, respectively.
The permeate flux (J) was calculated from

= w

At
(4)
here w is the weight of permeate (g), A the effective area of mem-
rane (m2), and t is the time (h).

In this study, the operation temperature was 50 ◦C, 55 ◦C, 60 ◦C,
5 ◦C and 70 ◦C, respectively. The MeOH concentration in feed mix-
ures was varied from 40 wt% to 70 wt%.
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Fig. 1. Schematic diagram of p

Fig. 2. FTIR spectra of different membranes.
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ervaporation apparatus.

. Results and discussions

.1. Membrane characterization

.1.1. Contact angle results
The results are summarized in Table 1, where the contact angle

f the membranes increases with increasing the GA content in the
embranes. It means that the membrane of higher GA content has
lower hydrophilicity, mainly because more hydroxyl groups in

VA react with GA.

.1.2. FTIR results
Fig. 2a illustrates the FTIR spectra of pure PVA membrane,

VA/PAA membrane, and PVA-G6 membrane. The FTIR spectra of
he pure PVA membrane shows the main characteristic peaks:
260 cm−1 of the O–H stretch and 914 cm−1 of the O–H bend. A new
haracteristic peak of the PVA/PAA (90/10 of weight ratio) mem-
rane is found at 1692 cm−1 corresponding to the C O stretching
and in PAA. It can be seen from the FTIR spectra of the PVA-G6
embrane that the peaks of the O–H stretch and the O–H bend both

ecrease, the peaks between 970 cm−1 and 1385 cm−1 all increase
ttributed to acetal ring group and ether linkage formation, and a
ittle peak at 2866 cm−1 corresponding to CO–H strech of GA arises.
t is demonstrated that PVA is crosslinked with GA to form acetal
ings and ether linkages, and there is some unreacted aldehyde
roups of GA. The FTIR spectra of membranes containing differ-
nt GA content are shown in Fig. 2b. As the GA content increases,
hree main changes take place: the peak of O–H stretching band and

he O–H bend decreases, the peaks of acetal ring group and ether
inkage formation increase, and the peak of CO–H stretching band
ncreases. These changes indicate that the crosslinking degree of
he membrane and the number of the unreacted aldehyde groups

able 1
ontact angle of crosslinked PVA membranes

Contact angle (◦)

VA-G3 30.2
VA-G6 61.1
VA-G9 63.2
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ing in a lower swelling degree. In this case, more crosslinks make
PVA-GX membrane more swollen in DMC/MeOH azeotrope. This
phenomenon can be explained by the effect of unreacted alde-
hyde groups on swelling behavior of the membranes. It has been
concluded through FTIR spectra that there are more unreacted
ig. 3. X-ray diffraction pattern of crosslinked PVA membranes with different GA
ontent.

n the membrane both increase with increasing GA content in the
embrane.

.1.3. XRD results
The XRD patterns of the PVA-GX membranes are presented

n Fig. 3, where it is clear that the peak intensity of the typi-
al diffraction peak at 2� = 20◦due to mixture of 〈1 0 1〉 and 〈2 0 0〉
rystalline planes [25] decreases with increasing the GA con-
ent in the membranes. This illustrates that the crystallinity of
he membrane decreases with increasing the GA content in the

embranes because of the crosslinking reaction between PVA
nd GA. The increased amorphous region makes the perme-
tes easily diffusing in the membrane, resulting in an increasing
ux.

.1.4. DMA analysis
In DMA studies, the glass transition temperature (Tg) is esti-

ated from the tan ı as a function of temperature, is generally

ssociated with the temperature of tan ı peak position. From the
MA spectra (Fig. 4), the tan ı peak position both shift to a con-

iderably higher temperature with increasing the GA content in
he membranes. The increasing Tg can be explained by the fact

ig. 4. DMA spectra of crosslinked PVA membranes with different GA content.
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hat the crosslinked reaction reduces the flexibility of the poly-
er chains. It is concluded again that the crosslinking degree of

he membrane increases with increasing the GA content in the
embranes.

.2. Swelling measurement

The swelling degree of PVA/PAA membrane and PVA-GX mem-
ranes are investigated at home temperature in DMC/MeOH
zeotropic mixtures. Fig. 5a exhibits the swelling degree of PVA/PAA
embrane is higher than that of PVA-GX membrane, and the

welling degree of PVA-GX membrane increases with increasing
he GA content in the membrane. It is clear that PVA-GX mem-
rane has a higher crosslinking degree than PVA/PAA membrane
ecause of the crosslinking reaction between PVA and GA. So
he PVA-GX membrane has a more compact structure, result-
ng in a lower swelling degree. Generally, the membrane with
igher crosslinking degree has a more compact network result-
ig. 5. Effect of (a) GA content and (b) MeOH concentration on swelling degree of
rosslinked PVA membranes.



L. Wang et al. / Chemical Engineering Journal 146 (2009) 71–78 75

Table 2
Solubility parameters calculated by group contribution with Hansen method [26,27]

ıd (cal1/2 cm−2/3) ıp (cal1/2 cm−2/3) ıh (cal1/2 cm−2/3) ısp (cal1/2 cm−2/3)

PVA 7.8 13.0 11.7 19.2
PAA 9.9 4.7 7.4 13.2
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A 9.0 7.2 5.8 12.9
eOH 7.4 6.0 10.9 14.5
MC 7.7 3.7 5.3 10.1

ldehyde groups in membranes of higher GA content. Shown in
able 2, the solubility parameter (ısp) of GA is closer to that of
eOH than to that of DMC, which means that GA has a good

ffinity with MeOH. Thus, as the unreacted aldehyde groups of GA
n membrane increase, the affinity of the membrane to MeOH is
nhance and then the number of MeOH molecules adsorbed into
he membrane increases, which consequently contributes to the
ncreasing swelling degree of the membrane. Similar results have
een reported in the literature [31]. The effect of MeOH concentra-
ion in the mixtures on the swelling degree tested by using PVA-G6

embrane is showed in Fig. 5b, where the swelling degree increases
ith increasing MeOH concentration in the mixtures. The chemical

tructures of the polymer and the solvent control the swelling of
he membrane, and MeOH shows a better affinity to the membrane
han DMC. As the MeOH concentration increases from 40 wt% to
0 wt%, the membrane contacts more MeOH and then swells more.

.3. Pervaporation results

.3.1. Effect of GA content in membranes on pervaporation
erformances

The pervaporation results for separating DMC/MeOH azeotropic
ixtures (30 wt% DMC, 70 wt% MeOH) at 70 ◦C by using different

VA membranes is given in Table 3, where the PVA membrane
rosslinked with PAA has a little higher flux but a lower separa-
ion factor than the PVA membrane crosslinked with GA, whereas
he PVA-GX membrane crosslinked simultaneously with PAA and
A shows a much better selectivity than the other two membranes.

t is clear that the PVA-GX membrane has a complex polymer net-
ork which makes this membrane show excellent selectivity to
eOH.
It also can be seen in Table 3 that the flux increases gradu-

lly but the separation factor has a maximum of 37 when the x
alue is 6 with increasing the GA content in the membranes. The
ncreasing flux results from the increasing swelling degree and the
ncreasing amorphous region of the PVA-GX membrane. The results
f membrane characterization experiments show that the mem-
rane with a higher GA content has a more crosslinking degree and
hen has a more compact structure, leading to a less chain mobil-
ty and a better selectivity. Therefore, the MeOH selectivity of the

VA-G6 membrane is better than that of the PVA-G3 membrane,
ecause of the crosslinked structure in membranes. But the sepa-
ation factor of the PVA-G9 membrane is less than that of PVA-G6
embrane. It could be explained by the high swelling degree of

he PVA-G9 membrane, which is almost three times the swelling

able 3
ervaporation results of different PVA membranes (70 wt% MeOH in feed, 70 ◦C)

VA membrane Pervaporation results

VA/PAA (weight ratio) X (%) ˛ J (g/(m2 h))

0/10 0 2.8 510
00/0 6 8.3 385
0/10 3 16 154
0/10 6 37 248
0/10 9 17 366

F
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ig. 6. Effect of operation temperature on (a) separation factor, (b) flux, and (c)
eOH concentration in permeate side.

egree of the PVA-G6 membrane (Fig. 5a). Although the PVA-
9 membrane has a higher crosslinking degree than the PVA-G6

embrane, the swelling effect overcomes the effect of crosslinked

tructure, leading to a lower separation factor of the PVA-G9
embrane.
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.3.2. Effect of operation temperature on pervaporation

erformances

The effect of operation temperature on pervaporation perfor-
ances has been investigated by using PVA-G6 membrane. As

hown in Fig. 6, the separation factors and MeOH concentration in

ig. 7. Effect of MeOH concentration in feed on (a) separation factor, (b) flux, and
c) MeOH concentration in permeate side.
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ermeate side both decrease but the fluxes increase with increasing
he operation temperature from 50 ◦C to 70 ◦C. As the temperature
ncreases, the thermal motion of polymer chains becomes more vio-
ent, leading to an increase in free volume within the membrane.
n other hand, the increasing operation temperature enhances the
iffusion of both MeOH and DMC molecules, resulting in more
MC molecules permeating to the membrane. Therefore, the fluxes

ncrease but the separation factors decrease with increasing the
peration temperature. It is worth while pointing out that the sep-
ration factors decrease sharply but the MeOH concentrations in
ermeate side decrease slightly (Fig. 6c).

.3.3. Effect of MeOH concentration in feed on pervaporation
erformances

The effect of feed composition by using the PVA-G6 membrane
s showed in Fig. 7, where the separation factors decrease but
he fluxes increase with increasing MeOH concentration in feed
rom 40 wt% to 70 wt%. This result can be explained by the MeOH
lasticization effect toward the membrane. As the MeOH concen-
ration in the feed increases, the membrane becomes more swollen
ecause of a stronger affinity with MeOH. Consequently, the poly-
er chains are more flexible and the energy required for diffusive

ransport is less, resulting in an increasing in the flux. The decrease
f separation factor with increasing MeOH concentration in feed
an be explained that the increasing in free volume of the mem-
rane allows more DMC molecules to pass through. In addition,

t can be seen in Fig. 7c that the MeOH concentration in perme-
te side is also higher than 98.6 wt% when the feed contains only
0 wt% MeOH. Fig. 8 illustrates that the permeation selectivity of
his membrane at 70 ◦C is compared with distillation separation
ased on vapor–liquid equilibrium. The MeOH concentration in the
ermeate side is much higher than that in the feed side. It means
hat this crosslinked PVA blend membrane can exhibit excellent
otential to break the azeotropic balance, which shows the mem-
rane prepared in this work may be used to separate DMC/MeOH
ixtures by pervaporation.

.4. Comparison of PVA-G6 membrane with literature data
In Table 4, it is presented that a comparison of pervaporation
erformences of different membranes for separating DMC/MeOH
zeotrope (30 wt% DMC, 70 wt% MeOH) reported in the litera-
ures and this work. Clearly, the PVA-G6 membrane has a best

ig. 8. Relationship of MeOH concentration in feed side and in permeate side.
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Table 4
Comparison of pervaporation performances of different membranes for separating DMC/MeOH azeotrope

Membrane Operation
temperature (◦C)

˛ J
(g/(m2 h))

Reference

Crosslinked PVA membrane 70 18 100 [28]
Nafion-K membrane 70 3.3 130 [29]
Chitosan membranes 55 8 300 [30]
Crosslinked chitosan membranes 55 9 500 [31]
PVA/chitosan blend membrane 25 5 165 [32]
ZSM-5 zeolite-filled chitosan membranes 25 6.1 103 [33]
PAA/PVA blend membrane 60 13 577 [18]
PVA-G6 membrane 70 37 248 This work

Table 5
Comparison of pervaporation performances of different MeOH selectivity membranes

Membrane Feed mixtures Thickness (�m) MeOH wt% in feed Operation temperature (◦C) ˛ J (g/(m2 h)) Reference

PVA/PAA membrane

MTBE/MeOH

20 20 35 45 610 [34]
Poly(phenylene oxide) membrane 5 21 40 7.7 640 [35]
CTA membrane 25 37.5 50 29 528 [36]
Silicalite membrane 460 50 50 4 150 [37]
Agarose membrane 15 50 30 45 400 [38]

Pervap 2255-60
Methyl acetate/MeOH

– 23.5 45 5.7 550 [39]
Cuprophane membrane 10 mm 41.4 30 4.3 490 [40]

PPy-PTS membrane
Toluene/MeOH

– 50 57.5 15 110 [41]
PPy-PF membrane – 50 57.5 50 500 [41]

PPy-PF membrane IPA/MeOH – 50 57.5 8 35 [41]
PPy-PTS membrane Acetonitrile/MeOH – 50 50 2.2 1100 [41]

P

40
50
40
50

s
l
P
t

w
T
p
c
a
P
s
m
t

4

a
G
c
g
t
m
P
m
i
c
a
s
a
i
h

s
o
t
t

A

M
N
2
P
E
X

R

VA-G6 membrane

DMC/MeOH –
–
–
–

electivity to MeOH in these membranes; its separation factor is at
east twice as many as other membranes’ separation factor. Using
VA-G6 membrane for separating DMC/MeOH azeotrope at 70 ◦C,
he separation factor is 37 and the permeate flux is 248 g/(m2 h).

In addition, the selectivity of PVA-G6 membrane is compared
ith other MeOH selectivity MeOH membranes, shown in Table 5.

hese results, shown in Table 5, were tested at different feed tem-
erature for separating different mixtures with different MeOH
oncentration. Although the fluxes of PVA-G6 membrane are not
s high as the fluxes of other MeOH selectivity membranes, the
VA-G6 membrane’s selectivity to MeOH is the best in these MeOH
electivity membranes. It means that our work shown in this
anuscript makes some progress in separation of DMC/MeOH mix-

ure and also in removing MeOH from other organic mixtures.

. Conclusions

The PVA-GX membranes of a fixed PVA/PAA weight ratio (90/10)
nd a varied GA content were prepared mainly by PVA, PAA and
A. The results of characterized experiments indicated that the
rosslinking degree of the membrane and the unreacted aldehyde
roups in the membrane both increasing with increasing GA con-
ent. It was demonstrated by the swelling experiment that the

embrane of higher GA content has a stronger affinity with MeOH.
ervaporation performances for separating DMC/MeOH azeotropic
ixtures at 70 ◦C showed that the separation factor had a max-

mum value but the flux increased gradually with increasing GA
ontent in the membrane. The effects of operation temperature

nd feed composition on pervaporation performances were also
tudied: the separation factors decreased but the fluxes increased
s the operation temperature or the MeOH concentration in feed
ncreased. The crosslinked PVA membrane prepared in this work
ad an excellent selectivity: the MeOH concentration in permeate

[

[

50 271 8 This work
50 195 19 This work
70 55 165 This work
70 37 248 This work

ide was always higher than 98.6 wt% for separating feed mixtures
f 40–70 wt% MeOH at 50–70 ◦C. Therefore, it could be expected
hat the PVA-GX membranes prepared in this work should be used
o separate DMC/MeOH mixtures in real application.
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