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poly(vinyltriethoxysilane) membranes for ethanol
recovery by pervaporation

Wei Jia,a Wei Sun,a Chunjie Xia,b Xianxue Yang,a Zhongqi Caoa

and Weidong Zhang *a

In this study, a copolymerization modification method is used to modify the rigid structure of a high-flux

poly(vinyltriethoxysilane) (PVTES) membrane, which was prepared from VTES monomers in our previous

work, to further enhance its separation factor. A value of R/Si, which could characterize the density of

organic groups and the chain flexibility in membrane materials, is introduced here to guide the selection

of modification chemicals. Modifiers with different polymerization degree but the same flexible chain

unit (DMDES, HSO and PDMS) are chosen to be copolymerized with PVTES. Analysis results show that

the PVTES-HSO membrane possesses lower thickness, higher amount of hydrophobic groups, and an

inner structure with greater chain flexibility and lower crystallinity, leading to the best pervaporation (PV)

performance among these modified membranes, which is much better than the original PVTES

membrane. Furthermore, PVTES-HSO membranes with different R/Si values are prepared to optimize

their PV performance. And the optimal PVTES-HSO membrane (R/Si ¼ 1.4) shows the best performance

with the separation factor of 6.6 and flux up to 8160 g m�2 h�1 when separating 9 wt% ethanol aqueous

solution at 35 �C.
Introduction

In recent years, fuel prepared from renewable bioethanol has
been promoted as an environmentally benign source of energy
for the next generation. Pervaporation (PV), as an
environmentally-friendly and energy-saving separation tech-
nology, is a potential process for in situ recovery of bioethanol to
reduce the inhibitory effect of high alcohol concentration and
thereaer to enhance the fermentation efficiency.1–4 The key
element of this integrated process is the pervaporation
membrane with high ux and separation factor. In recent years,
a great deal of pervaporation membrane materials have been
developed, among which silicone-based polymers are widely
employed in the separation of organics from aqueous solu-
tions.5 And for the separation of dilute ethanol aqueous solu-
tion, polydimethylsiloxane (PDMS) membrane is the most well-
studied representative silicone-based polymeric membrane.6–19

Generally, the reported separation factors of polymer-supported
PDMS membranes for the ethanol/water system have ranged
from 4.4 to 10.8 with an average of about 7–8.20 However, due to
its large molecular weight, the thickness of PDMS membrane is
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usually large, which causes low ux. Beaumelle et al.21 have
indicated that the total ux of unmodied PDMS membranes
only ranges from 1 to 1000 g m�2 h�1 for the ethanol/water
separation by PV. This low ux of PDMS membrane signi-
cantly limits its industrial application. Therefore, it is necessary
to develop a new thin membrane with a comparable separation
factor for ethanol recovery.

Currently, membrane fabrication methods like interfacial
polymerization, plasma polymerization, atom transfer radical
polymerization (ATRP), dip-coating and also other methods
have been applied to the preparation of ultrathin pervaporation
membranes.22–25 It can be concluded that the dramatic decrease
of selective layer thickness has been achieved mostly because
small molecules are used instead of polymers, like PDMS, as
lm forming monomers in most of these methods. Therefore,
in our previous study, Zhang et al.26 have reported the prepa-
ration of thin high-ux poly(vinyltriethoxysilane) (PVTES)
membranes with vinyltriethoxysilane (VTES) monomers for
ethanol recovery, which possessed a ux over 10 000 g m�2 h�1

and a separation factor of 5 with the active layer thickness of
�20 nm. Although the ux of PVTES membrane achieves
a breakthrough, the separation factor is a little low due to its
rigid inner structure, which may easily lead to some free volume
cavity and structural defects in membrane structure. So the
PVTES membrane performance is expected to be improved
through modication by lowering its rigidity.
RSC Adv., 2017, 7, 54441–54452 | 54441
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Copolymerization modication is a commonly used method
to adjust membrane inner structure via copolymerization of
additives and the original membrane materials to change the
functional groups and chain structures, which denitely affects
the PV performance of membranes. Poly(1-trimethylsilyl-1-
propyne) (PTMSP) is a typical silicon-based membrane with
rigid inner structure, which leads to its relatively low selectivity
for ethanol/water separation and low stability in the PV
process.27 Therefore, Nagase et al.27 once modied PTMSP with
the more exible PDMS by copolymerization, experimental
results showed that the selectivity depended on the PDMS
content of the copolymer, and the separation factor and
permeation rate assumed the maximum values at 12 mol%
PDMS content. At that point, the separation factor and perme-
ation rate were 28.3 and 2.45 � 10�3 g m m�2 h�1, respectively,
compared with 11.2 and 1.15 � 10�3 g m m�2 h�1 for pure
PTMSP membrane. Such a high permselectivity for ethanol
might be due to a delicate alteration of membrane structure,
which was induced by the introduction of a short exible PDMS
side chain into a rigid PTMSP backbone. However, the experi-
mental result also showed that excessively high content of
PDMS would lead to a decrease in the separation factor, because
the large amount of exible PDMS chain may easily over swelled
in PV process. So a proper exibility of membrane inner struc-
ture is needed to obtain a higher separation factor. Thus, for our
research, the PVTESmembrane with rigid backbone needs to be
modied by introducing a proper amount of exible segments
to adjust membrane inner structure and then to enhance the
separation factor.

In order to characterize the exibility of modied copoly-
mers, we introduce a value as R/Si.28 It is dened as the average
number of organic groups (R) attached directly to one silicon
atom for the organic silicon resin. With the value R/Si
increasing, the density of organic groups and segmental
mobility of polymers increase. Generally, silicone-based poly-
mer consists of four elementary units, and their R/Si values are
shown in Table 1. For the PVTESmembrane only consisting of T
units (R/Si ¼ 1), which shows higher rigidity, its exibility can
be enhanced by introducing appropriate amount of D units to
Table 1 Elementary units of silicone-based polymers

Structural formula Functionality R/Si Mark Flexibility

1 3 M —

2 2 D High

3 1 T Medium

4 0 Q Low

54442 | RSC Adv., 2017, 7, 54441–54452
adjust R/Si value between 1 and 2. Dimethyldiethoxysilane
(DMDES) and its polymers with –CH3 groups are the most
commonly used hydrophobic silicon resins consisting of D
units. They have a good affinity with ethanol, and –CH3 can
make a better exibility for the material because of its smaller
steric hindrance than the other organic groups.

So, in this work, the modiers with different polymerization
degree but the same exible chain unit, which are DMDES, the
oligomer of hydroxy silicone oil (HSO) and PDMS, are employed
to be copolymerized with PVTES via hydrolytic condensation
reaction, marked as PVTES-X, to obtain ultrathin membranes
with higher separation factor. The morphology, membrane
thickness, surface hydrophobic property, inner crystallization
property and thermal stability of PVTES-X and PVTES
membranes are investigated and compared by means of scan-
ning electron microscope (SEM), atomic force microscope
(AFM), contact angle (CA) measurement, Fourier transform
infrared (FTIR), X-ray diffraction (XRD) and thermogravimetric
(TGA) analysis. Furthermore, the pervaporation performances
of the PVTES-X and PVTES membranes for separating dilute
ethanol aqueous solution are also compared to select the best
modier. And then the chosen PVTES-HSO membranes with
different R/Si values are prepared to further optimize their PV
performance. Finally effects of operation conditions (feed
temperature and feed concentration) on the PV performance of
the optimal PVTES-HSO membrane are also systematically
investigated.
Experimental
Materials

Poly(vinylidene uoride) (PVDF) microltration membranes
with an average pore size of 0.22 mm and thickness of 0.1 mm
are purchased from Beihua Liming Co., Ltd. (Beijing, China).
Dimethyldiethoxysilane (DMDES) of analytical grade is ob-
tained from Beijing Hvsco Technology Co., Ltd. (Beijing, China).
Hydroxyl silicon oil (HSO, polymerization degree n ¼ 8) is
purchased from Beijing Dingye Co., Ltd. (Beijing, China).
Vinyltriethoxysilane (VTES, density of 0.904 g ml�1) of analytical
grade is obtained from Tianjin Chemical Reagent Institute
(Tianjin, China). Polydimethylsiloxane (PDMS, polymerization
degree n z 800), ethanol (purity > 99.7%) and n-heptane of
analytical grade are supplied by Beijing Chemical Co., Ltd.
Dibutyltin dilaurate (DBTL) of chemical grade is purchased
from Fuchen Chemical Reagent Factory (Tianjin, China). All the
chemicals are used without further purication. Deionized
water is used in this study.
Membrane preparation

The procedure for the preparation of pure PVTES and PVTES-X
composite membranes is described as follows. In order to
prevent coating solution from penetrating micro-pores in PVDF
membrane, PVDF porous membrane as support layer is rst
wetted with ethanol, then immersed in water. Aer about 10
minutes, the PVDF is placed on a clean glass plate and excess
water on the surface is wiped off quickly with a lter paper.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra09419a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 8

/4
/2

02
5 

5:
05

:3
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Meanwhile, the coating solution is prepared to form the active
layer of composite membranes. First, VTES and the solvent n-
heptane are mixed up with the ratio 5 : 10 (w/w) under stirring
to form a homogenous solution at room temperature. The
modier (DMDES, HSO or PDMS) is then added into the above
solution with a given R/Si to form organic silicon resin (no
modier is added into the pure PVTES membrane). Finally, the
catalyst, dibutyltin dilaurate, is put in with a weight ratio of 0.04
to VTES. Aer degassing, the solution is uniformly poured over
the pre-treated PVDF support. The solvent evaporates at room
temperature and the resultant membrane is then cured in
a vacuum drying oven at the desired temperature to complete
crosslinking.

During the membrane formation process, the silanization of
organic silicone resins forms a polymer with Si–O–Si bonds.29,30

The hydrolysis and condensation reaction occurs between the
Si–OCH2CH3 groups existing in VTES, DMDES, HSO and PDMS,
and the same reaction also occurs between Si–OH on the PVDF
surface and the Si–OCH2CH3 groups, which enhances the
interaction of the selective layer and support layer. The detailed
reaction process has been reported in our previous research.26

And the possible structures of these four resultant membranes
are illustrated in Fig. 1. Further characterization by FTIR and
XRD spectrum will be discussed in the Results and discussions
section.
Fig. 1 The possible structures of PVTES and PVTES-X membranes.
Membrane characterization

Scanning electron microscope (SEM). The surface and cross-
sectional morphological studies are performed on an FEI
Quanta 200 SEM at a voltage of 20 kV. Membrane thickness can
also be measured by SEM.

Atomic force microscope (AFM). The AFM used in this study
is a CSPM 4000 provided by Benyuan Co., Ltd. All images are
obtained at ambient conditions.

Contact angle (CA) measurement. The contact angle is
measured by a contact angle tester (HARKE-SPCAX1, China) at
room temperature. A 2 mL portion of pure water is dropped onto
the membrane surface at different locations. The value of
contact angle is mean of triplicate measurements.

Fourier transform infrared (FTIR). FTIR spectra are recorded
in the 500–4000 cm�1 range using a JIR-7000 spectrometer
(JEOL) at 4 cm�1 resolution.

X-ray diffraction (XRD). Crystal area and amorphous area of
the composite membranes are conrmed by XRD. The physical
structure of the membranes is studied at 25 �C by X-ray powder
diffraction (PANalytical B.V., Netherlands) using Cu Ka radia-
tion with a scanning speed of 8� min�1 within a range of 5–80�.
Same material amount for each membrane is used for the XRD
measurement.

Thermogravimetric (TGA) analysis. The thermal stability is
examined by a STA 449C Simultaneous Thermal Analyzer
(Netzsch Corporation, Germany) in the temperature range from
40 �C to 800 �C at a heating rate of 5 �C min�1 with a nitrogen
ow of 25 mL min�1.

Pervaporation measurement. Pervaporation performance
measurements of membranes are carried out on the apparatus,
This journal is © The Royal Society of Chemistry 2017
schematically shown in Fig. 2. The membranes are mounted in
a stainless steel membrane module with an effective membrane
area of 55.4 cm2 and sealed with Viton o-rings. The feed is
circulated from the feed tank to membrane module with
a YZ1515X peristaltic pump. The temperature of the feed tank is
controlled with a HH-4 thermostatic water bath. A 2XZ-2
vacuum pump is used to maintain the downstream pressure
RSC Adv., 2017, 7, 54441–54452 | 54443
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Fig. 2 Schematic diagram of the pervaporation system.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 8

/4
/2

02
5 

5:
05

:3
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
of the permeate side at 30 mmHg. The permeate is condensed
in a liquid nitrogen trap. Before the experiment, the system is
performed for 2 h to reach a steady state, aer that, the
permeate is collected every 1 h. The ethanol concentration of
feed and permeate are analysed by gas chromatography (Agilent
7890A) using a DB-FFAP capillary column and a FID detector.
Weight of permeate is determined by an electronic balance
(OHAUS AR2130, USA). All values of uxes and separation
factors are means of triplicate measurements.

The permeation ux (J) is calculated using the following
equation:

J ¼ m

At
(1)

wherem denotes the weight of permeate (g), A is membrane area
(m2) and t is the permeation time (h).

The separation factor (a), which reects the membrane
separation performance, is dened by the equation below:

a ¼ YE=YW

XE=XW

(2)

where XW, XE and YW, YE are the weight fractions of water and
ethanol in the feed and permeate, respectively.

Measurement of the density of organic groups. Borrowed
from the material science,31 the value of R/Si is widely used to
illustrate the density of organic groups for the organic silicon
resin. It is calculated as the following equation.

R=Si ¼
m1

M1

þ m2

M2

� 2n

m1

M1

þ m2

M2

� n
(3)

wherem1 andm2 are the weight of VTES and the modier in the
coating solution (g), respectively, M1 and M2 refer to the molar
mass of VTES and the modier (g mol�1), separately, n is the
polymerization degree of the modier.
Results and discussions
Characterization of PVTES and PVTES-X membranes

SEM and AFM. Fig. 3 shows the SEM images of PVTES and
PVTES-X membranes prepared with the same R/Si value of 1.4
54444 | RSC Adv., 2017, 7, 54441–54452
for the organic silicon resin in the coating solutions. As for
these four dense membranes, no visibly defects and pores are
observed from the top SEM images. Clearly, new defect-free
selective layers have been formed. And the surface roughness
of PVTES, PVTES-DMDES and PVTES-HSO membranes is close,
which is much larger than that of PVTES-PDMSmembrane. The
AFM images, as shown in Fig. 4, further conrm the smaller
surface roughness of PVTES-PDMS membrane. C. E. Goodyer32

established a model between the surface roughness and ux,
and the predicted results showed that higher surface roughness
would lead to higher surface area, which could enhance the ux.
Therefore, the ux of PVTES, PVTES-DMDES and PVTES-HSO
membranes may be higher than that of PVTES-PDMS
membrane, due to their higher surface roughness.

From the cross-sectional SEM images, it can be observed that
the selective layers merge well with the supporting membrane
for PVTES, PVTES-DMDES and PVTES-HSO membranes. And it
is difficult to obtain the exact thicknesses of their selective
layers on top of the supporting PVDF membranes, because the
interface is not clear. While the thicknesses of the PVTES,
PVTES-DMDES and PVTES-HSO membranes can be estimated
to far less than 1 mm, which is much smaller than that of PVTES-
PDMSmembrane (�10 mm). This probably leads to a higher ux
of the PVTES, PVTES-DMDES and PVTES-HSO membranes than
that of PVTES-PDMS membrane according to the inversely
proportional relationship between the thickness of the selective
layer and the ux.33

Contact angle (CA) measurement. The contact angle
between water and membrane can be used to characterize the
hydrophobicity of membrane surface. With the contact angle
increasing, the enhancement of membrane surface hydro-
phobicity is benecial to the solubility of organics in
membrane. As observed in Table 2, the contact angle between
water and each PVTES-X membrane is similar, probably owing
to the same types of functional groups in these three
membranes. And the contact angle of PVTES-X membranes is
bigger than that of PVTES membrane, which indicates the
stronger hydrophobicity of the modied membranes. This
may help to increase the ethanol selectivity of PVTES-X
membranes.
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Surface and cross-sectional SEM images of PVTES and PVTES-X membranes. (a) Top view of PVTES membrane; (b) top view of PVTES-
DMDESmembrane; (c) top view of PVTES-HSOmembrane; (d) top view of PVTES-PDMSmembrane; (e) cross view of PVTESmembrane; (f) cross
view of PVTES-DMDES membrane; (g) cross view of PVTES-HSO membrane; (h) cross view of PVTES-PDMS membrane.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 54441–54452 | 54445
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Fig. 4 AFM images of PVTES and PVTES-X membranes. (a) PVTES membrane; (b) PVTES-DMDES membrane; (c) PVTES-HSO membrane; (d)
PVTES-PDMS membrane.
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FTIR spectra. The FTIR spectra of the membrane surface are
shown in Fig. 5. The peaks at 1410, 1670 and 3070 cm�1 are
assigned to the –CH]CH2 absorbance signals. The peak at
1030–1160 cm�1 is characteristic of Si–O–Si stretching and the
peak at 1183 cm�1 is characteristic of Si–O–C,34 which indicates
that the hydrophobic Si–O–Si backbone has been formed by the
hydrolysis and condensation reactions of Si–OCH2CH3 groups,
and that the Si–OCH2CH3 groups are not completely reacted,
namely, the minority of them still stays in all four membranes.
The peak at 1259 cm�1 existing in the FTIR spectra of the
PVTES-X membranes is assigned to the –CH3 absorbance signal
(the symmetric deformation of Si–CH3),35 which suggests that
the materials used to modify PVTES membrane (DMDES, HSO
and PDMS) are successfully copolymerized with VTES. In
conclusion, compared with PVTES membrane, the PVTES-X
membranes contain additional hydrophobic –CH3 groups.
This phenomenon illustrates that the hydrophobicity of the
PVTES-X membranes is stronger than that of PVTES membrane,
which agrees with the CA results, possibly leading to higher
sorption selectivity for ethanol/water separation.

XRD spectra. XRD is a common method used to analyse the
crystallinity of the polymers. Generally speaking, the compo-
nents can permeate through amorphous region not the crys-
talline region.36 The patterns of these four polymers are
Table 2 CA results of PVTES and PVTES-X membranes

Type of membrane PVTES PVTES-D

CA (�) 101.0 114.0

54446 | RSC Adv., 2017, 7, 54441–54452
displayed in Fig. 6. As illustrated in Fig. 6, there are two broad
peaks in each XRD pattern, indicating the amorphous state of
these four polymers. And the intensity of PVTES-HSO's peaks
decreases compared with that of original PVTES, while for
PVTES-DMDES and PVTES-PDMS polymers, they both show
slight enhancement. This phenomenon suggests that only the
addition of HSO reduces the polymer crystallinity,37 thus
lowering the non-continuity nature produced by the crystalline
domains and the possibility of large structural defects in the
ultrathin membranes. G. L. Jadav et al.37 have proved that the
crystallites in thin membranes could lead to the membrane
structure with defects and such membranes will give high ux
but less selectivity. And this indicates the possible higher
separation factor of PVTES-HSO membrane when separating
ethanol/water system. While for the thick PVTES-PDMS
membrane, the extra-large membrane thickness can compen-
sate for the non-continuity nature, meanwhile reducing the
defects.

TGA analysis. Thermal decomposition kinetics and stability
of PVTES-X and PVTES polymers are investigated using TGA
under a nitrogen atmosphere and the results are shown in
Fig. 7. The decomposition begins at 150 �C for these four
membranes. As observed in Fig. 7(a), the total mass loss of the
four membranes ascends in the following order: PVTES >
MDES PVTES-HSO PVTES-PDMS

113.0 115.0

This journal is © The Royal Society of Chemistry 2017
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Table 3 Pervaporation data published for separation of ethanol from water with pristine PDMS membranes, in comparison with the results of
PVTES and PVTES-X membranes

Membrane XE
a (wt%) Ta (�C) la (mm) aa Ja (g m�2 h�1) Ref.

PDMS 5.0 40 5 8.9 1600 7
5.0 40 1–2 9.3 1140 8
4.0 45 5 8.5 1850 9
5.0 40 8 8.5 1300 10
8.0 42 1 6.7 1440 11
8.0 50 — 6.4 265 12
4.0 45 1 5.0 1600 9
3.0 50 8 1.0 2800 13
5.0 40 10 8.8 �240 14
2.0 30 50 10.0 �102 15
4.3 40 <10 6.3 5150 16

10.0 40 120 7.4 53.3 17
6.4 30 100 10.8 25.1 18
3.0 41 12.5 � 2 4.6 120 19

PVTES 9.0 35 — 4.9 8523.4 This work
PVTES-DMDES 9.0 35 — 5.6 6909.3 This work
PVTES-HSO 9.0 35 — 6.6 8160.1 This work
PVTES-PDMS 9.0 35 — 6.3 539.8 This work

a XE-feed ethanol concentration, T-temperature, l-membrane thickness, a-separation factor, J-total ux.

Fig. 5 Comparison of FTIR spectra for PVTES and PVTES-X
membranes.
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PVTES-PDMS > PVTES-DMDES > PVTES-HSO. The derivative
curves are displayed in Fig. 7(b). Except the curve of PVTES-
PDMS polymer, the other three DTG curves have two peaks,
which correspond to the unzipped degradation and rearranged
degradation, respectively.38,39 The missing unzipped degrada-
tion process of PVTES-PDMS is probably because of the
extremely low content of unreacted Si–OH, which mainly causes
the unzipped degradation. Among these four polymers, PVTES-
HSO possesses both the highest unzipped degradation
temperature and rearranged degradation temperature.

In conclusion, with the lowest degradation degree and
highest degradation temperature, PVTES-HSO membrane
exhibits more excellent thermal stability than other membranes,
showing its homogeneous and stable inner structure.
This journal is © The Royal Society of Chemistry 2017
PV performance of PVTES and PVTES-X membranes. As
observed in Fig. 8, the separation factor of the PVTES-X
membranes is higher than that of PVTES membrane. This
result agrees with the conclusion drawn from the character-
ization results of FTIR and XRD. The amount of hydrophobic
groups of the modied membranes is larger than that of
PVTES membrane aer introducing –CH3 into the
membranes, which would benet the absorption of ethanol in
the membrane surface. And also the exibility of chains in the
modied membranes is stronger than that of PVTES
membrane due to the increased R/Si, which reduces the
possibility of structural defects and thus enhances the
membrane selectivity. In addition, the separation factor of
PVTES-HSO membrane is 6.7, which is the highest among the
modied membranes. Generally, the increase of the modier's
polymerization degree would lead to the increment of the
copolymer exibility and then membrane selectivity. While for
the PVTES-PDMS membrane, the excessive swelling will occur
since the exibility of the copolymer is too strong, which
results in the decrease of separation factor. Therefore, the
proper exibility of the PVTES-HSO membrane brings about
the highest separation factor.

Fig. 8 also shows that the total ux of PVTES, PVTES-DMDES
and PVTES-HSOmembranes is almost equal and is much larger
than that of PVTES-PDMS membrane. The ux of different
membranes is mainly determined by the membrane thickness.
Therefore, similar ux of those three membranes is obtained
due to their similar membrane thickness, and PVTES-PDMS
membrane exhibits lower ux, resulting from its larger thick-
ness, as shown in Fig. 3. This is because the higher viscosity of
PVTES-PDMS coating solution brings about a thicker selective
layer than other membranes. In summary, PVTES-HSO
membrane possesses a superior pervaporation performance
among PVTES and the modied membranes.
RSC Adv., 2017, 7, 54441–54452 | 54447
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Fig. 6 Comparison of XRD spectra for PVTES and PVTES-X polymers.
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Moreover, considering PDMS as the most commonly used
polymeric membrane for PV separation of ethanol/water, the
performance of these membranes are compared with the pub-
lished PV data of the PDMS membranes in Fig. 9. It shows that
the PV performance of PVTES-PDMS membrane is close to that
of PDMS membrane, which means that the nature of PDMS
domains in the PVTES-PDMS membrane. The total ux of
PVTES, PVTES-DMDES and PVTES-HSO membranes is much
higher than that of PDMS membranes and the high ux means
a low membrane area requirement for the ethanol recovery per
unit weight, which leads to lower capital investment, lower
annual cost and a smaller footprint. And the separation factor
with high ux of PVTES, PVTES-DMDES and PVTES-HSO
membranes clearly transcend the upper limit of PDMS
membranes reported in most literatures (Fig. 9), which implies
that PVTES, PVTES-DMDES and PVTES-HSO membranes offer
signicant potential for PV integrated with ethanol fermenta-
tion process.

Effect of R/Si value on the PV performance for PVTES-HSO
membrane. As discussed in the last section, PVTES-HSO
membrane has been proved to be the best pervaporation
membrane among those four membranes. The value of R/Si
associating with the HSO addition amount is introduced to
optimize the performance of PVTES-HSO membrane. As shown
in Fig. 10, with the increase of R/Si, HSO content in the copol-
ymer increases. The addition of HSO reduces the polymer
54448 | RSC Adv., 2017, 7, 54441–54452
crystallinity, thus lowering the non-continuity nature and the
possibility of large structural defects, as discussed in the XRD
characterization results. It could also improve the content of
organic groups of copolymers, leading to the enhanced affinity
between ethanol and membrane. Therefore, with R/Si
increasing from 1.0 to 1.4, the ethanol ux and separation
factor increase, and the water ux decreases slightly. But when
R/Si exceeds 1.4, the excess HSO may get self-polymerized apart
from copolymerizing with VTES. Similar results were observed
that the excessive crosslinking agent gets self-polymerized in
the preparation of PDMS membranes by other researchers.40

Therefore a lower ux and separation factor appear due to the
excessively dense part because of the self-polymerization, which
is more like PDMS twining together. To sum up, when the value
of R/Si is chosen as 1.4, the PVTES-HSO membrane exhibits the
best PV performance to separate ethanol aqueous solution. At
this point, HSO just lls in the VTES backbone while with no
excessive self-polymerization, forming a homogeneous
structure.

Effect of feed temperature on the PV performance of PVTES-
HSO membrane. Fig. 11 illustrates the effect of the feed
temperature on the total ux and separation factor. The total
ux increases and the separation factor maintains around 6.0
with increasing feed temperature from 15 to 55 �C. The incre-
ment of total ux with temperature is due to the increase in the
mobility of individual permeating molecules, caused by the
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Comparison of TGA and DTG curves for PVTES and PVTES-X
polymers. (a) TGA curves of polymers, (b) DTG curves of polymers.

Fig. 9 PV performance of different membranes in comparison with
the published data of pristine PDMS membranes. The dashed line
represents the upper limit of the PDMS membranes. The detailed
information of data points is shown in Table 3.
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enhanced diffusion coefficients and mobility of polymer
segments in membranes. On the other hand, the increase of
membrane swelling degree with temperature also facilitates
Fig. 8 PV performance of PVTES and PVTES-Xmembranes (R/Si¼ 1.4;
feed concentration: 9 wt%; feed temperature: 35 �C).

This journal is © The Royal Society of Chemistry 2017
both ethanol and water transport, which keeps the separation
factor at a relatively constant value. Similar results have also
been observed by Jiding Li et al.41

To get a deeper view of the relationship between the
temperature and permeation ux, an Arrhenius type equation is
applied as follows:42,43

Ji ¼ J0 exp

�
� Ea

RT

�
(4)

where J is the permeate ux, J0 is a pre-exponential factor, Ea is
the activation energy associated to the permeation process, R is
the gas constant, and T is the absolute feed temperature.

Eqn (5) is obtained, by rearranging eqn (4).

ln Ji ¼ ln J0 � Ea

R
� 1

T
(5)

The Ea values for ethanol and water are determined from the
slopes of the ln Ji versus 1/T plots (Fig. 12). The apparent
Fig. 10 Effect of R/Si value on the PV performance for PVTES-HSO
membrane (feed concentration: 9 wt%; feed temperature: 35 �C).

RSC Adv., 2017, 7, 54441–54452 | 54449
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Fig. 11 Effect of feed temperature on the PV performance for PVTES-
HSO membrane (feed concentration: 9 wt%).

Fig. 12 Relationship of ln Ji � 1/T for PVTES-HSO membrane (feed
concentration: 9 wt%).

Fig. 13 Effect of feed concentration on the PV performance for
PVTES-HSO membrane (feed temperature: 35 �C).

Table 4 Effect of feed concentration on ethanol and water activity
coefficient and feed fugacity (feed temperature: 35 �C)

Ethanol
concentration (wt%)

Activity coefficient Feed fugacity (kPa)

Ethanol Water Ethanol Water

1 4.6388 1.0001 0.253 5.608
3 4.4619 1.0003 0.738 5.565
5 4.2914 1.0010 1.198 5.522
7 4.1271 1.0020 1.633 5.480
9 3.9688 1.0033 2.045 5.438
11 3.8164 1.0050 2.435 5.397
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activation energy Ea reects the sensitive behavior of the
component permeation through the membrane towards
temperature alteration.44 If the apparent activation energy is
positive, permeate ux increases with the increasing tempera-
ture, which is observed inmost pervaporation experiments. And
a higher value of Ea for component permeation through
membrane implies a more sensitive behaviour towards
temperature alteration. From Fig. 12, the calculated apparent
activation energy of ethanol is 60.7 kJ mol�1, which is close to
that of water (58.9 kJ mol�1). The same phenomenon of the
similar apparent activation energy of ethanol and water is
observed in other literatures.7,26 Therefore, the separation factor
of PVTES-HSO membrane maintains at a xed value, as shown
in Fig. 11.

Effect of feed concentration on the PV performance of
PVTES-HSO membrane. Effect of feed concentration on the PV
performance of PVTES-HSO membrane is shown in Fig. 13.
With the increase of the ethanol concentration from 1 wt% to
54450 | RSC Adv., 2017, 7, 54441–54452
11 wt%, the total ux increases from 4887 g m�2 h�1 to 8897 g
m�2 h�1 and the separation factor drops from 8.0 to 5.3.

Theoretically, the driving force for component i to transport
through a membrane is the difference of its partial vapor
pressure at the feed side and that at the permeate side and can
be written as follows:45

Driving force ¼ xigip
sat
i � xip

p (6)

In this work, the permeate pressure is kept close to zero, and
the driving force of the component is therefore only determined
by its feed fugacity. As shown in Table 4, for the ethanol/water
separation process, a higher ethanol fraction leads to lower
activity coefficient, but the corresponding ethanol fugacity
increases sharply, resulting in a higher driving force and
therefore a higher ethanol ux. And the water fugacity decreases
very slightly, which is inconsistent with the small upward trend
of water ux. This is mainly because of the coupling effect46 of
hydrogen bonds between water and ethanol, leading to the
enhancement of water permeation with the increase of ethanol
permeation. Another reason is that higher ethanol concentra-
tion could lead to higher degree of membrane swelling, which
benets both ethanol and water permeations. These causes
make water ux increase slightly with the increase of ethanol
ux, which results in the decrease of separation factor and the
This journal is © The Royal Society of Chemistry 2017
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increase of total ux. Similar phenomena have also been re-
ported by previous researchers.45
Conclusions

In this paper, the modiers, which are DMDES, HSO and PDMS
containing the same exible chain unit, are applied to modify
the rigid PVTES membrane by copolymerization. A value of R/Si
is introduced here to guide the selection of modication
chemicals, which could characterize the density of organic
groups and the exibility of membrane materials. SEM, AFM,
CA, FTIR, XRD and TGA methods are used to characterize the
physical and chemical structure of the PVTES-X and PVTES
membranes. Analysis results show that among these modied
membranes, PVTES-HSO membrane possesses lower thickness,
higher amount of hydrophobic groups, and an inner structure
with more proper chain exibility and lower crystallinity, thus
lowering the non-continuity nature and the possibility of large
structural defects in the ultrathin membranes. These properties
result in the best separation performance of PVTES-HSO
membrane, which is much better than that of PVTES
membrane. Furthermore, PVTES-HSO membranes with
different R/Si values are prepared to optimize their PV perfor-
mance. And when feed concentration is 9 wt% and feed
temperature is 35 �C, the separation factor of the optimal
PVTES-HSO membrane (R/Si ¼ 1.4) is around 6.6 and total ux
is up to 8160 g m�2 h�1. In conclusion, this PVTES-HSO
membrane with good PV performance and thermal stability
would be promising for the industrial application of PV process.
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