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ABSTRACT: Water-soluble hyperbranched polyester (WHBP) was synthesized through the esterification reaction of the fourth genera-
tion hyperbranched polyester and maleic anhydride. A novel cross-linked WHBP/PVA membrane was prepared by adding WHBP
into poly(vinyl alcohol) (PVA) solution with glutaraldehyde as the cross-linker. WHBP was characterized by Nuclear Magnetic Reso-
nance and Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR), while WHBP/PVA membranes were
characterized by ATR-FTIR, X-ray Diffraction, Scanning Electron Microscopy, Thermogravimetric Analysis, mechanical capacity, and
water contact angle. Testing results showed that maleic anhydride was grafted on the surface of WHBP; compared with PVA mem-
brane, WHBP/PVA membrane had lower crystallinity, weaker mechanical strength, higher hydrophilicity, and better thermal stability.
Sorption and diffusion behaviors of n-butanol and water in WHBP/PVA membrane were investigated; pervaporation performances of
WHBP/PVA membrane were studied through the dehydration of the 90 wt % n-butanol aqueous solution at 40 °C. With an increase
of the WHBP content from 0 to 30 wt %, both n-butanol uptake and n-butanol diffusion coefficient first decreased then increased;
n-butanol flux first decreased from 10 to 2 g-m *h™ ' then increased to 213 g-m™ *h™'; both sorption selectivity and diffusion selec-
tivity first increased then decreased; separation factor first increased from 88 to 1309 then decreased to 16. © 2016 Wiley Periodicals, Inc.
J. Appl. Polym. Sci. 2016, 133, 43533.
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INTRODUCTION hydrophilic membrane materials with excellent performances
for the PV separation of aqueous organic solution such as PVA,
chitosan, polysulfone, polyimide, polyamides, and polyani-
line®™"? have been developed and used. Because of its good per-
formances in film forming, hydrophilicity, and chemical-
resistant properties, PVA membrane has been applied in the
fields of enzyme immobilization, gas separation, fuel cells, and
pervaporation dehydration of organics.”'° However, because of
the semi-crystalline character of PVA, the pervaporation per-
formances of PVA membrane for organics dehydration are not
satisfied. It has been demonstrated that the pervaporation prop-
erties of PVA membrane could be improved by its modification
such as chemical cross-linking, polymer blending and organic—
inorganic hybridization."" Rachipudi et al'? developed the
sulfonated-PVA membrane using sulfophthalic acid (SPTA) as a
cross-linker. Using the membrane to separate water—isopropanol
mixtures by pervaporation, the sulfonated-PVA membrane

Pervaporation (PV) is acknowledged as a well-established mem-
brane separation technology with high efficiency and low energy
consumption for its applications of the separation and purifica-
tion of liquid mixtures, extraordinarily in the following three
areas: dehydration of organic solvents,' recovery of organics,’
and separation of organic—organic mixtures.* Different from the
conventional distillation where the separation depends on the
vapor-liquid equilibrium of the components, pervaporation
depends on the sorption—diffusion differences of the feed com-
ponents in the polymeric membrane. Consequently, the selec-
tion and preparation of excellent separation membrane become
crucially important in the pervaporation process. To obtain
good pervaporation performances for dehydration of organic
solvents (alcohols, acids, ethers, ketones, etc.), the membrane
should have high affinity and selectivity to water. Various

© 2016 Wiley Periodicals, Inc.
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exhibited preferential selectivity towards water and could be
used effectively to separate the water-—sopropanol mixtures.
Sridhar et al."> prepared the nylon 66 blended PVA membrane
which cross-linked with glutaraldehyde (GA). The membranes
were found to possess good potential for the dehydrating of 2-
butanol.

With the progress of polymer science, there has been such an
upsurge in the applications of hyperbranched polymers as struc-
tural material and nanomaterial, while few attempts have been
made for their potential applications in membrane materials.
Considering the high reactivity and the highly branched three-
dimensional spherical structure of hyperbranched polyester
(HBPE), it should be promising to explore the possibility of
HBPE as the candidate of membrane material. Moreover, HBPE
possesses apparent advantages polymers, for
instance, a variety of functional groups, low flexibility, large
free-volume, small rheological volume and high solubility in
various solvents."*™” Wei et al.'® synthetized the hyperbranched
poly (amine-ester) (HPAE) and prepared cross-linked HPAE
membrane using glutaraldehyde (GA) as the cross-linker, and
discussed its pervaporation properties in separating water/iso-
propanol mixtures. The cross-linked HPAE membranes pre-
sented preferable hydrophilicity and high selectivity towards
water. Luo et al'® studied the ethyl cellulose (EC) membrane
which was cross-linked by hyperbranched-polyester acrylate
(AHBPE) and investigated its PV performance for the separa-
tion of benzene/cyclohexane mixtures. Study results indicated
that the EC-AHBPE membranes exhibited pre-eminent flux and
separation factor.

over linear

In this work, a fourth generation of hydroxyl-terminated HBPE
was synthesized through the pseudo one-step esterification reac-
tion of 2, 2-bis (hydroxymethyl) propionic acid and 1,1,1-
trimethylol propane. But the synthesized HBPE was too insolu-
ble in water, which made it difficult to prepare HBPE-PVA
membrane casting solution using water as solvent. Hence,
water-soluble hyperbranched polyester (WHBP) was synthesized
through the modification of HBPE using maleic anhydride by
esterification reaction and characterized by Attenuated Total
Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR)
and Nuclear Magnetic Resonance (NMR). Further, novel cross-
linked PVA membranes were prepared by incorporating WHBP
into PVA solution and used GA as cross-linker. The physic-
chemical properties of the resulting WHBP/PVA membranes
were characterized by ATR-FTIR, X-ray Diffraction (XRD),
Thermogravimetric Analysis (TGA), Scanning Electron Micros-
copy (SEM), water contact angle and mechanical strength. The
effects of WHBP content in PVA membranes on PV performan-
ces for the separation of water/n-butanol mixtures were studied.
Meantime, the sorption—diffusion behaviors of n-butanol and
water in the WHBP/PVA polymers were also investigated.

EXPERIMENTAL

Materials

Porous ultrafiltration membranes of polyacrylonitrile (PAN)
(cutoff MW 5 X 10%) were supplied by the Development Center
of Water Treatment Technology (China). PVA (average molecu-
lar weight approximately 128,000; polymerization degree:
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Figure 1. (a) Molecular structure of HBPE and (b) schematic description
of the synthesis for WHBP. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

1750 = 50; hydrolysis degree: 97%), pentaerythritol (PEL), p-
toluene sulfonic acid (p-TSA), and 50% glutaraldehyde (GA)
solution in water were purchased from GuangFu Institute of
Fine Chemicals (Tianjin, China). 2, 2-bis (hydroxymethyl) pro-
pionic acid (bis-MPA) was supplied by Aladdin Industrial
(Shanghai, China). Maleic anhydride (MA), n-butanol and Sul-
furic acid (98 wt %) were purchased from Beijing Chemical
Works (Beijing, China). Other reagents were of analytical grade
and were used without further purification. Home-made deion-
ized water was used throughout the study.

Synthesis of WHBP Polymer

The fourth generation HBPE was synthesized by the melting
polycondensation approach in a stepwise manner: with the aid
of p-TSA as the catalysis, PEL molecules reacted with bis-MPA
which contains one carboxyl (A=COOH) and two hydroxyl
(B=OH) functional groups and was recognized as the AB,
monomer. The synthesis was conducted in a four-necked flask
equipped with a nitrogen inlet, a drying tube, and a stirrer at
140-170°C. The chosen molar ratio of PEL:bis-MPA of 1:60
corresponded to the theoretical molecular weight of HBPE of
7103 g/mol. The synthesized HBPE contains 64 terminal
hydroxyl groups as shown in Figure 1(a).

The WHBP can be obtained through the reaction of HBPE and
maleic anhydride (MA) according to the literature report.”**'
The precalculated amount of HBPE and MA were placed in a
four-necked flask equipped with a magnetic stirring, a reflux
condenser and a nitrogen input. The reaction was carried out at
90°C and acid titration was conducted to indicate the extent of
reaction by 0.1 M NaOH methanol solution. The schematic
description of the modification process is shown in Figure 1(b).
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Membrane Preparation

WHBP/PVA membranes were prepared by solution casting
method. A mixture of a certain amount of WHBP, 5 g PVA and
95 mL deionized water was heated for 4 h at 90°C under stir-
ring; the solution then was filtered to remove bubbles and non-
dissolved PVA particles. To make the WHBP/PVA solution
cross-linked, 0.25 g cross-linking agent (50% GA water solution)
was gradually added under stirring at 250 rpm and pH value 2
(maintained by sulfuric acid). The cross-linked solution was
then casted onto the surface of a polyacrylonitrile (PAN) ultra-
filtration membrane using a casting knife with a gap of 100 um
and then to be dried in the sterile room at room temperature
for 48 hours. Dried at 100 °C under vacuum for 1 h, the mem-
brane was prepared and was ready for PV study. The mem-
branes were designated as M-1, M-2, M-3, M-4, and M-5
corresponding to the mass percentage of WHBP in the mem-
branes which were 0, 5%, 10%, 20%, and 30%, respectively. The
overall thickness of the membrane was about 230 um measured
by a micrometer. A total of five measurements of different loca-
tions of the membrane surface were tested and were averaged.
In addition, to study the effects of the physicochemical proper-
ties of the mixed membranes, unmixed and mixed WHBP
membranes without support were also prepared. The thickness
of the membrane without support was about 60 yum measured
by a micrometer (0-150 mm, Shanghai constant measuring tool
Co., Ltd).

Membrane Characterization

Nuclear Magnetic Resonance. The ’C NMR spectra of HBPE
and WHBP were conducted on an Avance III 400 MHz spec-
trometer (Bruker, Switzerland) using DMSO-d6 as solvent.

Attenuated Total Reflection Fourier Transform Infrared
Spectroscopy. The chemical structure of WHBP and WHBP/
PVA membranes were monitored by a Nicolet iS10 ATR-FTIR
spectroscope (Thermo scientific, USA) with a resolution of
2 cm and the spectra of 500-4000 cm™'. A small piece of the
membrane was pressed against an ATR crystal.

X-ray Diffraction. The crystallinity of the WHBP/PVA mem-
branes was investigated at room temperature by an X-ray dif-
fractometer (D/max-2200-pc, Rigaku, Japan). The
diffractograms were measured at a scanning speed of 5°/min in
a 20 range of 5-40° at the tube voltage of 40 kV and the tube
current of 20 mA.

Scanning Electron Microscopy. The surface morphology of
WHBP/PVA membranes was observed by a scanning electron
microscope (JSM-5600LV, JEOL, Japan). Membrane samples
were frozen in liquid nitrogen and then were broken to obtain
cross-section, sputtered with gold by a Sputter Coater (KYKY
SBC-12), the samples then were tested by SEM.

Mechanical Properties. The Mechanical strength of WHBP/
PVA membranes was investigated by an Instron 3365 (USA)
tensiometer. The shape of the specimens was dumbbell, the
length was 30.00 mm, the thickness was 0.10 mm and the width
was 4.00 mm. The stretching rate was 50.00 mm/min and each
specimen was gauged three to five times to get the average
result.
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Thermogravimetric Analysis (TGA). Thermal stability of
WHBP/PVA membranes was investigated using a thermogravi-
metric analyzer (SDT Q600, TA Instruments, USA) in a nitro-
gen atmosphere. The sample was heated from 50°C to 550°C
with a ramping rate of 10 °C/min.

Static Contact Angle. Water contact angle between water and
WHBP/PVA membrane surface was measured with a contact
angle meter DSA30 (KRiiss GmbH, Germany) at room tempera-
ture using the static sessile drop method. Deionized water drop-
lets were dropped onto the membrane surface at five different
locations of the same sample to take the average result.

The Total Fractional Free Volume. The total fractional free vol-
ume (FFV) was calculated by comparing the theoretical and
experimentally measured densities as follows:

(l/pp)'(l/ptheory)

Total FFV =FFVpys+ (1)

1/ P theory
The actual membrane density (p,) can be calculated using
pp= mcoz];osite 2)

Considering the relevant density, membrane theoretical density
(Ptheory) can be calculated using
m
4 Meva 3)
PPvA

Mcomposite _ MWHBP

Ptheory PwWHBP

The density of the pure WHBP (pwygp) can be calculated using
(4)

MWSAMPLE

PWHBP =
Vwhsp

where m is the mass (g), A is effective membrane area (m?), I is
initial thickness of membrane (m), Vyppp is volume of pure
WHBP, mysampre is the mass of pure WHBP, ppya is 1.27 X
10° kg/m’, which is the density of PVA, FFVpy, was 1.70%.>*

Swelling Experiments

Membrane swelling experiment can help to understand the
interactions between the membrane and the liquid penetrants.
The cross-linked WHBP/PVA membranes were dried at 80°C
under vacuum for 48 h and were weighted using a digital
(ACCULAB ALC-110.4, Germany, sensitivity
*0.1 mg). The samples then were immersed in the 90 wt % n-
butanol/water mixture, pure n-butanol or pure water at 40°C
for 24 h to achieve sorption equilibrium. Wiped with filter

microbalance

paper, the swollen membranes were weighted as quickly as pos-
sible.” Each sample was tested at least three times to get the
average result. The degree of swelling (W) was calculated from
the following equation:

Wo=——7 (5)
where M., and M, are the masses of the swollen and dry mem-
branes, respectively.

The ideal sorption selectivity o was calculated by
0= WW,OC/WB,OO (6)

where Wy, and W, are the swelling degrees of the pure
water and pure n-butanol in the membranes, respectively.®
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Figure 2. Region of the 13C NMR spectra of HBPE (1) and WHBP (2).

Based on Fick’s first and second laws, the diffusion coeffi-
cient (D) is a key transport property of solvent molecules in
the polymer bulk, and can be defined by the following
formula®:

M, 4 |Dt

Mo IV w @)

where M, is the mass of sorbed solvent at random time ¢, [ is
initial thickness of membrane. The Fickian diffusion coefficient
can be calculated from the slope of a plot of M,/M,, vs. time t/,.
The diffusion selectivity (o) was calculated by

OCD:Dw/DB (8)

where Dy, and Dg are the pure water and pure n-butanol diffu-
sion coefficients, respectively.*®

Pervaporation Experiments
The pervaporation apparatus used in this work is similar to
that reported in our previous article.”” The feed mixture (40°C,
90 wt % n-butanol solution) was circulated by a peristaltic
pump with a flow rate of 50 L/h, the effective area of the mem-
brane was 28.26 cm” and the capacity of the feed compartment
was 2000 cm’. The downstream pressure of the membrane cell
was maintained at 80 KPa by a vacuum pump (ZVY-1-10,
Shanghai vacdo Vacuum Equipment). When the system reached
steady state, at least 2 h after started, the permeate was collected
in a cold trap which was immersed in liquid nitrogen, the cold
trap with permeate then was weighted lately. Composition of
permeate was measured by a gas chromatograph (GC-2014c,
Shimadzu, Japan). Membrane PV performances were deter-
mined by permeation flux (]), separation factor (o), and PV
separation index (PSI). These factors were calculated from the
following equations:
w
AtXA
y= YW / YB
XW / XB

PSI=(a—1)]

J=

)

(10)

(11)

where W is the weight of permeate (g); A is the effective mem-
brane area (m?); Af is permeation time (h); Xy; Yy are the
mass fractions of water in the feed and in the permeate, and
Xp, Yy are the mass fractions of n-butanol in the feed and in
the permeate, respectively.
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RESULTS AND DISCUSSION

Membrane Characterization

NMR Studies. From Figure 2, the difference between the °C
NMR spectrum of HBPE and the >C NMR spectrum of WHBP
confirmed that HBPE and WHBP have different chemical struc-
tures. For HBPE, the signals at 50.74, 48.80, and 46.73 ppm
should be attributed to the quaternary carbon of terminal (T),
linear (L), and dendritic (D) fractions, respectively.14 But for
WHBP, the peak intensity of terminal unit almost disappeared
while the peak intensities of linear unit and dendritic unit
increased. The reason is that hydroxyl groups of the terminal
unit of HBPE reacted with MA by esterification reaction as
shown in Figure 1(b). When one hydroxy group of the terminal
unit in HBPE reacts with MA, a new linear unit will yield. If
two hydroxyl groups of the terminal unit reacted with MA, the
terminal unit in HBPE would become a new dendritic unit in
WHBP.

ATR-FTIR Analysis. Figure 3 shows the ATR-FTIR spectra of
the prepared HBPE and WHBP. The strong absorption band in
the range 3250-3750 cm™' for -OH indicates the presence of
large numbers of hydroxyl groups on the surface of both the
HBPE and WHBP, but the decrease of the peak intensity in
WHBP has demonstrated the reaction of the terminal hydroxyl.
Meanwhile the new absorption peak located at 1641 cm™ ' for
WHBP showed that C=C in MA had been induced into
WHBP'*' which means that maleic anhydride has been grafted
onto the surface of WHBP, which agrees with the results of *C
NMR spectra.

Figure 4 illustrates the ATR-FTIR spectra of the pristine PVA
membrane (M-1) and WHBP/PVA membranes (M-2 to M-5).
For all membranes, the distinct adsorption bands in the range
of 3000-3600 cm™' and at 2925 cm™' correspond to the
stretching vibrations of O-H and the asymmetric stretching of
C-H, respectively.”® The intensity of these bands increased sig-
nificantly as WHBP increased. For WHBP/PVA membranes, the
peaks at around 1722 cm™ ' are attributed to the stretching
vibration of C=0 in WHBP according to Figure 4. For PVA
membrane, the peak at 1650 cm ™' corresponds to the stretching

Transmittance %

1 1 1 1 I 1
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)
Figure 3. ATR-FTIR spectra of HBPE and WHBP.
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Figure 4. ATR-FTIR spectra of the WHBP/PVA membranes (M-1 to M-5).

of C=0 group of the unreacted GA."> When WHBP was
added into PVA, the intensity of the peaks decreased, which
meant that the cross-linking reaction between WHBP and GA
occurred by acetalation reaction. Meanwhile, the width of the
peaks at 1094 and 1230 cm™' increased significantly, which
attributed to C-O and C-O-C groups, which indicated that the
acetalation reaction occurred between WHBP-OH and GA-CHO
and also, between PVA-OH and GA-CHO.?* This proved that
the added WHBP changed the structure of PVA membrane and
the cross-linking reaction occurred between WHBP and
glutaraldehyde.

XRD Studies. To study the effect of WHBP on membrane mor-
phology, X-ray diffraction patterns were employed (Figure 5).
The pure PVA membrane (M-1) exhibits a typical peak at
20 =20°, which assigned to the mixture of (101) and (200)
crystalline planes.**' For the cross-linked PVA/WHBPE mem-
branes (M-2, M-3, M-4, and M-5), as the content of WHBP
increased, the intensity of peak decreased gradually. The reason
is that WHBP cross-linked with PVA, as described in ATR-FTIR
analysis, which disturbed the ordered packing of PVA polymeric
chains and increased the amorphous domains of the cross-
linked WHBP/PVA membranes. This structure caused the
increase of membrane free volume, which was good for the dif-
fusion of permeate molecules, and as a result, permeation flux
increased.

SEM Studies. The morphology of the top surfaces of the PVA
and WHBP/PVA membranes for M-1 to M-5 and cross-
sectional morphology of M-5 was observed with scanning elec-
tron microscopy (SEM) (Figure 6). With an increase of WHBP
content from 0 to 30 wt %, membrane surfaces changed from
smooth to rough. The surfaces of M-1 and M-2 were smooth
and dense with no appreciable voids. There were some holes on
the surface of M-3 which were caused by the air bubbles in
casting solution because of the stir When WHBP content
increased to 30 wt % (M-5), phase separation between PVA and
WHBP occurred, the nonselective defect voids formed and
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WHBP particles appeared on the membrane surfaces. This was
because the unreacted WHBP precipitated on membrane
surface.

Mechanical Properties. Membrane mechanical properties were
evaluated by the tensile strength and elongation at break as
shown in Figure 7. PVA membrane shows a high tensile
strength because of its high crystallinity. With the increase of
WHBP content, both tensile strength and the elongation at
break decreased quickly. A similar situation was observed by
Singha et al'' who prepared the modified PVA membrane by
the cross-linking copolymerization of acrylic acid and hydroxye-
thylmethacrylate. For the decrease of the tensile strength, it may
be because that, with the increase of WHBP, membrane crystal-
linity decreased and caused the increase of membrane free-
volume as described in the section XRD Studies. For the
decrease of elongation at break, it may because, with the
increase of WHBP, chain flexibility of the polymer reduced for
the reason of the cross-linking of the spherical WHBP mole-
cules and the linear PVA molecules.'?

TGA Studies. The thermal stability of PVA membrane (M-1)
and WHBP/PVA membranes (M-2 to M-5) was investigated
through the thermo-gravimetric analysis (Figure 8). For all
membranes, when the temperature increased from 50°C to
200°C, the weight of the membranes only reduced slightly for
the reason of vaporization of the absorbed water in membranes.
The weight loss at 210-360 °C was ascribed to the degradation
of the main polymer chain.®'? Because of the carbonation of
polymer matrix, more than 90% weight was lost before 480 °C
and the membranes decomposed completely at around 500 °C.
From Figure 8, the PVA membrane started to degrade at 210 °C,
while the WHBP/PVA membranes started to decompose at
300°C, and the decomposition temperature of the WHBP/PVA
membranes increased with the increase of WHBP content,
which indicated that the thermal stability of the WHBP/PVA
membranes could be enhanced by the adding of WHBP. This

Intensity
g%

10 20 30 40
207

Figure 5. XRD patterns of the membrane of M-1 to M-5.
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was attributed to the nature of the membrane cross-linking net-
work as analyzed in membrane ATR-FTIR studies.

Water Contact Angle Studies. Contact angle is widely used in
membrane material science to describe the hydrophilicity of a
membrane surface. Contact angle determines wetting and adhe-
sion behavior of the surface, so the contact angle between water
and membrane surface is important for the understanding of
transport process. Contact angle between water and membrane
surface was measured and was shown in Figure 9. Compared
with the WHBP/PVA membranes, pure PVA membrane has the
highest contact angle (58°) and with the increasing of WHBP
content in the membrane matrix from 0% to 30%, water con-
tact angle decreased quickly from 58° to 20°. This was because
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Figure 6. SEM images of the top surfaces of (a) M-1, (b) M-2, (c) M-3, (d) M-4, (e) M-5, and (f) the cross-sectional image of M-5. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

there are a large number of hydroxyl groups and carboxyl
groups in WHBP as shown in Figure 1. This indicated that
water molecules are easily dissolved in the WHBP/PVA mem-
branes, which means adding WHBP to the membrane matrix
could increase membrane hydrophilicity and then improve its
pervaporation performance.”

Total FFV Studies. In order to study the effect of WHBP on
the microstructure of membrane, it is important to know the
total FFV of the adding WHBP which can fundamentally change
the diffusion of the molecules through the membranes.?® To use
eq. (2), membrane density measurements were carried out.
From Figure 10(a), the increasing of WHBP concentration
caused the decrease of membrane density, and the increase of
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Figure 7. Tensile strength and tensile elongation of PVA and WHBP/PVA
membranes.

the free volume in membrane matrix as shown in Figure 10(b).
Consequently, the WHBP/PVA membranes could offer more
diffusion paths for those small penetrants.

Swelling Analysis

In PV, membrane swelling behavior controls the transport of
penetrants under the influence of chemical gradient. The swelling
results can illustrate the interactions between the membranes and
the penetrant molecules. In order to study the effects of WHBP
content on membrane swelling, swelling degree of various
WHBP/PVA membranes in a 90 wt % n-butanol/water mixture
was plotted in Figure 11. According to XRD, the cross-linking
between WHBP and GA decreased the crystallinity of the mem-
branes, as a result, the swelling degree enhanced.”®*® Conversely,
in this study, with the increase of WHBP in the WHBP/PVA
membranes, the swelling degree decreased, that is to say the
membranes prepared in this method exhibited a good stability in
water. It could be explained that the cross-linking of WHBP and
GA restricted the mobility of polymer chains. This effect of
cross-linking behavior on membrane swelling properties overtook
the effect of the decrease in crystallinity on membrane swelling

100

o = M-2,M-3,M-4,M-5

60 -

40

Weight %

20

100 200 300 400 500
Temperature ('C)

Figure 8. Thermogravimetric curves of PVA membranes with different
content of WHBP.
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Figure 9. Water contact angle of WHBP/PVA membranes.

properties. With the addition of WHBP, more and more cross-
linking reactions happened as described in ATR-FTIR Analysis,
which made the amorphous regions of the PVA membrane net-
work more and more compact,'”> which in turn caused the
improvement of the selectivity of the WHBP/PVA membranes.
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Figure 10. Effects of WHBP content on (a) the density, (b) the FFV of
WHBP/PVA membranes.
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Figure 11. Swelling extent of membranes made from different concentra-
tions of WHBP.

The typical sorption history of the PVA and PVA/WHBP mem-
branes in pure n-butanol (a) and water (b) at 40 °C is shown in
Figure 12. For all membranes, water sorption was higher than
n-butanol sorption. When WHBP content increased from 0%
to 30%, water uptake increased from 0.74 to 1.27 kg/kg; For n-
butanol uptake, when WHBP increased from 0% to 20%, it
decreased significantly from 0.24 to 0.02 kg/kg; but when
WHBP further increased from 20% to 30%, it increased from
0.02 to 0.04 kg/kg. So as shown in Figure 13(b), with the
increase of WHBP from 0% to 30%, the sorption selectivity
firstly increased from 2.96 to 58.07 then decreased to 31.84.
This can be interpreted that, with the increase of WHBP, the
hydrophilicity of the membrane increased as analyzed in the
section Water Contact Angle Studies, but when WHBP
increased to 30%, the phase separation between PVA and
WHBP appeared as shown in Figure 6 and caused the aggrega-
tion of the WHBP which in turn resulted in the nonselective
defects voids on the membranes, so the sorption selectivity
decreased.”
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Diffusion coefficients of n-butanol and water in the WHBP/PVA
membranes are presented in Figure 13(a). The diffusion rate of
water was two orders of magnitude faster than that of the n-
butanol. With an increase of WHBP addition, the diffusion coef-
ficient of water increased and the diffusion coefficient of n-buta-
nol firstly decreased then lightly increased. According to eq. (8),
the diffusion selectivity of water/n-butanol firstly increased then
decreased as shown in Figure 13(b). With the increase of WHBP
content in PVA membranes, the free volume in the membrane
matrix increases as shown in Figure 10(b), so permeate diffusion
coefficient increases’®; meanwhile, the cross-linking reaction
between WHBP and GA (shown in ATR-FTIR Analysis) made
the PVA membrane network more compactlz; moreover, because
of water molecular is smaller than that of the n-butanol molecu-
lar, more and more water molecules and less and less n-butanol
molecules penetrated through the WHBP/PVA membranes, so
the diffusion selectivity increased.”>*> But when WHBP addition
increased to 30%, the nonselective defect voids formed in mem-
brane [as shown in Figure 6(f)] and resulted the increase of the
diffusion of n-butanol molecules [as shown in Figure 13(a)] and
the decrease of diffusion selectivity.*®

Pervaporation Properties

To examine the pervaporation performances of the PVA and
WHBP/PVA membranes, pervaporation experiment for the
dehydration of the 90 wt % n-butanol/water mixture was car-
ried out at 40 °C and the experiment results were shown in Fig-
ure 14. With the increase of WHBP content, both total flux and
water flux increased, but n-butanol flux firstly decreased and
then increased quickly. When WHBP content was smaller than
20 wt %, n-butanol flux was negligible small and water flux was
very close to the total flux, which means that the tested mem-
branes had a high selectivity toward water. The incorporation of
WHBP to the PVA matrix not only increased the hydrophilicity
and the free volume of the membranes but also made the
mobility of the PVA chains dropped for the reason of the cross-
linking of the membrane matrix. With the increase of WHBP
content from 0% to 30%, both water uptake and water diffu-
sion coefficient increased; n-butanol uptakes and n-butanol
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Figure 12. Water and n-butanol sorption curves of PVA and PVA/WHBP membranes at 60 °C.
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Figure 14. Effects of WHBP content on (a) total flux, partial flux, (b) separation factor.

diffusion coefficient firstly increased and then decreased, as a
result, water flux increased from 101 to 385 g-mfz-hfl, and n-
butanol flux firstly decreased from 10 to 2 gm™ >h™' then
increased to 213 gm >h~' quickly. With the increase of
WHBP content, separation factor first increased then decreased
quickly. As showed in Figure 13(b), with the increase of WHBP
content, both the sorption selectivity and the diffusion selectiv-
ity first increased then decreased. This is because of the addition
of WHBP increased both the hydrophilicity and the free volume
of the membranes. While WHBP addition increased to 30%, the
phase separation between PVA and WHBP occurred and the
nonselective defect voids formed, so we can see that the separa-
tion factor first increased then decreased.

PSI is a guideline for the selection of a membrane with an opti-
mal combination of flux and selectivity for industrial pervapo-
ration process. From the plot of Figure 15, with the increase of
WHBP in the membrane, PSI climbed to the highest value
when WHBP content was 20 wt % and then dropped dramati-
cally for the reason of the sharp decrease of separation factor.
From practical point of view, the membrane M-4 had a good
pervaporation performance for the dehydration of the 90 wt %
n-butanol/water mixture.
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CONCLUSIONS

In this article, water-soluble hyperbranched polymer (WHBP)
was prepared by the modification of the fourth-generation
hyperbranched polyester with maleic anhydride. Then, using the
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Figure 15. Effects of WHBP content on permeate separate index.
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prepared WHBP as a modifier and the glutaraldehyde as a
cross-linker, a novel cross-linked WHBP/PVA membrane was
produced.

For the WHBP/PVA membranes, with an increase of WHBP,
more cross-linking reaction occurred. This made the amorphous
region of membrane network more compact, membrane crystal-
linity decreased, membrane mechanical property of worsened,
membrane thermal stability enhanced, and swelling degree
decreased. Meanwhile, with the adding of WHBP, both of
hydrophilicity and free volume of the membrane increased, so
the uptake and the diffusion coefficient of the water increased.
As a result, water flux increased from 101 to 385 g-m >-h™ "
When WHBP addition was 30%, because of the emerging of the
nonselective defect voids in membrane, n-butanol flux first
decreased from 10 to 2 gm *h ' then increased to 213
g-m~%h~'. Both of sorption selectivity and diffusion selectivity
first increased then decreased, and the maximum value was
appeared when WHBP was 20%. Accordingly, separation factor
firstly increased from 88 to 1309 then decreased to 16. When
the WHBP content was 20 wt %, membrane showed the best
PV performances with the highest PSI of 3.83 X 10° gom™>h ™",
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