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Organic-inorganic hybrid membranes with high separation performance were prepared by the
incorporation of polysilisesquioxane (PSS) into a poly(vinyl alcohol) (PVA) matrix in order to solve the
trade-off relationship between the selectivity and permeability of PVA membranes. The incorporation
of the PSS resulted in a change in the physical and chemical structure of the hybrid membranes. The
crystalline region in the hybrid membranes decreased with increasing PSS content. The hydrophilicity
of the hybrid membranes increased when the PSS content is below 3 wt%, and then decreased. Silica
particles formed on the surface and in the interior of the hybrid membranes due to the PSS
conglomeration, and the surface roughness of the hybrid membranes increased linearly with increasing
PSS content. The trade-off between permeability and selectivity was successfully solved using the
hybrid membranes in pervaporation dehydration of tetrahydrofuran. The permselectivity and flux of
the hybrid membranes increased simultaneously when the PSS content was below 2 wt%, whereas the
permselectivity decreased when the PSS content was above 2 wt%. The hybrid membrane containing 2

wt% PSS had the highest separation factor of 1810.

Introduction

Pervaporation has been widely studied as means of separation of
liquid solutions, particularly for the separation of azeotropic or
close-boiling-point mixtures'? due to its simplicity and energy-
saving efficiency compared with conventional distillation
processes. Membranes are the key factor in pervaporation
separation processes, most of which are polymers owing to their
cheap and film-forming ability. However, polymeric membranes
have the inherent drawback of the trade-off between permse-
lectivity and permeability. This means that membranes which are
more permeable are generally less selective and vice versa.>™
Thus, how to solve the trade-off inherent in polymeric
membranes and prepare membranes having high separation
performance is an important and interesting task.
Organic-inorganic hybrid materials not only combine the
important properties from both organic and inorganic worlds but
also create entirely new compositions with unique properties, which
offer specific advantages for the preparation of artificial
membranes exhibiting high selectivity and flux, as well as good
thermal and chemical resistances. The hybridization of organic and
inorganic components seems to be a facile and feasible way to solve
the trade-off involved in polymeric membranes.”* Organic—
inorganic hybrid membranes can be classified into two categories
according to the interaction between organic and inorganic
components.®** “Type I” hybrid membranes are commonly
prepared by simply blending polymer and inorganic filler, where the
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organic and inorganic components interact through weak
hydrogen bonding, Van der Waals or electrostatic forces. “Type I1”
hybrid membranes are generally synthesized by sol-gel reaction
between polymer (or monomer) and inorganic precursor (or olig-
omer), where the organic and inorganic components are linked by
astrong covalent bond, resulting in a homogeneous hybrid material
at the molecular level. There are many adjustable parameters
(monomer type and concentration, synthesis condition, etc.) that
can be varied to obtain Type II hybrid membranes with high
performance and functionality. These involve various areas of
chemistry (organic, inorganic, organometallic and polymer), and
thus researchers currently pay more attention to this field. Many
Type II hybrid membranes are used in fuel cells,”>* gas separa-
tion,®!%1% or as switchable molecular filters,'¢ ezc. In pervaporation
processes, this type of hybrid membrane has been widely studied;
they include chitosan, quaternized  chitosan,  poly
(butylmetacrylate-co-vinyltriethoxysilane), polyurethane, poly
(vinyl alcohol-co-acrylic acid), and poly(vinyl alcohol) silica-based
hybrid membranes.'” Such hybrid membranes have higher
separation efficiencies than their original counterparts.

Poly(vinyl alcohol) (PVA) is one of the most important
materials for pervaporation dehydration of organic mixtures due
to its good chemical stability, film-forming ability and high
hydrophilicity.'** However, there are two drawbacks, namely the
trade-off between permeability and selectivity and the swelling of
PVA membranes in aqueous solution.?® To control membrane
swelling and improve selectivity, some methods have been
attempted, such as cross-linking, filling, blending, and
grafting.””** Uragami*® and Kariduraganavar®-** prepared
PVA-tetraethoxysilane hybrid membranes through a sol-gel
reaction for the dehydration of ethanol, isopropanol and acetic
acid. The hybrid membranes reported have a lower degree of
swelling in aqueous solutions and higher water permselectivity
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than pristine PVA membranes. In previous studies,?-2%3%3* we
prepared PVA—y-aminopropyltriethoxysilane (APTEOS) hybrid
membranes through a sol-gel reaction between PVA and
APTEOS for the dehydration of alcohol. The trade-off between
permeability and selectivity was successfully solved using those
hybrid membranes. Water flux and permselectivity increased
simultaneously.

In this paper, low molecular weight polysilisesquioxane (PSS)
was synthesized from APTEOS via a sol-gel reaction. The PSS
was inserted into the PVA matrix resulting in the formation of
PVA-PSS organic-inorganic hybrid membranes for pervapora-
tion dehydration of tetrahydrofuran (THF). PSS has high
hydrophilicity due to its amino and silanol groups, which can
make the hybrid membranes increase or retain preferential
sorption for water. On the other hand, the PSS dispersed in the
PVA matrix will prevent crystalline regions from forming in the
matrix and modify the microstructure of the hybrid membranes,
which will favor penetrant diffusion through the membranes.
Thus the trade-off between permeability and selectivity will be
solved using the PVA-PSS hybrid membranes.

Experimental section
Materials

PVA with a polymerization degree of 1750 + 50 and a hydrolysis
degree of 98%, was supplied by Sinophatm Chemical Reagent
Co. Ltd (China). APTEOS was purchased from Shanghai
Yaohua Chemical Plant (China). All other solvents and reagents
of analytical grade, were purchased from Sinophatm Chemical
Reagent Co. Ltd, and used without further purification.

Synthesis of polysilisesquioxane

Polysilisesquioxane (PSS) was synthesized from APTEOS by
a sol-gel reaction. The APTEOS was polymerized in a three-
necked flask with methanol as a solvent with stirring at 60 °C for
24 hours. The APTEOS content was 15 mol % in the reaction
solution, and the molar ratio of water to APTEOS was 1.5 under
stoichiometric conditions for complete hydrolysis. The temper-
ature was controlled by a thermostat water bath with an accuracy
of +1 °C. Hydrochloric acid was used as catalyst with the pH
adjusted to 5. After the reaction was complete, the solvent was
removed in vacuum at 60 °C, and the resulting solid was washed
three times with cyclohexane. The washed solid was then
completely dried in a vacuum oven at 80 °C, and a white solid
was finally obtained.

Preparation of hybrid membranes

PVA was dissolved in deionized water at 90 °C for 3 hours to
obtain a homogeneous solution. The hot PVA solution was
filtered, a measured amount of PSS was then added, and the
mixture was stirred at 60 °C for 1 hour and subsequently
dispersed by ultrasound for 1 hour. The resulting homogeneous
solution was cast onto a clean glass plate with the aid of a casting
knife. The membranes were allowed to dry at 40 °C for 10 hours.
The dried membranes were subsequently peeled off and the
solvent allowed to evaporate completely in vacuum at 80 °C for
another 10 hours. The obtained membranes were transparent,

with a thickness of 20 + 1 pm, although the transparency of the
hybrid membranes decreased slightly with increasing PSS
content. The total mass fraction of the PVA and PSS in the
homogeneous solution was 4 wt%, and the weight percentage of
PSS to PVA plus PSS was set at 0, 1, 2, 3, 4, 5, 6, 8 and 10 wt%.
The resulting hybrid membranes were designated as HM-X,
where X indicates the weight percentage of the PSS in the
membranes.

Characterization

The chemical structure of the PSS and hybrid membranes were
characterized using a Nicolet infrared spectrometer (FTIR
740SX, USA) equipped with attenuated total reflectance (ATR)
accessories, and by solid-state NMR spectroscopy. The FTIR
spectrum of the PSS was obtained by transmission, and the
membranes were investigated by ATR. The solid-state *Si NMR
spectra were measured at 25 °C using an AVANCE AV 400 MHz
spectrometer (Bruker Co., Switzerland) with 4 mm CP/MAS
(cross polarization/magic angle spinning) probe with a spinning
rate of 6000 circuits s~' and a resonance frequency of 79.49 MHz.
Cross-polarization was used in the NMR measurements with
a contact time of 5 ms and a repeated delay time of 3 s. The solid
powder samples were obtained by scraping the membrane
surface with knife. These samples were dried in vacuum at 30 °C
for 24 hours before testing. The #Si spectra recorded were edited
by NMR soft MestRe-C V. 3.0.

The physical structure of the membranes was studied at 25 °C
by X-ray powder diffraction (XRD, Panalytical X’pert, Enraf—
Nonious Co. Holland) using Cu Ka radiation with a step size of
0.0167° and a scan speed of 0.167° s~ in the range 5 to 45°. The
morphology and microstructure of the membranes were
measured using scanning electron microscopy (SEM,
XL30ESEM, Philips), and high-resolution transmission electron
microscopy (HRTEM, TECNAI F-30, Philips). The topography
of the membrane surfaces was determined by atomic force
microscopy (AFM) (Nanoscope IIla multimode SPM, Digital
Instruments, USA) with a commercial Si probe in the tapping
mode at 25 °C. After image acquisition, the root-mean-square
(RMS) roughness, Ry, was obtained by a program in the AFM
image processing toolbox. The sample preparation for XRD,
SEM and TEM is detailed in Part A of ESIf.

The static water contact angles on the surface of the
membranes were measured at 25 °C and a relative humidity of
46% by a contact angle meter (SL200B, Shanghai Solon Tech
Inc. Ltd.), and the density of the membranes was measured by
a flotation method using cyclohexane at 25 °C.

Pervaporation

Pervaporation experiments were carried out on a PERVAP 2201
instrument (Sulzer Chertiest, Germany) at 50 °C with the pres-
sure on the permeate side kept at 10 mbar and the feed flow rate
at 90 L h™'. The effective membrane area was 71 cm?. Aqueous
THEF solution (90 wt%) was used as the feed. The permeate was
collected in liquid nitrogen cold-traps and measured by gas
chromatography to determine the concentration.
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The permeation properties of the membranes were character-
ized by a total permeation flux (J) and separation factor («),
which can be calculated from the following equations.

J = WIAt (1)
o= (Pwater/PTHF)/(Fwater/FTHF) (2)

where W is the mass of the permeate (kg), 4 is the area of the
membrane in contact with the feed mixture (m?), ¢ is the
permeation time (h), Pyaeer and Pryr are the mass fractions of
water and THF in the permeate respectively, and Fy.r and Frgp
are the mass fractions of water and THF in the feed mixture
respectively.

Results and discussion
Synthesis of polysilisesquioxane

Polysilisesquioxane (PSS) is a silica-based organic-inorganic
hybrid material, which is generally prepared by hydrolysis/
condensation of RSiX; (X = CI, OR, H) under acid or base
catalysis."! Firstly, APTEOS was hydrolyzed in the presence of
acid catalyst (HCI) to form silanol. Then the low molecular
weight PSS was produced as a white powder via the condensation
between the resulting silanol (see Fig. 1). The obtained white
powder is very soluble in water, methanol and ethanol, with
a molecular weight of about 1000-2000 g mol~' measured by
Fourier transform ion cyclotron resonance mass spectrometry
(APEX II, Bruker Daltonik, Bremen, Germany).

The chemical structure of the PSS was analyzed by solid-state
#Si NMR and FTIR spectra, as shown in Fig. 2(a) and Fig. 3(a)
respectively. The terminal structural units of siloxane precursor,
which have three functional groups responsible for condensation
reactions, give rise to three signals, Ty, T, and T;. The T, units
contain two residual hydroxyl groups, the T, units contain one
residual hydroxyl group, and the T; units indicate that all the
three hydroxyl groups take part in the reaction.? There are three
peaks at chemical shifts of 45.94, 54.72 and 62.92 in the solid-
state ’Si NMR spectrum of the PSS (Fig. 2(a)), which corre-
spond to the Ty, T, and T3 units respectively.* This suggests that
PSS has all three structural units, and the hydroxyl groups in the
T, and T, units are available to react with the PVA chains in
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Fig. 1 Reaction scheme for the synthesis of PSS.
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Fig. 2 Solid-state *?Si CP MAS-NMR spectra of (a) PSS, (b) HM-10.

preparing the hybrid membranes. Fig. 3(a) shows the FTIR
spectrum of the PSS at 3850-700 cm~', and the characteristic
peaks were assigned in the spectrum. In particular, the peaks at
1130 and 1030 cm ™! are associated with the stretching of Si—O-Si
groups, and the peak at 917 cm™' is due to the Si-OH groups.
This confirms the existence of Si-OH and that the condensation
reaction between silanols has taken place.

Formation of hybrid membranes

In preparing the hybrid membranes, PSS was dispersed homo-
geneously in the PVA solution by stirring and ultrasound.
During the membrane drying process, the dehydration between
the hydroxyl groups in the PSS and the hydroxyl groups in the
PVA formed siloxane bonds which are the crosslink spots in the
hybrid membranes (Scheme 1). On the other hand, the PSS will
absorb due to the condensation of silanol with the PSS, resulting
in the formation of the inorganic phase domain in the PVA
matrix (Scheme 2).

Fig. 2(b) shows the solid-state **Si NMR spectrum of HM-10.
Three peaks were also observed, the peak intensity of the T, units
being weaker than for PSS, and the peak intensity of the T3 units
being stronger than for PSS. The T, T, and T3 peak area
percentages are shown in Fig. 2. There are fewer T; units in
HM-10 than in PSS. This suggests that some of the T; units
changed into T, or T3 units. This may be because the T units are
located mainly in the interior of the PSS. In the HM-10, the
number of T, units decreased significantly, and the number of T;
units underwent an observable increase. This suggests that
a large number of the T, units in the PSS took part in
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Fig. 3 FTIR spectra of (a) PSS, (b) PVA and hybrid membranes.

Si—OH + HO—|PVA| = Si—O—| PVA

Scheme 1 Dehydration reaction between PSS and PVA.

2 | PSS |—Si—OH ——>|PSS Si~O~Si4 PSS

Scheme 2 Condensation reaction for PSS.

condensation reaction, resulting in a change into the T3 units in
the hybrid membranes. Fig. 3(b) shows the FTIR spectra of the
PVA and hybrid membranes at 1600-700 cm~'. With increasing
PSS content, the 917 cm~! peak (Si-OH and C-OH) enhanced,
a 1045 cm™! peak arose due to the formation of Si-O-C groups,
and the 1090 cm ™' peak shifted to the left owing to the existence
of Si-O-Si groups (1130 cm ™). As noted previously, the Type II
hybrid membranes composed of PVA and PSS were prepared
successfully, as confirmed by solid-state **Si NMR and FTIR
spectra.

The physical structure of the membranes was investigated by
XRD, as displayed in Fig. 4. The characteristic peak of the PVA
and hybrid membranes appeared at 26 = 20°, and the peak
intensity decreased continuously from PVA to HM-10. This
suggests that the crystalline region of the hybrid membranes
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Fig. 4 XRD patterns of the PVA and hybrid membranes.

decreased with increasing PSS content. This is because the PSS
dispersed in the PVA matrix disordered the arrangement of the
PVA chains and hence prevented the formation of the crystalline
region in the PVA matrix. According to the solution—diffusion
mechanism, the amorphous region increased, which favors the
diffusion of components and results in an increase of permeation
flux.2¢

The hydrophilicity of the PVA and hybrid membranes was
studied by measuring the static water contact angles, as shown in
Fig. 5. The hydrophilicity of the surface of the hybrid membranes
at first increases with increasing PSS content, and then decreases
when the PSS content is above 3.0 wt%. This is because intro-
ducing PSS into the PVA matrix disorders the PVA chains and
decreases the PVA crystallinity. All these result in an increase of
the dissociative hydroxyl groups on the PVA chains, and hence
lead to an increase in the hydrophilicity of the hybrid
membranes. However, the number of hydroxyl groups decrease
significantly because of fast condensation between the hydroxyl
groups with PSS when the PSS content is above 3 wt%, resulting
in a decrease of the hydrophilicity of the hybrid membranes.
With increasing PSS content, the density of the hybrid
membranes increases because of cross-linking between the PSS
and PVA, making the amorphous region more compact (Fig.5).
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Fig. 5 The static water contact angles and the density of the PVA and
hybrid membranes at 25 °C.
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Structure of hybrid membranes

The topography of the membrane surfaces was determined by
AFM. Fig. 6 shows the AFM images of the surface of the PVA and
hybrid membranes. With increasing PSS content, the roughness of
the hybrid membrane surface (R,) increased linearly from 1.799
nm to 98.295 nm (see Fig. S11). Ridges and valleys are observed on
the surface of the hybrid membranes, which become bigger with
increasing PSS content. This is because the PSS dispersed on the
surface of the hybrid membranes could undergo condensation
polymerization to form silica particles, resulting in an increase in
the roughness. Furthermore, the PSS could disorder the PVA
chains, resulting in a stress change in the PVA matrix which leads
to surface deformation of the hybrid membrane. These rough
surfaces will be in contact with the feed during pervaporation
processes, which favors the feed diffusion. The surface

Rg(nm): 1.799

Regnm): 24.592

Re(nm): 47.314

morphology of the hybrid membranes was also investigated by
SEM. An inorganic phase is observed on the surface of the hybrid
membranes, and the surface becomes rougher with increasing PSS
content (see Fig. S2+).

Fig. 7 shows the cross-sectional micrographs of the hybrid
membranes with different PSS content. When the PSS content is
below 2 wt%, the PSS disperses homogeneously in the hybrid
membranes and silica particles do not form. Silica particles are
observed in the cross-sectional image of the hybrid membrane
containing 3 wt% PSS content (HM-3), which disperse homo-
geneously in the membrane matrix and grow bigger with
increasing PSS content. When the PSS content is above 9 wt%,
a large amount of PSS congregates due to the PSS condensation,
resulting in the formation of a large inorganic phase domain and
a coarser hybrid membrane interior.

HM-2 Rg(nm): 8.759

HM-5

Regnm): 32.406

HM-10
®) Reg(nm): 98.285

600

X pm
¥Y: pm
10 Z:nm

Fig. 6 3D AFM topographic images of the surface of the PVA and hybrid membranes.
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HM-9 HM-10

Fig. 7 SEM micrographs of the cross-section of the hybrid membranes.

In order to elucidate thoroughly the microstructure of the
hybrid membranes, the bulk morphology of the HM-5 was
characterized by TEM. Fig. 8 shows the TEM microphotograph
of the HM-5. Silica particles appear and disperse uniformly in the
hybrid membrane, and these particles are also observed by SEM.
This is due to the PSS conglomeration in preparing the hybrid
membranes, resulting in the formation of the PVA-silica nano-
composite membranes. The schematic structure of the HM-5 is
displayed in Fig. 9. The PSS particles disperse homogeneously in

Fig. 8 TEM micrograph of HM-5.

PSS particles

Fig. 9 Schematic structure of HM-5.

the PVA matrix and they link with the PVA chains by siloxane
bonds.

Pervaporation performance of hybrid membranes

Fig. 10 shows pervaporation performances of the PVA and
hybrid membranes in separation of a 90 wt% THF aqueous
solution at 50 °C. It is found that the permeability and selectivity
of the hybrid membranes is greater than the PVA membrane.
The trade-off can be solved using the hybrid membranes. When
the PSS content is below 2 wt%, the selectivity of the hybrid
membranes increased sharply. This is due to an increase of the
hydrophilicity of the hybrid membranes and the amorphous
region of PVA becoming more compact. Furthermore, no silica
particles can be observed and the PSS disperses homogeneously
in the PVA matrix. Therefore the pore size in the membrane is
small and large molecules such as THF may not penetrate
through the membrane, resulting in an increase in water perm-
selectivity. When the PSS content increases above 2%, the
hydrophilicity of the hybrid membranes decreases, silica particles
form and pore size increases. Larger pores allow THF to diffuse
freely through the membrane and decrease water permselectivity.
On the other hand, flux increases rapidly due to an increase in the
free volume of the hybrid membranes with increasing PSS
content, which is confirmed by XRD spectra and SEM.

Diffusion coefficient is an important factor to assess the
penetrants diffusion through membranes. Based on Fick’s law of
diffusion, the diffusion coefficient in pervaporation can be
calculated from the equation?®

i

D;
G

(3)
where J;, D; and C; are the permeation flux (kg m—2s™"), diffusion
coefficient (m? s~') and concentration of component i in the feed
side of membranes (kg m~?). § is the diffusion length (m).

Fig. 11 shows the diffusion coefficients of water (Dye;) and
THF (Dtyr) through the hybrid membranes at 50 °C. It is found
that Dy, i1s much greater than Dyyg. This indicates that the
PVA and hybrid membranes have good water permselectivity.
With increasing PSS content, Dy, increased progressively,
while Dryprdecreased at first and then increased linearly when the
PSS content was above 2 wt%. This is because incorporating PSS
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Fig. 10 Pervaporation performances of the hybrid membranes in the
separation of 90 wt% THF solution at 50 °C.
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Fig. 11 Diffusion coefficients of water and THF permeating through the
hybrid membranes at 50 °C.

into the PVA matrix leads to a decrease in the crystalline region
of PVA which favors penetrant diffusion and results in an
increase in Dy,er. However, the amorphous regions of PVA
become more compact, which prevents the diffusion of lager
molecules due to a size-exclusion action, resulting in a decrease in
Dryr. Silica particles form and pores form around the silica
particles when the PSS content is above 2%. These pores allow
THF to diffuse freely, resulting in an increase in THF flux.

Conclusions

Novel organic-inorganic hybrid membranes containing poly
(vinyl alcohol) (PVA) and polysilisesquioxane (PSS) were
prepared successfully for the pervaporation dehydration of
tetrahydrofuran. PSS (with molecular weight about 1000-2000
g-mol~") was synthesized from (y-aminopropyl)triethoxysilane
by a sol-gel reaction, and the physico-chemical structures of the
hybrid membranes were investigated by NMR, FTIR, AFM,
TEM, etc. The PVA links with the PSS through siloxane bond in
the hybrid membranes, and the incorporation of the PSS results
in a decrease of the PVA crystalline region. The PSS congregates
and silica particles form when the PSS content is above 2 wt%,
and silica particles grew bigger with increasing PSS content. The

roughness of the hybrid membranes surface (R,) increased line-
arly. Ridges and valleys were observed on the surface of the
hybrid membranes, which became bigger with increasing PSS
content.

The trade-off between the permeability and selectivity of PVA
was successfully solved by the incorporation of the PSS into the
PVA matrix. The flux through the hybrid membranes increased
with increasing PSS content, whereas the water permselectivity of
the hybrid membranes increased sharply with increasing PSS
content up to 2 wt%, and then decreased. The hybrid membrane
containing 2 wt% PSS exhibits the highest separation factor of
1810.
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