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A B S T R A C T

Fabrication of nanocomposite membranes with high nanoparticle loading is a significant challenge because of
the serious agglomeration of nanoparticles at high concentration. In this study, poly(ethylene glycol)-
functionalized polyoctahedral oligomeric silsesquioxanes (PEG@POSS) nanoparticles were incorporated into a
sodium alginate (SA) matrix to fabricate nanocomposite membranes. A large loading of PEG@POSS up to 50 wt
% with a well dispersion in the membrane was achieved due to the good compatibility between PEG@POSS and
alginate chains. Benefiting from the nanostructured size of PEG@POSS (1–3 nm), the obtained nanocomposite
membranes possessed very thin active layers of 180–200 nm. A large quantity of hydrophilic PEG side chains
enhanced the membrane surface hydrophilicity and offered massive water binding sites in the membranes.
Homogeneously dispersed high content PEG@POSS nanoparticles increased the free volume of the nanocompo-
site membranes while maintaining a suitable free volume cavity size for water permeation. The optimum
separation performance with a permeation flux of 2500 g m−2 h−1 and a separation factor of 1077 for
dehydration of 90/10 wt% ethanol/water feed was achieved. Additionally, the effects of operation temperature
and feed concentration on separation performance were investigated systematically.

1. Introduction

Membrane separation technology has been widely used in the fields
of water treatment, energy, food and chemical production for its
energy-saving and environmental friendliness [1]. Organic-inorganic
nanocomposite membranes, composed of organic polymers and inor-
ganic fillers, have attracted much attention for their combination of
both good film-forming and easy processing property of polymers and
high selectivity benefited from inorganic particles [2]. A high perfor-
mance nanocomposite membrane should at least have the following
three structural features: (i) favorable compatibility between inorganic
fillers and polymer matrix [2,3], (ii) well dispersion of inorganic fillers
[4] and (iii) desirable/sufficient content of inorganic fillers [5,6]. To
improve the compatibility between inorganic fillers and the polymer
matrix, reducing the particle size is an efficient method. This is because
nanoparticles provide larger interfacial areas per volume to contact the
polymer chains [6–8]. However, nano-sized inorganic fillers tend to
aggregate and generate non-selective interface voids, thus limiting the

filling content and leading to a decrease of selectivity [9]. In order to
improve the dispersion of fillers in membrane, several methods have
been developed such as using a milder mixing process [5,10], in situ
generation of nanoparticles within the polymer matrix [11,12] and in
situ self-assembly driven by specific interactions [13]. However, these
methods can only be applied to a narrow range of fillers. Surface
modification of the fillers through pre-treatment such as polymer
wrapping, silanizing and long-chain grafting is another effective
strategy to achieve better filler dispersion in the membranes [9].
Modifying the filler surface with appropriate organic chains can
enhance the compatibility between the fillers and polymer matrix as
well as diminish the difference of thermal expansion coefficients of two
phases which is further beneficial for homogenous dispersion of
inorganic fillers [14]. However, due to the low grafting density, the
traditional fillers after pre-modification usually still encounter serious
agglomeration at higher loadings, making it difficult to control filler
loading in a wide range. It is therefore of great significance to find
suitable particle fillers with high grafting density for the fabrication of
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defect-free composite membranes with good filler dispersion at high
loadings.

Polyhedral oligomeric silsesquioxanes (POSS) that contains an inner
inorganic framework (SiO1.5)x (x=8, 10 or 12) cage and an external
shell of organic substituent (R) embody an intrinsic inorganic–organic
architecture [15]. POSS is considered as the smallest possible particles
of silica with a nanostructured size of 1–3 nm in diameter [16]. The
cage dimensions are ∼0.54 nm along the body diagonal between Si
atoms and ∼0.32 nm along the edge between Si atoms [17]. Con-
trollable organic substituents on the outer surface provide the possibi-
lity of good compatibility with diverse polymers at the molecular level
by forming chemical/physical interactions [18–27]. The small size and
intrinsic hybrid architecture of POSS highlight its potential advantages
to achieve a high loading in the nanocomposite membranes without
unfavorable aggregation and interface defects [25]. Prior to utilization
of POSS materials, the rational choice of functionalized groups attached
to the apex silicon atoms is a vital issue. For pervaporation dehydration
application, hydrophilic particles are favored to prepare high-efficiency
water-selective membranes because they possess abundant adsorption
sites for water molecules [28–30]. Poly (ethylene glycol) (PEG) is
distinctly hydrophilic and has been widely used in surface modification
of nanofiltration and reverse osmosis membranes [31,32]. One water
molecule can tightly bound with one ethylene glycol (EG) unit and form
a strong hydration layer around PEG chains [33]. Therefore, it is
reasonable to expect PEG-functioned POSS which can gather a large
amount of water molecules around the PEG chains seems to be a
creative alternative to harvest water molecules in the membranes. In
addition, it is anticipated that high content of PEG@POSS could form a
continuous hydrophilic water pathway in the membranes.

In this study, PEG(n)@POSS (n=13.3) (as shown in Scheme 1) was
blended with sodium alginate (SA) to fabricate nanocomposite mem-
branes for pervaporative dehydration of ethanol. The morphology,
interfacial interaction, crystallinity, free volume and hydrophilicity of
the membranes were systematically characterized. Separation perfor-
mance was evaluated using 90/10 wt% ethanol/water mixtures. The
effects of PEG@POSS content, feed concentration and operating
temperature on the membrane separation performance were thor-
oughly investigated.

2. Experimental

2.1. Materials

PEG@POSS was obtained from Yiyang Instrument and Management
Department (Changsha, China). Sodium alginate was supplied by

Qingdao Bright Moon seaweed Group Co. Ltd. (Shandong, China).
Polyacrylonitrile (PAN) ultrafiltration membranes with a molecular
weight cut-off of 100,000 were obtained from Shandong MegaVision
Membrane Engineering & Technology Co. Ltd. (Shandong, China).
Calcium chloride (CaCl2·2H2O) and absolute ethanol (99.7 wt%) were
purchased from Tianjin Guangfu Technology Development Co. Ltd.
(Tianjin, China). All reagents were of analytical grade and used without
further purification. Deionized water was used throughout the experi-
ments.

2.2. Membrane fabrication

The nanocomposite membranes were fabricated on PAN substrates
via spin-coating method. PAN substrates were immersed in water for
24 h in advance to remove the residual glycerin. First, a certain amount
of PEG@POSS was dispersed in 35 ml deionized water under stirring for
2 h at 303 K. Then, 0.525 g (mass ratio to water was 1.5 wt%) SA was
added and stirred for another 4 h followed by filtration and degassing at
room temperature. The above casting solution was spin-coated on PAN
substrates and dried at room temperature for 24 h to evaporate the
solvent. At last, the above-mentioned membranes were soaked in 0.5 M
CaCl2·2H2O solution for 10 min with continuous stirring for cross-
linking. The nanocomposite membranes were marked as SA-PEG@
POSS(X)/PAN, where X represented the mass ratio of PEG@POSS to SA.
Pristine SA membrane was also prepared for comparison. Homogeneous
SA-PEG@POSS(X) membranes without PAN support were fabricated on
glass plates for characterization.

2.3. Characterizations

The chemical structure of PEG@POSS was analyzed by Fourier
transform infrared spectra with a scanning range of 4000–500 cm−1

and a resolution of 4 cm−1 (FT-IR, BRUKER Vertex 70). The morphol-
ogy and cross-section image of the membrane were characterized by
field emission microscopy (FESEM, Nanosem 430). Atomic force
microscopy (AFM, CSPM5000) was used to detect the membrane
surface morphology and surface roughness. Crystalline structure of
membrane was figured out by Wide-angle X-ray diffraction patterns
(XRD) through D/MAX-2500 X-ray diffractometer (CuKɑ) in the range
of 2–70° with a scan rate of 5° min−1. The phase transition behavior of
the composite membranes was obtained by a Pyris Diamond differential
scanning calorimetry (DSC, Netzsch 204 F1) under nitrogen flow with
10 K min−1 heating rate. The measurement of static contact angle of
the membrane was performed at room temperature using a contact
angle goniometer (JC2000C Contact Angle Meter).

Positron annihilation lifetime spectroscopy (PALS) measurement
was used to investigate free volume cavity and fractional free volume.
PALS measures the elapsed time between the implantation of the
positron into the material and the emission of annihilation radiation.
The positronium atom seeks out pores within the material where they
are confined to bounce off the walls, and each time they collide with the
walls, there is a probability of the atom being annihilated releasing γ-
rays that can be detected. The lifetime of the positron is used to
determine the pore size of the sample [34]. The whole system adopted
EG &G ORTEC fast-slow coincidence system with a resolution of
209 ps. Two pieces of tested samples with an area of 1×1 cm2 and a
thickness of 0.5 mm were fixed on both sides of the radioactive source
(13 µci 22Na). Semiempirical equation derived by fitting the measured
pick-off lifetime (τ) and free volume cavity in an infinite potential
spherical model can be written in a general form as follows [34,35],
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where r3 is the mean free-volume radius (nm), Δr is the electron layer
thickness for the positron (calibrated to be 0.1656 nm), fapp and I3 are
the fractional free volume of membrane and intensity of o-Ps (%),
respectively.

2.4. Swelling and pervaporation experiment

Homogeneous membranes were dried in vacuum oven at 313 K for
72 h until their mass remained constant. The membranes were then
immersed in 90 wt% ethanol aqueous solution at 350 K for 48 h to
achieve equilibrium. The swollen membranes were weighed. The
swelling degree (SD, %) was calculated by the following formula,

SD M M
M

= − × 100S D

D (3)

where MD and MS were the weights of dry and swollen membranes (g),
respectively.

Pervaporation experiments were conducted on the equipment
described previously [36]. The key part in the membranous cisterns
was P-28 membrane module (CM-Celfa AG Company, Switzerland) with
an effective membrane area (A) of 25.6 cm2. The feed circulated
through the membrane surface at a flow rate of 60 L/h while the
pressure on the permeate side was kept at 0.3 KPa by a vacuum pump.
A liquid nitrogen cold trap was used to collect the permeate vapor every
30 min. All the experiments were repeated three times to obtain an
average data. The compositions of feed and permeate solutions were
determined by gas chromatography (Agilent7890, USA). Separation
performance was evaluated in terms of permeation flux (J, g m−2 h−1)
and separation factor (α) as follows,

Q
A t

J =
× (4)

P P
F F

α = /
/

W E

W E (5)

where Q was the average mass of permeate (g). P and F represented the
mass fractions of water (subscript W) and ethanol (subscript E) on the
permeation and feed side, respectively.

In order to clarify the separation property of the membrane material
itself, permeance of individual components (P/l)i (GPU,
1GPU=7.501×10–12 m3(STP)/m2 s Pa) and selectivity (β) were further
calculated by following equations [37],
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where Ji was the permeation flux of component i (g m−2 h−1), l was
membrane thickness (m), pio and pil were the partial pressures on the
feed side and permeate side of component i (Pa), respectively. γio and
χio were the activity coefficient and molar ratio of component i on the
feed side (calculated via Aspen simulation), piosat was the saturated
vapor pressure of pure component i (Pa). The permeation flux of water
and ethanol was transformed into volumes under standard temperature
and pressure (STP), 1.245 m3 (STP) for 1 kg water vapor and 0.487 m3

(STP) for 1 kg ethanol vapor.

3. Results and discussion

3.1. Surface morphology of the membranes

The membrane surface morphology was characterized by FESEM as
shown in Fig. 1. SEM image of the PAN support was shown in Fig. 1(e).
Numerous nanopores (15 nm in average) with homogenous distribution
existed on the surface of the PAN ultrafiltration membrane. After the
deposition process, all the pores were covered and a defect-free layer

was formed as shown in Fig. 1(a)-(d). Due to the small size and good
compatibility between PEG@POSS and SA, all the nanocomposite
membranes showed smooth and dense surface similar to the pristine
SA membrane. No bulky agglomeration and interface defects were
observed on the surface even at high loadings. The digital pictures of
the corresponding homogeneous membranes were also shown on the
right corner of the figure. Compared with the transparent pristine SA
membrane, the SA-PEG@POSS nanocomposite membranes were opa-
que white and the transparency decreased gradually with an increase of
PEG@POSS loading. The existence of Si element in SEM-EDX (Fig. 1(g)-
(h)) confirmed the involvement of PEG@POSS in the nanocomposite
membranes. In addition, the C and O elements from the SA matrix and
PEG side segment were also detected. The Ca element was from the
CaCl2 used in cross-linking. Fig. 2 showed the cross-section images of
the composite membranes and PAN substrate. The thin active layers
were dense, uniform and tightly adhered to the porous PAN substrates.
The thicknesses of the active layer were only 180–200 nm which were
less than most of the nanocomposite membranes prepared by spin
coating method [38–40]. The thin active layers are beneficial for
molecule permeation by reducing the transport resistance to get a high
permeation flux.

AFM was used to obtain further understanding of the surface
morphology. The calculated surface roughness parameters were listed
in Table 1. Ra, Rq and Rz represented the average deviation of height,
the root mean square deviation of height and the maximum vertical
distance between the highest and the lowest point on membrane surface
respectively. The surface roughness of the nanocomposite membrane
was higher than that of the pristine SA membrane. This increase was
probably due to the interaction between the PEG segments and the SA
chains which led to the reorganization of SA chains in the presence of
PEG@POSS [25]. When the filler loading exceeded 30 wt%, a large
amount of soft PEG chains would locate on the membrane surface,
resulting in the downward trend of surface roughness at high loading.

3.2. Chemical structure of the membranes

The FT-IR spectra of PEG@POSS and nanocomposite membranes
were depicted in the Fig. 3. The strong adsorption bands at 2850 cm−1

and 1460 cm−1 were originated from the stretching vibrations of C–H
bond and vibration absorption of -CH2-CH2- on the PEG chains
respectively. The strong band at 1105 cm−1 was assigned to stretching
vibrations of -Si-O-Si- groups in the silsesquioxane cages [41]. For the
pristine SA membrane, three characteristic bands at 3350 cm−1,
1610 cm−1 and 1400 cm−1 were ascribed to the stretching vibration
of hydroxyl group, symmetric and asymmetric stretching vibration of
carboxylate salt respectively [38]. These characteristic bands of SA
were observed on the spectra of nanocomposite membranes and no
bands for PEG@POSS were observed owing to its quite small size.

Raman spectra of PEG@POSS and nanocomposite membranes in the
range of 500 cm−1-2500 cm−1 were recorded and are shown in Fig. 4.
For the normal pristine SA membrane, three characteristic peaks
observed at 1098 cm−1, 1300 cm−1 and 1413 cm−1 were attributed
to the vibrations of the polymer backbone, C–O single bond stretching
and symmetric vibration of carboxylate group respectively [42]. The
bands at 1040 cm−1 and 1464 cm−1 appeared in the spectra of
nanocomposite membranes were assigned to the -Si-O-Si- stretching
mode in the silsesquioxane cages and -CH2-O- groups in the PEG side
chains, revealing the presence of PEG@POSS in the SA matrix [43].

3.3. Physical structure of the membranes

XRD was used to evaluate the crystalline property of the membranes
as shown in Fig. 5. All the nanocomposite membranes and pristine SA
membranes showed two broad characteristic peaks at 2θ=23° and
2θ=17° revealing the semi-crystalline region of the polymer matrix.
[35]. No typical diffraction peaks of PEG@POSS appeared, probably
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because the characteristic broad diffraction peak of PEG(n)@POSS
(n=13.3) at 2θ=22° overlapped the characteristic peak of sodium
alginate, which made it difficult to be observed in the membranes [44]
PEG@POSS existed in an amorphous form and dispersed homoge-
neously in the composite membranes. With the increase of PEG@POSS
content, the intensity of crystalline peak decreased gradually. The
existence of POSS cages and hydrogen bonds formed between SA chains
and PEG chains (-OH groups of SA and -O- groups of PEG chains)
disrupted the original ordered packing of stiff SA chains, leading to a
decrease of crystalline region and an increase of amorphous region in
SA matrix [39,45].

Glass transition temperature (Tg) was estimated by DSC measure-
ment to explore the chain mobility and rigidity. As displayed in Fig. 6.
The Tg value decreased first when the filler loading was below 30% and
then increased with the augment of PEG@POSS content. The decrease
of Tg could be explained as follows: (1) the addition of PEG@POSS
disturbed the inherent organization of SA chains [20,45]; (2) the
introduced soft PEG side chains had higher chain mobility than alginate

chains [46]. However, with further increasing of PEG@POSS content,
hydrogen bond interaction between SA chains and PEG side chains
constrained the movement of SA chains and overwhelmed the above
two effects, thus leading to the increase of chain stiffness and Tg at
higher loading content.

Free volume characteristics measured by PALS have been proven to
be efficient and powerful to analyze molecular separation performance
of composite membranes. The free volume parameters were listed in
Table 2. The parameters r3 and I3 were the radius and intensity of small
cavities (also called network cavities) between the polymer chains,
respectively. The cavity size r3 increased progressively at first and then
declined after the filler content was higher than 30%, while the
intensity I3 decreased a little bit and then increased all along. The
fractional free volume (fapp) reached its maximum at 30% PEG@POSS
loading, which was 37% higher than that for pristine SA membrane.
The incorporation of PEG@POSS disturbed the chains packing and
made larger hole in the amorphous region of the membranes, thereby
leading to larger free volume cavities between alginate chains. Mean-

Fig. 1. SEM images of surface morphology of (a) SA; (b) SA-PEG@POSS(10%); (c) SA-PEG@POSS(30%) and (d) SA-PEG@POSS(50%) (e) PAN substrate; EDX images of (f) SA; (g) SA-
PEG@POSS(10%); (h) SA-PEG@POSS(30%).
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while, the hydrogen bond between PEG and SA restricted the chain
mobility, conferring the membrane with a more compact structure and
smaller free volume cavities [28]. The restriction effect of hydrogen
bonds was obvious and responsible for the decrease of free volume at
higher loadings. Moreover, the cage-like structure of POSS made by

single -Si–O–Si- unit might increase the fractional free volume to some
extent [47]. It's worth noting that the free volume cavity radius of the
nanocomposite membranes was in the range of 0.261–0.287 nm, much
larger than the kinetic radius of water molecule (0.13 nm), benefiting
water to permeate easier than ethanol molecule (0.23 nm) through the
membranes [35].

3.4. Hydrophilicity and swelling property of the membranes

Water static contact angles were used to characterize the hydro-
philicity of the membranes and results were shown in Fig. 7. The
contact angle of pristine SA membrane was 36°. After incorporation of
PEG@POSS, the contact angle remarkably decreased to 22° at the filler
loading of 20%. The increase of surface hydrophilicity of nanocompo-
site membranes was due to the hydrophilic PEG chains spreading on the
surface of the membranes. When the PEG@POSS loading was higher

Fig. 2. SEM images of cross-section morphology of (a) SA/PAN; (b) SA-PEG@POSS(10%)/PAN; (c) SA-PEG@POSS (30%)/PAN and (d) SA-PEG@POSS (50%)/PAN (e) PAN substrate.

Table 1
The surface roughness of SA/PAN and SA-PEG@POSS(X)/PAN membranes.

Membrane Roughness

Ra (nm) Rq (nm) Rz (nm)

SA 11.57 14.33 119.41
SA-PEG@POSS (10%) 14.08 18.44 124.98
SA-PEG@POSS (30%) 15.23 19.21 177.69
SA-PEG@POSS (50%) 13.52 16.87 176.23

Fig. 3. FT-IR spectra of PEG@POSS and nanocomposite membranes.

Fig. 4. Raman spectra of PEG@POSS and nanocomposite membranes.
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than 30%, interfacial interaction between large amount of PEG chains
and SA chains reduced the amount of effective hydrophilic groups
exposed on the surface, thus the water contact angle increased slightly
[21]. Nevertheless, all composite membranes exhibited better hydro-
philicity than that of the pristine SA membrane, suggesting better

affinity with water and enhanced separation factor.
Swelling behavior is key factor affecting the long-term operation

stability of membranes. As illustrated in Fig. 8, both the pristine SA
membrane and the nanocomposite membranes displayed quite low
swelling degrees (< 4%) with a small fluctuation which was favorable
for practical application.

3.5. Pervaporation performance of the membranes

3.5.1. Effect of PEG@POSS content
Water/ethanol mixture (90/10 wt%) was used as the feed to

investigate the separation performance of membranes at 350 K
(Fig. 9). The permeation flux and separation factor for pristine SA
membrane was 1810 g m−2 h−1 and 653, respectively. Both the
permeation flux and separation factor increased synchronously after
incorporating PEG@POSS, and reached maximum at 30% loading with
a permeation flux of 2500 g m−2 h−1 and a separation factor of 1077,
and then decreased at higher loadings.

The structure of the nanocomposite membranes was schematically
illustrated in Scheme 2. One ethylene glycol (EG) unit could bind one
water molecule through hydrogen bond and form a hydration layer
along the PEG chain. Herein, PEG(n=13.3) was used to modify POSS
(PEG(n)@POSS (n=13.3)), i.e., at most 104 water molecules could
gather around the PEG chains. This PEG modification helped greatly to
harvest water molecules in the membrane, especially at high loading of
PEG@POSS up to 30%. In addition, the decreased crystallinity and
increased fractional free volume provided the water molecules with fast
transport pathways in the free volume cavities between the polymer
chains, leading to the enhancement of permeation flux. The enhanced
surface hydrophilicity of the nanocomposite membranes after incor-
poration of PEG@POSS would preferentially adsorb water molecules

Fig. 5. Wide-angle X-ray diffraction curves of SA pristine and SA-PEG@POSS(X)
membranes.

Fig. 6. DSC curves of SA pristine and SA-PEG@POSS(X) membranes.

Table 2
Free volume property of SA pristine and SA-PEG@POSS(X) membranes.

membrane I3 (%) τ (ns) r3 (nm) fapp (%)

SA 8.07 1.709 0.257 0.571
SA-PEG@POSS (10%) 7.46 1.827 0.269 0.605
SA-PEG@POSS (30%) 7.88 2.025 0.287 0.781
SA-PEG@POSS (50%) 8.10 1.751 0.261 0.602

Fig. 7. Water contact angle of SA/PAN and SA-PEG@POSS(X)/PAN membranes.

Fig. 8. Swelling degree of SA pristine and SA-PEG@POSS(X) membranes.

Fig. 9. Effect of PEG@POSS content on pervaporation performance of membranes.
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and repel ethanol molecules in the meantime, and thus the adsorption
selectivity was also enhanced. Furthermore, the ethanol molecules
would encounter more transfer resistance than that of water molecules
in the composite membrane because free volume cavity radius of the
nanocomposite membranes was in the range of 0.261–0.287 nm, only
slightly larger than the kinetic radius of ethanol molecule (0.23 nm)
and much larger than the kinetic radius of water molecule (0.13 nm).
With further addition of PEG@POSS, the relative content of SA
decreased, hydrophilic groups would be replaced by the hydrogen
bond between PEG chains and alginate chains, endowing the membrane
with less adsorption selectivity. Massive POSS cages embedded in the
polymer network would make the diffusion pathways more tortuous for
both water molecules and ethanol molecules [27]. Consequently, the
permeation flux and separation factor declined simultaneously at high
loading contents.

3.5.2. Effect of operation temperature
The effect of operation temperature on the separation performance

of the SA-PEG@POSS(30%)/PAN membrane was investigated in the
range of 310–350 K for 90 wt% water/ethanol feed. As shown in
Fig. 10(a) and (b), the total permeation flux, water permeation flux
and separation factor increased continuously with the increase of
temperature while the ethanol permeation flux remained constant.
The temperature exerts its influence on separation performance from
the following three aspects. (1) Elevated temperature would promote
the molecular thermal movement and chain mobility of alginate, thus
enhancing the permeation flux. (2) The saturated vapor pressure
increased with the increase of temperature at the feed side while the
permeate side kept vacuum constant, so the driving force for mass
transport was enhanced. (3) High temperature would suppress the
solubility of molecules. For water permeation, the positive effect of

Scheme 2. Schematic diagram of water permeation in nanocomposite membrane.

Fig. 10. Effect of feed temperature on separation performance of SA-PEG@POSS(30%)/PAN membrane: (a) total flux and separation factor; (b) water flux and ethanol flux; (c) Arrhenius
plots of water and ethanol; and (d) water permeance, ethanol permeance and selectivity.
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both (1) and (2) triumphed over the negative effect of (3), while for
ethanol, the increasing effect of both (1) and (2) balanced the
decreasing effect of (3). Consequently, water permeation flux increased
remarkably while ethanol permeation flux retained almost unchanged.

Arrhenius equation was employed to further describe the effect of
temperature on permeation flux, and the apparent activation energy
was figured out by the slope of the fitted curves [38],

⎜ ⎟
⎛
⎝

⎞
⎠J A E

RT
= exp −P P

P

(8)

where AP, JP, EP, R and T were the pre-exponential factor, permeation
flux, apparent activation energy, gas constant and feed temperature,
respectively. The fitted curves of lnJP versus 1000/T were shown in
Fig. 10(c). The apparent activation energy for water and ethanol were
44.73 kJ/mol and 4.43 kJ/mol, respectively. The higher apparent
activation energy for water implied that water flux would increase
more rapidly than the ethanol flux with increasing temperature.

Fig. 10(d) revealed the effect of temperature on the permeance and
selectivity with normalized driving force. With the increasing tempera-
ture, water permeance showed a sustained increase while ethanol
permeance declined a little bit, which further proved that the acceler-
ated diffusion process in the membrane played a dominant role for
water permeation, while the suppressed adsorption process on the
membrane surface had a more crucial effect on the ethanol permeation.

3.5.3. Effect of feed composition
The effect of feed composition with a water concentration of 5–25%

on the separation performance of the SA-PEG@POSS(30%)/PAN mem-
brane was investigated at 350 K. As shown in Fig. 11(a) and (b), the
total flux and water flux increased monotonously while ethanol flux
declined at first and then rose with the increase of water content. The
driving force for water transport increased with the increased water
concentration in the feed. Therefore, the water permeation flux
increased while the ethanol permeation flux decreased. However, at

Fig. 11. Effect of feed composition on separation performance of SA-PEG@POSS (30%)/PAN membrane: (a) total flux and separation factor; (b) water flux and ethanol flux; (c) water
permeance, ethanol permeance and selectivity.

Table 3
Comparison of separation performance of silica materials-incorporated nanoconposite membranes for ethanol dehydration.

Nanoparticles Polymer Water content (wt%) Feed temperature (K) Permeation flux (g m−2 h−1) Separation factor Reference

Aminopropylphenyl POSS 6FDA-NDA/DABA 15 333 1900 166 [45]
Silica nanoparticles PEI/SA 10 349 1490 2050 [11]
Disilanolisobutyl POSS 6FDA-NDA/DABA 15 333 2000 137 [27]
Phenyltriethoxysilane PVA 15 313 145 1026 [12]
Diethoxydiphenylsilane PVA 15 313 141 248
Silica MCM-41 PI Matrimid®5218 10 315 440 252 [48]
Mesoporous silica-(ZIF-8) PI Matrimid®5218 10 315 200 137
Mesoporous silica PVA 10 333 855 42 [49]
PEG@POSS SA 10 350 2500 1077 This work
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higher water content, the significant plasticization effect on polymer
matrix facilitated the transport of both water molecules and ethanol
molecules [39]. As a result, the ethanol flux showed an increasing
tendency. To further investigate the effect of feed content on the
separation performance, membrane flux and separation factor were
normalized to permeance and selectivity, respectively. As shown in
Fig. 11(c), the ethanol permeance remained constant at low water
content and then increased, while the water permeance kept increasing,
confirming the plasticization effect of water on membrane structure.
When water concentration was less than 15%, the low swelling of
membrane exerted little effect on ethanol permeation. At higher water
contents, the inter-chain space became larger to facilitate ethanol
transfer. Consequently, selectivity increased at first but then declined
with increasing water concentration in feed. A desirable pervaporation
performance was achieved at 25% water content, the total flux reached
6919 g m−2 h−1 while the water content on the permeate side main-
tained higher than 99 wt%.

3.6. Comparison with literature data

A comparison of the separation performance of silica materials-
incorporated nanoconposite membranes for ethanol dehydration was
made as listed in Table 3. The PEG@POSS-doped alginate nanocompo-
site membrane prepared in this study showed outstandingly high
separation performance for ethanol dehydration.

4. Conclusion

In this study, PEG-modified POSS was introduced into alginate
matrix to fabricate nanocomposite membranes for ethanol dehydration.
The nano size of POSS cage and good compatibility between PEG chains
and alginate chains allowed a high doping content up to 50% in the
nanocomposite membranes. SEM images indicated that a thin nano-
composite layer with the thickness of 200 nm deposited onto PAN
porous support layer. The PEG chains on POSS cages enhanced the
membrane hydrophilicity and offered a large amount of water binding
sites in the membranes. In addition, the incorporation of PEG@POSS
decreased the crystallinity of adjacent alginate chains and improved the
free volume property of membranes. The nanocomposite membrane
with PEG@POSS content of 30% showed the optimal permeation flux of
2500 g m−2 h−1 and a separation factor of 1077, which were 1.3 and
1.5 times higher than pristine SA membrane. This study reveals that
properly functionalized POSS materials may find promising potential in
the development of highly loaded ultrathin high-performance nano-
composite membranes for gas and liquid separation.
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