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a b s t r a c t
In designing mixed-matrix membranes (MMMs) to overcome the trade-off effect of pervaporation 
performance, compatibility between filler and polymer, filler particle size and porous structure, 
and homogeneous filler distribution are important factors. In this contribution, nano-scale otca 
vinyl-polyhedral oligomeric silsesquioxanes (OV-POSS) was incorporated into polydimethylsi-
loxane (PDMS) to prepare OV-POSS/PDMS MMMs for pervaporation separation of ethanol/water 
mixtures. The morphology and physicochemical properties of the POSS/PDMS MMMs were charac-
terized by scanning electron microscope, Fourier transform infrared spectroscopy, X-ray diffraction, 
Differential Scanning Calorimetry, Thermal gravimetric analysis, vapor adsorption, and swelling 
degree measurements. It was found that POSS dispersed homogeneously in the PDMS matrix and 
maintained good integration with PDMS with POSS loading below 10 wt.% due to the soluble prop-
erties of POSS in solvent and similar Si–O–Si structure in POSS and PDMS molecules. Compared 
with pure PDMS membrane, POSS/PDMS MMMs broke through trade-off effect and exhibited 
both higher permeation flux and separation factor, contributed by the porous OV-POSS and loose 
packing of PDMS chains with enhanced sorption and diffusion selectivity. The MMMs with only 
1.59 wt.% POSS loading showed the best performance with the optimal flux of 2200 g/m2h (243% 
higher than that of pure PDMS) and corresponding separation factor of 9.3 (31% higher than that of 
pure PDMS) at 60°C. The effect of operating temperature and ethanol concentration on membrane 
intrinsic microstructure and driving force, as well as pervaporation performance, was investigated. 
It was found that POSS/PDMS MMMs exhibited superior permeation flux with considerable sepa-
ration factor to most other PDMS-based membranes, and might, therefore, shed valuable insights to 
the development of high-performance POSS-based MMMs for ethanol recovery.
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1. Introduction

Ethanol biofuel has been caught widespread concen-
tration around the world due to its renewable and clean 

properties for bolstering energy security and sustainability. 
However, the main challenge was the ethanol prohibited 
effect in the biological fermentation process [1–3]. As etha-
nol concentration reached 8–10 wt.%, the fermentation pro-
cess was inhibited by ethanol, and the continuous ethanol 
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production was hindered. And so the ethanol product with 
low concentration should be recovered from the fermenta-
tion broth. Nowadays, distillation has been usually used for 
ethanol recovery with high energy consumption and produc-
tion cost. The separation and purification steps accounted 
for 60%–80% of the total production cost of most mature 
chemical processes [3]. Compared with distillation, per-
vaporation was an important alternative method due to low 
energy consumption and easiness to be coupled with fermen-
tation broths, which can significantly improve fermentation 
productivity and production rate by alleviating the product 
prohibited effect [4–7].

Polydimethylsiloxane (PDMS) was considered to be the 
most prospective candidate for ethanol recovery from aque-
ous solution as it was cheap, easily accessible, and with large 
free volume [5–10]. However, pure PDMS membranes have 
encountered enormous challenges with respect to break 
through the trade-off effect between permeation flux and 
separation factor. Mixed matrix membranes (MMMs) have 
evolved as an excellent candidate to dissolve this prob-
lem [11–29]. Typical MMMs consist of a dispersed phase 
(e.g., silicalite-1 [12–18], zeolite socony mobil (ZSM-5) zeo-
lite [19–20], metal organic framework (MOFs) [21–27], and 
organophilic nano-silica (ONS) [28,29], etc.) and a continu-
ous polymeric phase (e.g., PDMS, poly(ether-block-amide) 
(Pebax) and polyvinylidene fluoride (PVDF), etc.). To fully 
play the role of molecular molecule-selective properties of 
inorganic fillers, much efforts have been devoted to increas-
ing the loading amount of fillers to further improve the 
membrane performance.

Jia et al. [14] prepared Silicalite-1/PDMS MMMs, which 
showed an optimal separation factor of 59 with 77 wt.% 
zeolite loading and the corresponding permeation flux was 
only 89 g/m2h. Zhuang et al. [16] prepared silicalite-1/PDMS 
MMMs and obtained the highest separation factor of 34.3 
with 67 wt.% silicalite-1 loading. Vane et al. [19] fabricated 
zeolite filled PDMS MMMs and reported an increase in eth-
anol/water selectivity of 400% with 65 wt.% ZSM-5 load-
ing. Li et al. [26] prepared zeolitic imidazolate frameworks 
(ZIF-71)/PDMS MMMs for recovery of ethanol via pervapo-
ration and MMMs with 20 wt.% ZIF-71 loading presented 
optimum pervaporation performance with a separation fac-
tor of 9.5 and permeation flux of 900 g/m2h. Xu et al. [23] 
fabricated hydrophobically modified ZIF-90/PDMS MMMs 
which exhibited enhanced morphology homogeneity and 
separation performance. The MMMs with 2.5 wt.% ZIF-90 
loading showed the best performance with the optimal flux 
of 99.5 g/m2h and corresponding separation factor of 15.1 
at 60°C. Mao et al. [24] reported in situ fabrication of ZIF-8 
nanoparticles in PDMS membrane via interfacial synthesis 
and the resultant membrane exhibited a superior pervapo-
ration performance with relatively high permeation flux 
(1,778 g/m2h) and comparable separation factor (12.1) with 
ZIF-8 loading in the range of 12.2–20.4 wt.%.

It was proved that MMMs with high filler loading could 
provide enhanced pervaporation performance as reported in 
literatures [15–24]. However, at high loadings, it was rather 
difficult for MMMs to maintain the processability for a thin 
and defect-free active layer with high selectivity. The incom-
patibility of inorganic and polymeric phase and aggregation 
of the fillers often resulted in non-selective interfacial voids 

and limited the true exploitation of MMMs [22]. Under these 
cases, molecular diffusion tended to circumvent the fillers 
and instead passed through non-selective interfacial voids, 
consequently sacrificing the membrane selectivity. And so 
in designing MMMs to overcome the trade-off effect of per-
vaporation performance, compatibility between filler and 
polymer, filler particle size, and porous structure, as well 
as homogeneous filler distribution were critical factors to 
achieve ideal pervaporation performance. Besides, it may 
be an alternative choice to find an effective filler with low 
filler loading to improve membrane performance, which can 
easily avoid the issues caused by high filler loading.

In recent years, polyhedral oligomeric silsesquioxane 
(POSS) has been caught great attention due to its nano-
scale cage-like organic/inorganic hybrid structure [30]. The 
organic groups bonded to the inorganic –Si–O– framework 
made it possible to composite with polymer at the molecu-
lar level [30–32]. Moreover, unlike other inorganic particles, 
such as silica and zeolite, POSS was soluble in common sol-
vents, such as Tetrahydrofuran (THF) and acetone, which 
were also good solvents for PDMS. It also provided the pos-
sibility for good compatibility between POSS and PDMS. 
POSS nanostructure and its outstanding unique advantages 
also made POSS a promising candidate in membrane appli-
cation [33–43], including gas separation, pervaporation, 
and forward osmosis. Le et al. [33] prepared POSS/Pebax 
MMMs for ethanol recovery and found that the incorpora-
tion of POSS could break through the trade-off effect with 
low POSS loading (2 wt.%). However, the maximum perme-
ation flux and separation factor of MMMs was still at a low 
level (183.5 g/m2h and 4.6, respectively). And so it might be 
very necessary to choose proper polymer and POSS filler 
with good compatibility to achieve higher pervaporation 
performance. Liu et al. [34] found that methyl-POSS could 
finely control the conformation and topology of PDMS 
polymer chains with molecular-interaction-driven tun-
able free volumes. As applied to the bio-butanol recovery 
from aqueous solutions, the prepared POSS/PDMS MMMs 
exhibited a simultaneous increase in permeability and selec-
tivity. Zhang et al. [35] also prepared methyl-POSS/PDMS 
MMMs and applied for desulfurization. It was found that 
the MMMs had an excellent promising application in per-
vaporation separation of thiophene from n-heptane, which 
agreed with the solubility and diffusion behavior obtained 
by inverse gas chromatography study. Our group [43] 
proposed octa[(trimethoxysilyl)ethyl]-polyhedral oligo-
meric silsesquioxane (OPS) cross-linked PDMS MMMs to 
enhance pervaporation separation performance of ethanol/
water mixtures. The separation factor of OPS/PDMS MMMs 
reached the maximum value of 16.4, while the permeation 
flux was still at a low level of 253 g/m2h. In addition, the 
investigation of finely tuning PDMS membrane properties 
by POSS with different functional groups is still limited, and 
the enhancement on membrane separation performance has 
not been fully exploited.

In this study, otca vinyl-polyhedral oligomeric silses-
quioxanes (OV-POSS) as shown in Fig. 1, was incorporated 
into hydrophobic PDMS to prepare POSS/PDMS MMMs. 
OV-POSS and PDMS maintained similar hydrophobic 
properties and Si–O–Si structures. It was expected that 
the incorporation of POSS into PDMS could overcome the 
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shortcomings of common inorganic/organic MMMs in 
dispersion and compatibility aspects and make full use of 
fast transport pathways induced by porous POSS particles 
to obtain higher permeation flux. The morphology, chemical 
and crystalline structures, thermal properties vapor adsorp-
tion properties, and swelling properties of POSS/PDMS 
MMMs were characterized. The effect of POSS loading, 
operation temperature, and ethanol feed concentration on 
pervaporation performance were also investigated in detail. 
This work may provide a useful database and roadmap 
for the fabrication of POSS-containing MMMs in the appli-
cation of biofuel recovery via pervaporation.

2. Experimental

2.1. Materials

OV-POSS was purchased from Liaoning Am Union 
Composite Materials Co., Ltd (Shenyang of Liaoning 
Province, China). PDMS (107, 20,000 mPa s) was provided 
by Beijing Chemical Reagents Corporation. THF, di-nbut-
yltindilaurate (DBTL), pentane, Tetraethoxysilane (TEOS), 
and ethanol were obtained from Beijing Jingyi Chemical 
Reagents Corporation and were used as received. The PVDF 
porous membrane was prepared by our laboratory and the 
preparation process was described in detail elsewhere [8].

2.2. Preparation of POSS/PDMS membranes

Appropriate amount of PDMS was added in THF and 
agitated for 30 min to obtain homogeneous PDMS solution 
(A solution). And then appropriate amount of OV-POSS 
was added in THF solvent, with magnetic stirring for 1 h 
and ultrasonic agitation for another 30 min to form another 
solution (B solution). A and B solution mixed together with 
magnetic stirring for another 1 h. The cross-linking reagent 
TEOS and catalyst DBTL was added into the solution to ini-
tiate pre-polymerization, with continuous magnetic stirring 
to obtain a homogeneous and viscous solution. The solution 
was cast on PVDF porous support to obtain POSS/PDMS-
PVDF composite membranes and cast on PTFE plate to 

obtain POSS/PDMS homogeneous membranes. The primary 
membranes were laid in an oven at 80°C for 5 h to achieve 
complete cross-linking. The weight ratio of PDMS: THF: 
TEOS: DBTL was 30:70:3:1.2. To make a comparison, the 
pure PDMS membrane was also prepared according to the 
above weight ratio. The weight ratio of POSS:(PDMS+POSS) 
was 1.59, 5.00, 10.00, 15.00, and 18.41 wt.%, respectively, 
which was defined as POSS loading.

2.3. Characterization

Infrared spectra of the OV-POSS particles and mem-
brane samples were measured with a Nicolet IR560 infra-
red analyzer. Morphological studies were performed on a 
scanning electron microscope (SEM, JEOL JSM-7401F) at a 
voltage of 3.0 kV. The crystallization of OV-POSS particles 
and membrane samples were characterized with X-ray dif-
fractometer (Rigaku D/max-2550) with mono-chromatized 
Cu Ka radiation. Thermal gravimetric analysis (TGA) was 
carried out on a Thermal gravimetric analysis Instruments 
(STA409 C/3/F). The pure ethanol, water vapor adsorp-
tion properties into OV-POSS/PDMS MMMs were mea-
sured with ASAP2020 volumetric gas adsorption apparatus 
equipped with a vapor generation accessory at 20°C.

Swelling degree (SD) was measured by calculating the 
equilibrium liquid uptake of homogeneous membranes in 
10 wt.% ethanol/water mixtures at 20°C. The SD was calcu-
lated according to the following equation, SD = (m1–m0)/m0, 
where m0 and m1 referred to the mass of the dry membrane 
and the swollen membrane at equilibrium, respectively. Gel 
content was generally used to measure the mass ratio of 
cross-linked parts to the whole membrane. A certain amount 
of dry POSS/PDMS MMMs were weighed (m2) and immersed 
in toluene for 48 h at 20°C, and then was heated in an oven 
for 12 h at 100°C to a constant weight (m3). The ratio of m2 
and m3 was defined as gel content.

2.4. Pervaporation performance measurement

The pervaporation performance was measured with a 
pervaporation apparatus built by our own laboratory as 
shown in Fig. 2. The ethanol concentration in the feed and 
permeate was measured by gas chromatography (GC-14C, 
Shimadzu). The ethanol feed concentration varied from 
5 to 25 wt.%, and the operation temperature varied from 
40°C to 80°C. In this study, permeation flux (J), separation 
factor (α), permeability (Pi), and membrane selectivity (β) 
were used to evaluate the pervaporation performance of 
POSS/PDMS MMMs. The four parameters were defined as 
follows [19,33].

J Q
A t

l
=

×
×
10

 (1)

The ethanol, water (J, g/m2h), and total fluxes (J, g/m2h) 
were normalized to a membrane thickness of 10 µm unless 
otherwise specified, assuming an inverse proportionality 
between the total flux and the membrane thickness. Where 
Q (g) was the total mass of permeate collected in t hours, and 
A (m2) denoted the effective area of the membrane, and l was 
the membrane thickness of the selective layer.

Fig. 1. Molecular structure of OV-POSS.
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where xA and xB represented the ethanol and water concen-
trations (wt.%) in the feed solution respectively, and yA and 
yB represented the ethanol and water concentrations (wt.%) 
in the permeate.

Permeability (Pi) and membrane selectivity (β) were also 
calculated, which decoupled the effect of operation param-
eters and concentrated on the influence of the intrinsic 
membrane properties on pervaporation performance.
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where Ji was the component i flux, xn,i, and yn,i were the mole 
fractions of component i in the feed and in the permeate, 
respectively. γi was the activity coefficient, Pi

sat was the satu-
rated vapor pressure, and Pp was the permeate pressure.

The driving force of component i to transport across the 
membrane could be described as Eq. (6). As the permeate 
pressure was controlled below 200 Pa, the yn,ipp in the driving 
force could be ignored. The driving force could be expressed 
as fugacity (fi) which was the partial vapor pressure of 
component i at the feed side.

driving force sat= −x p y pn i i i n i
p

, ,γ  (6)

3. Results and discussion

3.1. FT-IR spectra of POSS/PDMS MMMs

As shown in Fig. 3, the infrared spectra of OV-POSS 
powder, PDMS, and POSS/PDMS MMMs were recorded 
by transmission and attenuated total reflection (ATR) tech-
nique, respectively. The characteristic bands of OV-POSS at 
3,069 and 3,024 cm–1 were assigned to the stretching vibra-
tions of C=C–H [31].The characteristic bands of OV-POSS at 
1,605 cm–1, which was assigned to the stretching vibrations of 
C=C structure [31,43], didn’t appear in the spectra of POSS/
PDMS MMMs even with POSS loading as high as 18.41 wt.%. 
And there was no new characteristic absorption peak that 
appeared compared with the spectrum of pure PDMS 
[10,31]. This might be ascribed to that PDMS molecules cov-
ered almost the entire surface of hybrid membranes because 
PDMS’ low surface free energy drove the PDMS segment to 
segregate to the free surface. The characteristic absorption 

Fig. 2. Schematic diagram of the pervaporation apparatus.
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peaks of OV-POSS particles covered with PDMS molecules 
might not be detected on account of the ATR detecting depth 
of several micrometers [44,45]. The characteristic absorp-
tion peaks of asymmetric Si–O–Si stretching vibration in 
OV-POSS was around 1,114 cm–1. The band around 1,072 cm–1 
in PDMS membrane was assigned to the asymmetric Si–O–Si 
stretching vibration, and the band at 1,008 cm–1 was gener-
ally considered to be resulted from the random structure of 
the asymmetric Si–O–Si stretching vibration [31,46]. It can 
be seen that the asymmetric Si–O–Si stretching vibration 
band around 1,072 and 1,008 cm–1 in pure PDMS shifted to 
higher frequencies (1,077 and 1,016 cm–1, respectively) in 
MMMs with 18.41 wt.% POSS loading. The blue shift might 
be attributed to the combined effect of the characteristic 
peaks of PDMS and OV-POSS, and the presence of molecular 
interactions between POSS and PDMS due to similar Si–O–Si 
structure [31,33,34].

3.2. Morphology of POSS/PDMS MMMs

Figs. 4–6 showed the morphologies of OV-POSS par-
ticles, pure PDMS, and POSS/PDMS MMMs. As shown in 
Fig. 4, although OV-POSS was a kind of nano-sized parti-
cles, a large number of POSS particles always assembled and 
formed much larger POSS aggregates without any treatment. 

Larger POSS aggregates maintained lower surface energy 
and higher stability but might bring difficulties to achieve 
homogeneous dispersion of OV-POSS into PDMS matrix. 
And so, OV-POSS was added in THF solvent separately in 
the preparation process of hybrid membranes, with magnetic 
stirring for 1 h and ultrasonic agitation for another 30 min to 
achieve changes from POSS aggregates to individual parti-
cles and dissolution of POSS particles. As shown in Figs. 5 
and 6, there was no large POSS aggregates on the surface or 
in the cross-section of OV-POSS/PDMS MMMs, which illus-
trated that magnetic stirring and ultrasonic agitation could 
effectively transfer POSS aggregates into POSS particles in 
THF solvent.

It was found that the surface and cross-section of the 
POSS/PDMS selective layer were dense and without pin-
holes. As POSS loading was below 10 wt.%, POSS particles 
dispersed homogeneously in the PDMS matrix and inte-
grated with PDMS tightly (as shown in Figs. 5 and 6). This 
may be attributed to two factors. First, OV-POSS was solu-
ble in THF solvent. Second, the similar Si–O–Si structure 
may create interaction between POSS and PDMS [33,34]. As 
POSS loading increased furthermore, small POSS aggregates 
became obvious on the surface, but POSS and PDMS still 
maintained good integration. This revealed the POSS/PDMS 
MMMs with appropriate POSS loading could overcome the 

(a) (b)

Fig. 3. (a and b) FT-IR spectra of OV-POSS, pure PDMS, and OV-POSS/PDMS MMMs.

Fig. 4. SEM images of OV-POSS particles with different magnification.
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shortcomings of common inorganic/organic hybrid mem-
branes in dispersion and integration aspects.

3.3. X-ray diffraction spectra analysis of POSS/PDMS MMMs

Fig. 7 shows the X-ray diffraction (XRD) spectra of 
OV-POSS, PDMS, and POSS/PDMS MMMs. The diffused 
diffraction peak between 10° and 15° revealed that pure 

PDMS had a typical amorphous structure with partial 
crystalline domains, which was similar to those reported 
in literature [31,43,47]. The sharp diffraction peaks at 
9.9°, 13.2°, 19.7°, 21.1°, 22.9°, and 23.8°was attributed to 
the characteristic crystallization peaks of OV-POSS [31]. 
In the XRD spectra of POSS/PDMS MMMs, both kinds 
of characteristic diffraction peaks appeared. And as the 
POSS loading increased, the intensity and number of sharp 

Fig. 5. SEM images of surface of OV-POSS/PDMS MMMs with different POSS loading.

Fig. 6. SEM images of cross-section of OV-POSS/PDMS MMMs with different POSS loading.
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diffraction peaks increased, while the intensity of the dif-
fused diffraction peak decreased. As POSS loading reached 
18.41 wt.%, the diffused diffraction peak of PDMS almost 
disappeared, which illustrated more POSS particles dis-
rupted partial orderly arrangement of PDMS chains and 
resulted in much lower crystalline degree of PDMS chains. 
More amorphous region was formed by the loose packing 
structure of PDMS chains. The diffused diffraction peak of 
PDMS shifted slightly to 11.9° (in 1.59 wt.% POSS/PDMS 
MMM) from 11.7° (in pure PDMS membrane). According 
to Bragg Equation, this revealed that the incorporation of 
POSS decreased the inter-planar spacing of PDMS chains. 
This might be ascribed to the reduced chain mobility and 
denser chain packing of PDMS chains in the vicinity of 
dispersed POSS nanoparticles, which was proposed as a 
chain rigidification effect [34,47,48]. The sharp intense peak 
at 2-theta of 9.8 in OV-POSS particles shifted slightly to a 
lower degree in hybrid membranes (9.7° and 9.5°), which 
might indicate that PDMS molecular chains strongly inter-
act with POSS particles and enlarge the inter-planar spacing 
of POSS slightly. Liu et al. [34] also found that the crystal-
line POSS was slightly affected by the PDMS matrix, result-
ing in a 0.1°–0.2° shifting of the characteristic peaks in XRD.

3.4. Thermal properties of POSS/PDMS MMMs

To investigate the effect of POSS on the thermal degrada-
tion properties of PDMS membranes, TGA, and Differential 
Scanning Calorimetry measurements for various samples 
were conducted as shown in Figs. 8 and 9. It was found that 
the degradation step among 200°C–300°C was observed 
for OV-POSS, which was resulted from the degradation of 
vinyl groups and Si–O framework. The final weight loss 
of OV-POSS was about 88 wt.%. The degradation of pure 
PDMS membrane began from 300°C, and the final weight 
loss was almost 100 wt.% as the temperature reached 780°C. 
As the POSS loading increased, the initial degradation tem-
perature of MMMs decreased from 300°C to 200°C, which 
was ascribed to the degradation of OV-POSS at 200°C. The 

increased OV-POSS loading led to the lower initial deg-
radation temperature of POSS/PDMS MMMs. However, 
the final weight loss decreased gradually with increasing 
POSS loading. Moreover, the degradation velocity of hybrid 
membranes slowed down obviously with increasing POSS 
loading as the temperature was above 500°C, which illus-
trated that the incorporation of POSS into PDMS could 
improve the thermal stability at high temperatures.

Melting temperature (Tm) of PDMS crystallization pro-
vided an estimation of the flexibility of polymer chains 
[47,48]. The Tm of OV-POSS/PDMS MMMs was higher than 
that of pure PDMS as shown in Fig. 9. Similar results have 
been found in PDMS MMMs [47,48]. It was considered that 
the strong interaction between OV-POSS and PDMS chains 
and chain rigidification effect of PDMS chains in the vicinity 
of dispersed POSS nanoparticles contributed to the increase 
of Tm, which was consistent with the decreased inter-planar 

Fig. 7. XRD spectra of OV-POSS, pure PDMS and OV-POSS/
PDMS MMMs.

Fig. 8. The TG curves for OV-POSS and OV-POSS/PDMS MMMs 
with different POSS loading.

Fig. 9. Differential Scanning Calorimetry heating thermograms 
for pure PDMS membranes and OV-POSS/PDMS MMMs.
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spacing of PDMS chains in hybrid membranes as revealed 
by XRD.

3.5. Ethanol and water vapor adsorption

To investigate the sorption properties of pure ethanol/
water in membranes, ethanol and water vapor adsorp-
tion properties of three homogeneous membranes were 
measured, including pure PDMS and OV-POSS/PDMS 
MMMs with POSS loading of 1.59 and 5 wt.%. As shown 
in Figs. 10a and b, OV-POSS/PDMS MMMs showed both 
higher ethanol vapor adsorption quantity and lower water 
vapor adsorption quantity than those of pure PDMS mem-
brane. It was very interesting that the incorporation of 
OV-POSS into PDMS not only improved ethanol vapor 
adsorption, but also depressed water vapor adsorption of 
PDMS membranes. This suggested that OV-POSS was an 
effective filler to improve membrane sorption selectivity 
to ethanol. All membranes presented higher ethanol vapor 
adsorption quantity than water vapor adsorption quantity, 
which indicated that ethanol adsorption was before water 
adsorption on/in all the membranes.

3.6. Swelling properties

The SD and gel content of OV-POSS/PDMS MMMs 
was listed in Table 1. As POSS loading increased, the SD 
increased as well, while the gel content decreased. The 
decreased gel content might be ascribed to the migration of 
partial OV-POSS particles out of membranes in the swelling 
process. The SD of membranes was enhanced by the incor-
poration of OV-POSS into PDMS but was still below 5%, 
which met the requirements of swelling resistance in indus-
trial applications. There were several factors affecting the 
SD: (1) porous OV-POSS particles and aggregates can hold 
a certain amount of feed solution; (2) the loose packing and 
decreased crystalline degree of PDMS chains resulted from 
lower inter-molecular interaction was beneficial to adsorp-
tion of small molecules; (3) the chain rigidification effect and 

strong interaction between OV-POSS and PDMS chains can 
substantially restrain the stretching of the PDMS polymer 
chains, which partially offset the increase of SD. The former 
two factors played a dominant role in SD and resulted in the 
simultaneous growth with increasing POSS loading.

3.7. Pervaporation performance

3.7.1. Effect of POSS loading on pervaporation performance

Fig. 11 shows the effect of POSS loading on pervapo-
ration performance (60°C, [EtOH] = 10 wt.%, 10 µm). As 
shown in Fig. 11, the incorporation of POSS into PDMS could 
improve separation factor and permeation flux simultane-
ously, which exhibited a reversal trade-off effect. The per-
meation flux was significantly increased from 641 to 2200 g/
m2h by incorporating 1.59 wt.% OV-POSS into the PDMS 
matrix, with separation factor increasing slightly from 7.1 
to 9.3. The reason was considered that porous OV-POSS and 
loose packing of PDMS chains contributed to much higher 
absorption uptakes and diffusion rate of small molecules. 
The porous POSS cages and loose packing of PDMS chains 
provided more and larger cavities which were beneficial to 
preferential absorption and diffusion of ethanol molecules, 
as the molecular size of ethanol (0.46 nm) was larger than 
that of water molecules (0.32 nm) [33].

However, as POSS loading increased furthermore, 
both the separation factor and permeation flux decreased. 

(a) (b)

Fig. 10. (a) Ethanol and (b) water vapor adsorption isotherms of OV-POSS/PDMS MMMs with different POSS loading.

Table 1
Characterization of swelling properties of POSS/PDMS homo-
geneous membranes

Membranes POSS loading (wt.%)

0 1.59 5 10 15 18.41

SD (%) 2.1 4.0 4.3 4.7 4.9 4.9
Gel content (%) 92.6 92.0 91.8 91.3 90.7 89.4
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Since the variation tendency of permeation flux of hybrid 
membranes caused by increasing POSS loading was oppo-
site of that of SD, it was presumed that the diffusion process 
rather than sorption process was the rate-determining step 
in pervaporation. The main control factor might be the long 
and tortuous diffusion path caused by the enhanced chain 
rigidification effect and intermolecular interactions between 
the matrix and the POSS nanoparticles that increased 
transport resistance. Fig. 12 proposes a schematic diagram 
of ethanol/water transport pathways across pure PDMS 
membranes and OV-POSS/PDMS MMMs with different 
POSS loading. The strong interaction between OV-POSS 
and PDMS chains made POSS particles/aggregates sur-
rounded by rigid PDMS chains, which depressed the fast 
transport across the interface and porous POSS particles. 
More OV-POSS could be only served as saturated reser-
voirs and couldn’t provide fast transport pathways for small 
molecules, which led to a decrease of permeation flux with 
increasing POSS loading. Le et al.  [33] also found the maxi-
mum permeation flux of POSS/Pebax was achieved at 2 wt.% 
POSS loading and a higher amount of POSS particles didn’t 
lead to a higher flux. This indicated that only a small amount 
of POSS loading was needed to obtain optimum separation 

performance, which was convenient to achieve large-scale 
industrial production.

3.7.2. Effect of operation temperature on pervaporation perfor-
mance

Figs. 13–15 show the effect of operating temperature 
on pervaporation performance of POSS/PDMS MMMs 
([EtOH] = 10 wt.%, POSS loading of 5%). As operation tem-
perature increased, both ethanol and water flux increased 
(as shown in Fig. 13). It was generally considered that the 
increase of permeation flux with a temperature rising was 
attributed to the increase of free volume and chain segment 
movement rate of PDMS [9–12,28]. It was considered that 
permeation flux was determined by both intrinsic mem-
brane structure and driving force. And so permeability was 
more accurate to reflect the influence of intrinsic membrane 
properties on permeation flux. As shown in Fig. 14, both 
ethanol and water permeability decreased with increasing 
operation temperature from 40°C to 60°C and almost kept 
constant in the range of 60°C–80°C, which was just the oppo-
site with the variation tendency of permeation flux. This 
interesting result indicated that the increase of permeation 
flux with increasing temperature was mainly attributed to 
the increased external driving force (saturated vapor pres-
sure) rather than a variation of intrinsic membrane property. 
Table 2 gives the effect of operating temperature on activity 
coefficient, saturated vapor pressure, and feed fugacity of 
ethanol/water mixture. As operation temperature increased, 
the external driving force (saturated vapor pressure, feed 
fugacity) increased sharply, which played a dominant role 
over the intrinsic properties of hybrid membranes in perme-
ation flux increasing.

As shown in Fig. 15, the membrane selectivity of POSS/
PDMS MMMs was around 2 and showed ethanol perm-se-
lectivity in the range of 40°C–80°C. The separation factor 
increased firstly and then decreased with increasing oper-
ating temperature. In the range of 40°C–80°C, the separa-
tion factor varied between 7.6 and 9.3. It was considered 
that operation temperature had a great influence on etha-
nol/water sorption and diffusion behaviors, which finally 
determined the variation tendency of separation factor. The 
swelling of membrane and mobility of PDMS chains would 

Fig. 11. Effect of POSS loading on pervaporation performance 
of hybrid membranes.

Fig. 12. Schematic diagram of ethanol/water transport pathways across pure PDMS membranes and OV-POSS/PDMS MMMs with 
different POSS loading.
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be enhanced by increasing operation temperature, which 
might provide more and larger cavities for ethanol/water 
molecules. The enlarged cavities were beneficial to ethanol 
diffusion rather than water diffusion since the molecular size 
of ethanol (0.46 nm) was larger than that of water molecules 

(0.32 nm) [33]. In addition, both OV-POSS and PDMS used 
in this study were hydrophobic, in which enlarged cavities 
resulted in a steeper rise of the sorption selectivity towards 
ethanol than that toward the water. Consequently, both 
increased sorption and diffusion selectivity contributed to 
the increased separation factor in the range of 40°C–50°C. 
However, as operation temperature reached 60°C, the cavity 
size in the hybrid membrane might exceed a critical value 
[11,34], and increasing cavity size furthermore would lead 
to a higher water diffusion rate rather than ethanol diffu-
sion rate. Sun et al. [28] also found a similar phenomenon 
in diffusion properties of ONS/PDMS hybrid membranes. 
They found that the ethanol diffusion coefficient increased 
at a higher rate than that of water when the temperature 
was below 60°C, but when the temperature was 70°C, the 
ethanol diffusion coefficient increased at a lower rate than 
that of water. And so the depressed diffusion selectivity in 
the range of 60°C–80°C might play a dominant role over 
sorption selectivity improvement and consequently lead to 
the decline of separation factor.

3.7.3. Effect of ethanol feed concentration on pervaporation 
performance

Figs. 16–18 show the effect of ethanol feed concentration 
on pervaporation performance of POSS/PDMS MMM (60°C, 

Fig. 13. Effect of operation temperature on permeation flux of 
OV-POSS/PDMS MMMs.

Fig. 14. Effect of operation temperature on permeability of 
OV-POSS/PDMS MMMs.

Fig. 15. Effect of operation temperature on separation factor 
and selectivity of OV-POSS/PDMS MMMs.

Table 2
Effect of feed temperature on activity coefficient, saturated vapor pressure and feed fugacity of ethanol/water (10 wt.%) mixture

Temperature (°C) Activity coefficient Saturated vapor pressure (kPa) Feed fugacity (kPa)

Ethanol Water Ethanol Water Ethanol Water

40

4.43 1.01

17.90 7.36 3.30 7.10
50 29.36 12.33 5.44 11.89
60 46.84 19.92 8.64 19.21
70 72.21 31.17 13.33 30.09
80 108.25 47.37 19.98 45.68
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POSS loading of 5%). It was found that both ethanol and 
water flux increased with increasing ethanol concentration, 
and the ethanol flux increased more significantly than water 
flux. This was attributed to the increased driving force and 
free volume due to membrane swelling [43]. There were two 
aspects that influenced the water flux. The decrease of water 
molar ratio depressed the driving force of water transport, 
while the swelling of the membrane was beneficial to water 
absorption and diffusion. Two factors competed with each 
other and finally determined the inconspicuous rise of water 
flux.

As ethanol concentration increased, ethanol permeabil-
ity increased more rapidly than water permeability, which 
resulted in the increase of membrane selectivity. It was 
probably contributed by the enhanced swelling of mem-
branes which provided more and larger cavities beneficial 

to preferential absorption and diffusion of ethanol mole-
cules, as the molecular size of ethanol (0.46 nm) was larger 
than that of water molecules (0.32 nm). In the range of 
5–25 wt.% ethanol concentration, the membrane selectivity 
was above 1, which indicated that POSS/PDMS MMM was 
ethanol perm-selective. As ethanol concentration increased, 
membrane selectivity increased, while the separation fac-
tor decreased. It was because the separation factor was not 
only influenced by membrane selectivity, but also by activity 
coefficient as shown in Eq. (5) [33]. As the ethanol concen-
tration increased, the ethanol activity coefficient decreased 
significantly, and the water activity coefficient increased 
slightly (Table 3), which eventually led to the decrease of 
separation factor.

3.7.4. Comparison of PV Performances of PDMS-Based 
Membranes

Table 4 summarized the PV performance of a number 
of typical PDMS based MMMs for ethanol recovery from 
aqueous solution. It can be seen that the permeation flux of 
most PDMS MMMs (except MOFs/PDMS MMMs) reported 
in literature was below 1,000 g/m2h. Silicalite-1 filled PDMS 
membranes showed the highest separation factor of 59 with 
permeation flux of only 89 g/m2h. Compared with pure 
PDMS and PDMS based MMMs, OV-POSS/PDMS MMMs 
with much lower POSS loading (1.59 wt.%) presented much 
higher permeation flux, which was beneficial to the large-
scale production of PDMS based MMMs.

4. Conclusion

In summary, OV-POSS/PDMS MMMs were prepared 
and applied for ethanol recovery via pervaporation. It was 
found that POSS dispersed homogeneously with POSS load-
ing below 10 wt.% and exhibited good compatibility with 
the PDMS matrix. As revealed by XRD and swelling mea-
surement, it was found that the incorporation of OV-POSS 
into PDMS resulted in much looser PDMS chain packing 

Fig. 16. Effect of ethanol feed concentration on permeation 
flux of OV-POSS/PDMS MMMs.

Fig. 18. Effect of ethanol feed concentration on separation 
factor and selectivity of OV-POSS/PDMS MMMs.

Fig. 17. Effect of ethanol feed concentration on permeability of 
OV-POSS/PDMS MMMs.
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and enhanced SD. The vapor adsorption measurement sug-
gested that the incorporation of OV-POSS into PDMS not 
only improved ethanol vapor adsorption, but also depressed 
water vapor adsorption of PDMS membranes, which might 
be beneficial to the selective sorption towards ethanol 
molecules.

OV-POSS/PDMS MMMs showed both higher perme-
ation flux and separation factor than pure PDMS membrane, 
which presented the reversal trade-off effect. The MMMs 
with 1.59 wt.% POSS loading exhibited an optimal pervapo-
ration performance with the permeation flux of 2200 g/m2h 
(243% higher than that of pure PDMS) and corresponding 
separation factor of 9.3 (31% higher than that of pure PDMS) 
at 60°C. The pronounced enhancement in separation per-
formance could be attributed to the porous POSS cages and 
loose packing structure of PDMS chains, which might confer 
abundant entrances and construct rapid diffusion pathways 
for penetrant molecules. It was found that the increase of 
permeation flux with increasing temperature was mainly 
attributed to the increased external driving force (saturated 

vapor pressure) rather than a variation of intrinsic mem-
brane property. With increasing ethanol concentration, both 
ethanol/water permeation flux and permeability increased, 
and the ethanol permeability increased more rapidly than 
water permeability, which resulted in the increase of mem-
brane selectivity. This study may serve as a novel approach 
to constructing rapid diffusion pathways in hybrid mem-
branes by incorporating OV-POSS nanomaterials to surpass 
the trade-off effect between permeability and selectivity.
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Table 3
Effect of feed concentration on activity coefficient, saturated vapor pressure and feed fugacity at 60°C

Ethanol/water 
mixture (wt %)

Mole fraction  
(mol %)

Activity  
coefficient

Saturated vapor  
pressure (kPa)

Feed fugacity 
 (kPa)

Ethanol Water Ethanol Water Ethanol Water Ethanol Water

5/95 0.020 0.980 5.13 1.00

46.84 19.92

4.85 19.55
10/90 0.042 0.958 4.43 1.01 8.64 19.21
15/85 0.065 0.935 3.86 1.01 11.67 18.90
20/80 0.089 0.911 3.39 1.03 14.14 18.60
25/75 0.115 0.885 3.00 1.04 16.20 18.32

Table 4
Comparison of PV performances of PDMS-based membranes

Hybrid membranes Particle  
loading

Temperature  
(°C)

Separation  
factor

Permeation  
flux (g/m2h)

Refs.

ZSM-5/PDMS 65 50 43.1 40 [19]
Silicalite-1/PDMS 77 40 59 89 [14]
Silicalite-1/PDMS 60 22.5 16.5 51 [12]
Silicalite-1/PDMS 67 50 34.3 176 [16]
ONS/PDMS 5 60 30.1 114 [28]
ONS/PDMS 5 60 12.5 807 [29]
ZIF-8/PDMS 5 60 9.9 1229 [29]
ZIF-8/PDMS – 40 12.1 1778 [24] 
ZIF-90/PDMS 2.5 60 15.1 99 [23]
MCM-41@ZIF-8/PDMS 5 60 9.5 1846 [25]
ZIF-71/PDMS 20 50 9.5 900 [26]
OM-POSS/Pebax 2 25 4.6 184 [33]
OM-POSS/Pebax 2 25 4.1 126 [33]
OPS/PDMS 7.5 40 16.4 253 [43]
OV-POSS/PDMS 1.59 60 9.3 2200 This work
OV-POSS/PDMS 5 60 9.4 1935 This work
OV-POSS/PDMS 5 80 7.5 4509 This work
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