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Abstract

Mixed-matrix membrane (MMM) consisting of fillers in polymeric matrix

offers a promising approach to develop high-performance membranes, while

remain challenges in achieving ideal filler dispersion and interfacial morphol-

ogy. Herein, we reported on a new kind of MMM with molecular-level disper-

sion of filler via a proposed reactive incorporation approach. Specifically,

polyhedral oligomeric silsesquioxanes (POSS) with vinyl groups was grafted

with ethoxy groups to build covalent bond with hydroxyl-terminated pol-

ydimethylsiloxane (PDMS) chains to fabricate PDMS MMMs uniformly dis-

persed with POSS molecules. The molecular dispersion of POSS in PDMS

matrix was visualized by SEM, AFM, and TEM characterizations, as well as

reflected by XRD analysis. The PDMS chain conformation affected by the reac-

tive incorporation of POSS was investigated by analyzing the thermal and

mechanical properties of the POSS/PDMS MMMs using DSC, TGA, and DMA

measurements. Contact angle test was used to study the surface affinity and

positron annihilation technique was employed to probe the free volumes,

which are respectively associated with the sorption and diffusion behavior in

the POSS/PDMS MMMs. The results demonstrated that molecular cages and

crosslinking effect of POSS led to an increase of large free volumes while a

decline of small free volumes. Therefore, the PDMS MMM with reactive incor-

poration of only 2 wt.% POSS simultaneously enhanced the butanol permeabil-

ity (by 78%) and butanol/water selectivity (by 124%) for pristine PDMS

membrane, transcending the performance limit of state-of-the-arts orga-

nophilic membranes. The proposed reactive incorporation approach may pro-

vide a platform of developing highly efficient membranes for molecular

separation.
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1 | INTRODUCTION

In the past two decades, polymeric membranes have
been demonstrated as a realistic platform evolving
beyond the thermal age of separation processes.[1] How-
ever, the polymeric membranes are generally limited by
the “trade-off” between permeability and selectivity.[2,3]

Creation of advanced materials with tunable capabilities
has been a key factor in the emergence of membranes as
a broadly applicable separation technology.[4] Currently,
incorporating fillers into polymers to fabricate compos-
ite membrane materials (so-called mixed-matrix mem-
brane, MMM) has been proven to be a promising
practical approach to enhance the performance of poly-
meric membranes.[3,5,6] Theoretically, the incorporated
fillers showing higher adsorption affinity and/or diffu-
sion selectivity could allow fast and selective permeation
of target molecules through the membrane. The chal-
lenges of developing MMMs include homogeneous dis-
persion of fillers in polymeric matrix[7] and creation of
ideal filler-polymer interface.[8] The aggregation of
fillers and non-selective interfacial voids would compro-
mise the permeability and selectivity of MMMs.[4]

Improved diffusivity and size discrimination ability are
ideally provided by the intrinsic channels of single unit
of the introduced porous materials (e.g., zeolites,[9–11]

metal–organic frameworks,[12–15] and covalent triazine
framework[16]). While in fact the porous materials are
usually dispersed in the polymer membrane as nano- or
even micro-aggregates. That may increase the diffusion
resistance of permeate species through the porous
fillers, even might lead to “inactivation” of fillers
because of bypassing molecular diffusion through poly-
mer matrix of lower resistance.[17,18] Moreover, filler's
size is desired to be as small as possible to minimize the
thickness of MMMs in order to maximize the membrane
flux (productivity).[19,20] Nevertheless, the hurdle involv-
ing synthesis and dispersion of nanoparticles may com-
plicate the implementation of MMMs. High loading and
great efforts in extra dispersion of nanoparticles in poly-
mer membrane would also increase the cost and scal-
ability of MMMs. The design and incorporation of filler
with single or a few molecular units (i.e., molecular
filler) might be a possible solution to lower the loading
and improve the dispersibility of fillers to achieve high-
efficient MMMs.

Membranes with sub-nanosized pores or cavities are
studied for molecular-level separation including perva-
poration and gas separation. One of the great interests is
organophilic pervaporation membrane for biofuels
recovery from dilute aqueous solution.[21] Particularly,
integrating the membrane process with biomass fermen-
tation for in situ biofuel removal is considered as a

promising approach to improve the productivity, which
plays a key role in advancing the renewable energy tech-
nology.[22] Nowadays, the benchmark material for this
purpose, polydimethylsiloxane (PDMS), possesses excel-
lent easy-fabrication and stability,[23] however, exhibits
insufficient separation performance for practical imple-
mentation. Our initial attempts of incorporating hydro-
phobic zeolites improved the selectivity of PDMS
membranes, while declined the membrane flux due to
the additional transport resistance of zeolite particles.[7]

Although the loss of flux was found to be suppressed by
choosing highly permeable fillers (e.g., ZIF-8, covalent
triazine framework) in recent a few studies,[12,13,16] the
physical incorporation of fillers into polymer with high
loading remains great challenge for MMMs, especially
for the industry-preferred composite or asymmetric
membranes with thin skin layer.[20]

This work reports the introduction of molecular
fillers to develop mixed-matrix membranes with highly
improved permeability and selectivity for biofuel recov-
ery from aqueous solution. In contrast to conventional
nano/micro-sized particles for MMMs, we disperse fillers
whose size is comparable to its single-unit structure in
polymer matrix, namely molecular filler. Covalent bond-
ing is designed between the filler molecule and polymer
chain, enabling the homogeneous molecular dispersion
of MMMs. In principle, the channels of each filler mole-
cule could be fully utilized for molecular diffusion that
makes it possible to achieve high-performance MMMs
with much lower filler loading. Specifically, polyhedral
oligomeric silsesquioxanes (POSS),[24] a type of molecu-
lar silica with a cage-like nanostructure possessing an
inner inorganic silicon and oxygen core (SiO1.5)n and
external organic substituents was chosen as the molecu-
lar filler[25–28] for PDMS membrane. We grafted vinyl-
POSS filler by ethoxy groups in order to construct covalent
bonding with hydroxyl-terminated PDMS via crosslinking
reaction. As a result, the POSS cage crosslinked PDMS
network formed the MMM dispersed with molecular
fillers. The membrane morphology, crystal structure,
thermal, mechanical and surface properties were ana-
lyzed by SEM, AFM, TEM, XRD, DSC, TGA, DMA and
contact angle test. Positron annihilation technique was
used to study the free volume evolution of the mem-
branes. Separation performance of the as-prepared
membranes was evaluated by pervaporation recovery of
bio-butanol from aqueous solution.

2 | EXPERIMENTAL

The details of the materials, membrane preparation, and
characterizations are provided in Data S1.
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3 | RESULTS AND DISCUSSION

3.1 | Incorporation of POSS in PDMS

To pursue MMM with molecular filler rather than parti-
cles, one of the key challenges is building strong connec-
tions between the filler molecule and polymer chain.
Vinyl-POSS powders (Figure S1) can be dissolved in
PDMS/xylene solution to form a clear casting solution,
indicating a molecular-level dispersion of POSS. How-
ever, due to the absence of bonding between POSS and
PDMS, the POSS was precipitated as crystals in the
PDMS membrane after the evaporation of xylene.
Figure 1a shows the SEM image of POSS/PDMS MMM
dense film prepared by this conventional physical mixing
method. Micron-sized vinyl-POSS particles are found in
the PDMS matrix.

Here, we proposed a facile reactive incorporation
approach to fabricate the MMM with molecular filler, as
presented in Figure 2. It should be noted that this
schematic was not intended to provide a reaction

mechanism, but only to illustrate our idea. Ethyoxyl
groups (C2H5O ) were grafted to the Si atoms of POSS
molecule by addition reaction between its
Si CH CH2 and Si H of triethoxysilane with the

catalysis of chloroplatinic acid. The ethyoxyl-grafted
POSS thus acts as a crosslinker to react with the
hydroxyl-terminated PDMS by condensation between
Si O C2H5 and Si OH. As a result, POSS molecu-

lar filler is connected with PDMS polymer by the con-
structed Si O Si covalent bonding, which prevented
the aggregation and precipitation of POSS in PDMS
matrix and offers great opportunity for the molecular
dispersion of POSS filler. As displayed in Figure 1b,
POSS/PDMS MMM prepared by the reactive incorpora-
tion appears no particle observed under SEM with the
same magnification used for the control sample shown
in Figure 1a. The POSS/PDMS solution was dip-coated
on the outer surface of a porous ceramic tube to form
mixed-matrix composite membrane for the practical
pervaporation separation.[7,28] As shown in Figure S2,
the POSS/PDMS separation layer was firmly adhered on

FIGURE 1 Surface SEM images of 6 wt.%

POSS/PDMS MMM membrane prepared by

(a) conventional physical mixing method and

(b) reactive incorporation approach

FIGURE 2 Reactive incorporation

of vinyl-POSS molecule in PDMS for

fabricating POSS/PDMS MMM
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the porous ceramic substrate with an average thickness
of �4.5 μm.

The IR spectra of vinyl-POSS and POSS/PDMS MMM
are shown in Figure 3. The peaks located from 3,064 to
3,026 cm−1 and at 1604 cm−1 assigned to C H stretching
vibrations from CH CH2 and C C stretching vibration
of vinyl-POSS, respectively.[29] After modification with
triethoxysilane and incorporation into PDMS matrix,
these characteristic peaks of vinyl-POSS almost dis-
appeared, indicating the successful reactive incorporation
approach. The Si O Si peaks from 1,110 to 780 cm−1

from POSS cage[30] are combined with the characteristic
peaks of PDMS from 1,100, 1,017, and 805 cm−1[31] in the
spectrum of POSS-PDMS MMM, suggesting that the main
structure of POSS cage and PDMS chain are preserved
during the reactive incorporation process.

3.2 | Dispersion of POSS in PDMS

Filler dispersion is critically important for achieving
MMM with enhanced transport properties.[6] First, we
used SEM and AFM measurements to study the disper-
sion of POSS/PDMS MMMs prepared by reactive incor-
poration approach. As shown in Figure 4, at low POSS
loading of 2–6 wt.%, the surface of POSS/PDMS mem-
brane shows nearly no difference from pristine PDMS
membrane, which looks smooth and is not observed
POSS particles. This is owing to the chemical bonding
between POSS and PDMS, enabling the dispersion of
POSS in PDMS matrix at nano-scale or even molecular-
level. It was further characterized by TEM which will be
discussed later. However, as the POSS loading increases

to 12 wt.%, POSS particles appear in the membrane, lead-
ing to an obvious concave-convex and significantly
increased surface roughness. From the AFM phase
image, it can be clearly seen the POSS dispersion phase
from the PDMS continuous phase. It indicates that the
aggregation of POSS molecules into particles[32] which
are phase separated from the PDMS matrix in the POSS/
PDMS at high POSS loading (>6 wt.%).

The morphology of POSS in the PDMS matrix at low
POSS loading was further examined by TEM. Although
the chemical composition of POSS and PDMS is the same,
their chemical structures are different, and thus can be dis-
tinguished under TEM.[33] As shown in Figure 5, the light
continuous region is PDMS matrix and the dark dispersed
region is POSS. The size of each POSS region is �4–5 nm,
which is close to the size of a POSS molecule.[24] The TEM
result at nanometer scale, together with the above SEM
and AFM characterizations at micronmeter scale confirm
that with loading no more than 6 wt.% the POSS can be
dispersed as molecule in the PDMSmatrix.

We further employed XRD to study the molecular dis-
persion of POSS/PDMS MMMs. As shown in Figure 6, the
POSS/PDMS MMMs with loading no more than 6 wt.%
only exhibit the characteristic peak of PDMS at �12�,[7]

without showing the characteristic peaks of POSS parti-
cles. One can speculate that the form of POSS in the PDMS
matrix is molecule,[34] rather than crystals that are often
present in the conventional mixed-matrix membranes.[7]

The crystal structure of POSS/PDMS MMM is well agreed
with that of the morphologies observed under SEM, AFM,
and TEM (Figures 4 and 5).

Based on the above analysis, we proposed a possible
mechanism of the POSS dispersion in PDMS matrix. At
low POSS loading, the chemical bonding built between
POSS and PDMS generates a POSS crosslinked PDMS
network,[35] thereby leading to the molecular-level dis-
persion of POSS in PDMS matrix of POSS/PDMS MMMs
(Figure 7a). While as the POSS is increased to high load-
ing, the decrease of PDMS chains provide less reactive
sites (i.e., Si OH groups) for the POSS molecules.[36]

As a result, some of the POSS molecules could not
chemically bond with PDMS chain and thus begin to
aggregate with each other to form the POSS particles.
Thus, the dispersion of POSS in the PDMS matrix is
transformed from molecular level to granular status
shown in Figure 4.

3.3 | Thermal, mechanical, and surface
properties of POSS/PDMS MMMs

The mobility and packing of polymer chains in the MMM
would be affected by the filler incorporation,[37] thus
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showing different transport behavior from the pristine
polymeric membrane. The polymer chain conformation
can be reflected by the thermal and mechanical proper-
ties of the polymer-based membranes.[28] DSC was used
to obtain the glass transition temperature (Tg) and

melting point (Tm) of the POSS/PDMS MMMs. As listed
in Table 1, with the crosslinking of POSS, the chain
mobility of PDMS is reduced, which would increase the
Tg and Tm.

[38] On the other hand, as incorporated small
molecules POSS could perform plasticization effect on

FIGURE 4 (a) SEM and (b) AFM 2D and (c) AFM 3D and (d) AFM phase surface images of POSS/PDMS MMMs (bar in all images:

20 μm). POSS loading for (1) 0 wt.%, (2) 2 wt.%, (3) 4 wt.%, (4) 6 wt.%, and (5) 12 wt.% [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 TEM image of 6 wt.% POSS/PDMS MMM

FIGURE 6 XRD patterns of vinyl-POSS particles and POSS/

PDMS MMMs with loading from 0 to 6 wt.% [Color figure can be

viewed at wileyonlinelibrary.com]
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the PDMS network due to its steric hindrance effect[35]

on the packing of PDMS chains, decreasing the Tg and
Tm. The PDMS chain conformation is dominated by the
crosslinking effect of POSS at low POSS loading, while is
governed by the plasticization effect of POSS if further
increasing the POSS loading.

The effect of POSS incorporation on the thermal sta-
bility of the resulting POSS/PDMS MMMs was studied by
TGA. As shown in Figure 8a, under N2 atmosphere,
POSS begins to degrade at �200�C and reaches equilib-
rium at �300�C with a total weight loss of 80 wt.%,
resulting in the final product of silica. The decomposition
of pristine PDMS membrane starts at �350�C and com-
pletes as the temperature is higher than 610�C with a
residual weight of 1.85 wt.%. Notably, after incorporating
POSS, the thermal stability of PDMS membrane is highly
enhanced. For instance, with the same weight loss of
20 wt.%, the decomposition temperature of the mem-
brane is increased with the increase of POSS loading in
the PDMS matrix: 407.5, 550, 580, 610, and 612�C for
POSS/PDMS MMM with POSS loading of 0, 2, 4, 6, 12 wt.%,
respectively. Moreover, the residual weight of the

POSS/PDMS MMM is also larger with higher POSS load-
ing. This desirable result can be attributed to the
crosslinking effect of POSS[39] on the PDMS chains,
which successfully inhibits the decomposition of PDMS
networks. Besides, as an excellent flame retardant,[24]

POSS molecules absorbed on the PDMS chains could
alter the decomposition routes of PDMS, thereby leading
to a higher thermal stability.

DMAwas used to study the mechanical property of the
PDMS membrane incorporated with POSS molecules. As
shown in Figure 8b, the Young's modulus of POSS/PDMS
MMM is gradually enhanced with the increase of POSS
loading, indicating that POSS incorporation significantly
improved the mechanical strength[34] of PDMS mem-
brane. Furthermore, we found that mechanical property
of POSS/PDMS MMM prepared by reactive incorporation
approach is much better than that prepared with conven-
tional physical mixing method. The Young's modulus of
PDMS membrane with reactive incorporation of 2 wt.%
POSS is 52.6 MPa, which is even higher than that of physi-
cally incorporated 40 wt.% POSS/PDMSMMM (49.7 MPa).
Again, it is attributed to the strong bonding (Si O bond
energy: 452.0 kJ/mol[24]) between POSS and PDMS provid-
ing a robust crosslinked PDMS network with highly
enhanced mechanical strength.

In addition, contact angle test was conducted to inves-
tigate the affinity of membrane surface toward water and
organic, which determines the surface sorption behavior
during the pervaporation separation of organic and
water.[40] The results are given in Figure 9. PDMS is a
typical hydrophobic and organophilic material, thus
exhibiting contact angle for water >90� while for butanol
<90�. With the incorporation of POSS in the PDMS mem-
brane, the water contact angle is almost constant,
whereas the butanol contact angle is decreased from 42�

to 35�. It suggests that incorporating POSS is in favor of
enhancing the membrane affinity toward butanol while
preserving its pristine hydrophobicity.

3.4 | Free volumes of POSS/
PDMS MMMs

Molecular diffusion in polymer-based dense membranes
is dependent on free volumes (i.e., cavities or holes) that
provides diffusion channels for the molecules.[41] Intro-
ducing POSS cages and the evolution of polymer chain
conformation induced by the chemical bonding between
POSS and PDMS would have a significant influence on
the free volumes of POSS/PDMS MMMs.[28] Positron
annihilation spectroscopy technique is an advanced and
powerful tool in probing the free volume size and distri-
bution of membranes for molecular separation.[37,42,43]

FIGURE 7 Possible mechanism of POSS dispersion in PDMS

matrix: (a) low and (b) high POSS content [Color figure can be

viewed at wileyonlinelibrary.com]

TABLE 1 Effect of POSS content on Tg and Tm of POSS/

PDMS MMMs

POSS content (wt.%) Tg (�C) Tm (�C)

0 −129.10 −62.39

2 −125.47 −61.72

4 −133.37 −64.76

6 −133.81 −67.45

12 −132.40 −64.99
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Normalized positron annihilation lifetime spectra of
POSS and POSS/PDMS MMMs are shown in Figure S3.
The positron lifetimes τ3 and τ4 resulting from the o-Ps
pick-off annihilation on the order of 1–5 ns can be used
to calculate the mean free volume radius R. The results
are given in Table S1. The positron annihilation time in
the pristine PDMS membrane exhibits a bimodal distri-
bution (τ3 = 1.241 ns and τ4 = 3.135 ns), corresponding
to a bimodal free volume size distribution, with an aver-
age small radius of R3 = 2.02 Å and large radius of
R4 = 3.73 Å. It is consistent with the reported PAS result
of PDMS membranes.[28,44] With the incorporation of

POSS into the PDMS matrix, the large free volume (R4) is
enlarged while the small free volume (R3) was reduced
(Figure 10), which is presumably due to the crosslinking
effect of POSS on PDMS chains and the cavities of POSS
molecules, respectively. As the POSS loading was further
increased from 4 to 12 wt.%, the variation of free volumes
becomes less significant due to the aggregation of POSS
molecules into particles that decreases the contribution
of POSS cages to the total free volumes. The free volume
distribution shown in Figure 11 generally follows the
trends with that of the free volume radius.

The influence of free volume on molecular diffusion
coefficient can be modeled by the statistical mechanics
description of diffusion in a liquid of hard spheres, pro-
posed by Cohen and Turnbull[45]:

FIGURE 8 (a) TGA curves and (b) Young's modulus from DMA measurement of POSS/PDMS MMMs [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 9 Water and n-butanol contact angles on POSS/

PDMS MMMs surface [Color figure can be viewed at

wileyonlinelibrary.com]
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D=Aexp
−γV�

V f

� �
ð1Þ

where A is a pre-exponential factor that is weakly depen-
dent on temperature, γ an overlap factor introduced to
avoid double-counting of free volume elements, V* the
minimum free volume size that can accommodate a pen-
etrant molecule (and is closely related to the penetrant
size), Vf the average free volume in the polymer accessi-
ble to penetrants for transport. According to the solution-
diffusion model, the diffusion selectivity αDi=j

can be
expressed as below:

αDi=j
=

Di

D j
=exp

γ jV
�
j−γiV

�
i

V f

� �
ð2Þ

where i and j represent penetrants i and j, respectively.
According to Equation (1), the increase of free vol-

umes can enhance the diffusion coefficient of penetrant
and the membrane permeability. Based on Equation (2),
if the molecular size of penetrant j is larger than that of
penetrant i, so γ jV

�
j > γiV

�
i , and αDi=j

>1. Thus, smaller-
sized molecules will be preferentially diffused in the
membrane. However, αDi=j

declines with the enlargement
of Vf and finally approaches 1. Namely, increasing the
membrane free volumes can weaken the diffusion selec-
tivity for smaller-sized molecules and thus facilitate the
selective diffusion of larger-sized molecules.[37]

Apparently, the achieved evolution of free volumes in
POSS/PDMS MMMs (Figures 10 and 11) are favorable for
selective permeation of large molecule over small mole-
cule. It is because the shrunken small free volumes hin-
der the smaller-sized molecule diffusion, while the
extended large free volumes facilitate the larger-sized

molecule diffusion. Fortunately, the recovery of butanol
from aqueous solution through membrane is a typical
application of the selective permeation of larger-sized
molecules (butanol) over smaller-sized molecules (water).
The kinetic diameters of n-butanol (5.05 Å) and water
(2.96 Å) are just between the small free volume diameters
(2 × R3 = 3.29–4.04 Å) and the large free volume diame-
ters (2 × R4 = 7.46–7.76 Å) of the POSS/PDMS MMMs,
respectively (Figure 11). It is therefore reasonable
expected for the POSS/PDMS MMMs that the reduced R3

would hinder the water diffusion meanwhile the
enlarged R4 can promote the butanol diffusion, and the
diffusion selectivity of butanol over water is enhanced
as well.

3.5 | Separation performance of POSS/
PDMS MMMs

The as-prepared POSS/PDMS MMMs supported on
porous ceramic tube were applied for pervaporation
recovery of n-butanol from aqueous solution. As
expected, reactive incorporation of POSS remarkably
enhances the separation performance of PDMS mem-
brane (Figure 12). Only 2 wt.% POSS loading improves
the butanol permeability by 78% and butanol/water selec-
tivity by 124% in the PDMS membrane. As discussed
above, the transport channels and the crosslinking effect
offered by the POSS molecules improved the diffusion
coefficient of butanol, meanwhile reduced the water dif-
fusion coefficient, thereby leading to a higher butanol/
water diffusion selectivity. Moreover, according to the
contact angle measurements, introduction of POSS
enhanced the affinity of membrane toward butanol,
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which would also improve the butanol solubility in the
membrane and thus the butanol permeability. However,
the performance improvement is limited by the aggrega-
tion of POSS molecules into particles as further increas-
ing the POSS loading in the PDMS matrix. Higher
transport resistance through POSS particles than POSS
molecules leads to lower butanol permeability. Also, the
aggregation of POSS might induce some non-selective
defects in the membrane, thus resulting in a lower selec-
tivity at high POSS loading. Similar phenomena have also
been found in other types of MMMs.[6]

Figure 13 and Table S2 compare the separation per-
formance of reported organophilic membranes for buta-
nol recovery from aqueous solution. The membrane
flux and separation factor were normalized to intrinsic
membrane properties (permeance and selectivity) to
eliminate the effect of operating conditions on the sepa-
ration performance.[46] Since the thicknesses of some
reported membrane is unknown, permeance rather
than permeability was used for comparison
(1 GPU = 1 × 10−6 cm3 [STP] cm−2 s−1 cm Hg−1). It is
found that the POSS/PDMS MMM exhibits excellent
butanol permeance and butanol/water selectivity that
clearly transcends the performance limit of the state-of-
the-art organophilic pervaporation membranes for
butanol recovery. Particularly, compared with conven-
tional MMMs prepared by physical mixing approach,
the developed reactive incorporation approach realizes
the molecular-level dispersion of inorganic filler in the
polymeric matrix, thereby greatly improving the effi-
ciency of filler incorporation and reducing the transport
resistance through the filler phase. As a result, high-
performance MMMs can be achieved at very low filler

loading. For instance, reactive incorporation of 2 wt.%
POSS into PDMS membrane obtained similar or even
slightly higher separation performance compared with
physically incorporated 40 wt.% POSS PDMS MMM.[28]

In principle, with the same filler loading, the separation
performance of MMMs derived from reactive incorpora-
tion approach would be much higher than that pre-
pared by conventional physical incorporation.

4 | CONCLUSION

In conclusion, a reactive incorporation approach was pro-
posed to fabricate POSS/PDMS MMMs with molecular-
level dispersion of fillers. Characterizations of morphology
and crystallography confirmed that the POSS filler is dis-
persed in the PDMS matrix as molecules at a low POSS
loading which is enabled by the built chemical bonding
between POSS and PDMS. Meanwhile, the PDMS chains
are crosslinked by the incorporated POSS molecules, all-
owing much higher thermal and mechanical stability com-
pared with pristine PDMS membrane and POSS/PDMS
MMMs prepared by physical incorporation. The molecular
cages and the crosslinking effect of POSS contributed to
the finely tuned free volumes of the PDMS MMMs. Small
free volumes were reduced while large free volumes are
increased, which is in favor of enhancing the selective per-
meation of large-sized molecule (e.g., butanol) over small-
sized molecule (e.g., water) through the membrane. There-
fore, for pervaporation recovery of butanol from aqueous
solution, the reactively incorporated PDMS MMM with
only 2 wt.% POSS exhibited a simultaneous improvement
in butanol permeability and butanol/water selectivity that
are 78 and 124% higher than those of pristine PDMS mem-
brane, respectively. The achieved excellent performance
exceeds the butanol/water separation limit of state-of-the-
arts organophilic pervaporation membranes. It is demon-
strated that this kind of reactive incorporation derived
mixed-matrix membranes with molecular fillers may pave
a new avenue to develop high-performance membranes
for molecular separation.
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