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The fabrication of mixed matrix membranes (MMMs) has been regarded as an effective and economic
approach to enhance the gas permeability and selectivity properties of conventional polymeric
membranes for gas separation applications. However, the poor compatibility between polymeric matrix
and inorganic filler in MMMs could lead to the generation of interfacial defects resulting in reduced gas
selectivity. In this work, with the aim of studying the effect of particle size and pore structure of the filler
on the performance of the resultant MMMs, nano/micro sized spherical mesoporous silicas with 2D/3D
pore structure (MCM-41 and MCM-48) were synthesized and selected as fillers for the preparation of
polydimethylsiloxane (PDMS)-based MMMs. The separation properties of the membranes prepared were
characterized by permeability measurements for nitrogen and organic vapors (CsHg and n-C4Hjp).
Compared with microsized particles, nanosized fillers have better dispersion in the polymer matrix which
could minimize the formation of non-selective microvoids around the particles, leading to higher vapor/
N, ideal selectivities of the MMMs, even at the high loading (15 wt%). Moreover, due to the conventional

random packing orientation of the particles in the polymer, vapor permeation was severely hindered in
Received 3rd July 2021

Accepted 31st October 2021 the MMMs fabricated from mesoporous silica with 2D pore channels. The interface morphologies and

gas diffusion paths in the MMMs have also been proposed. With an optimum loading of nanosized MCM-
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1. Introduction

Organic compounds such as ethylene, propylene, and butane
are important industrial raw materials. In petrochemical
processes, the excess monomers would remain in the off-gas
stream. If these monomers are emitted to the atmosphere, it
would cause serious environmental problems, such as the
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48 (3D pore structure), the vapor permeabilities and vapor/N, ideal selectivities of the MMMs were
shown to increase simultaneously, compared with the neat polymer membrane.

formation of fine particles, photochemical smog and global
warming. Therefore, it is necessary and important to recover the
unreacted organic materials from the off-gas for reuse.™?

The membrane separation method has a good application
prospect in the field of gas separation, owing to its low price,
desirable physical robustness and good processability.>> However,
polymeric membranes are suffered from the trade-off relationship
between gas permeability and selectivity, and still do not meet the
requirements of the current advanced membrane technology due
to their low separation performance (moderate selectivity) both at
lab and commercial scale.*® An economic alternative approach to
solve this problem is to combine the advantages of both polymers
and inorganic fillers, fabricating the mixed matrix membranes
(MMMs).” In recent years, different kinds of inorganic materials
were employed as fillers to fabricate MMMs, such as zeolites,
silicas, clays, activated carbons, carbon nanotubes, carbon
molecular sieves, metal-organic frameworks (MOFs), etc.'*"®

The most important factor influencing the MMM success is
to obtain a good compatibility between the continuous (poly-
mer) and disperse (filler) phase.®* Apart from adjusting the
surface chemical composition of the filler to minimize filler-
polymer gaps, proper regulation of the particle size is also
proved to be an effective approach to avoid non-selective defects
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formation. Tantekin-Ersolmaz et al. investigated the effect of
particle size on the performance of silicalite-PDMS mixed
matrix membranes, and found that the gas permeability values
decreased when relatively smaller particle sizes were employed,
probably due to the enhanced area and number of zeolite-
polymer interfaces that the gas molecules have to cross in these
cases."” Suen et al. found that compared with lamellar Na-
montmorillonite clay (mean length = 500 nm), the incorpora-
tion of 70 nm spherical TiO, particles into polyethersulfone
(PES) could form an ideal interface morphology leaded to an
increase of gas selectivity compared to the pure polymer
membrane.' It has also been reported that nanosizing the
particle size of MOF could enhance its dispersion within the
polymer matrix to minimize non-selective microvoid formation
around the particles.'* However, on the contrary, Coronas et al.
stated that compared with the nanosized particles (MCM-41), 2-
4 um particles (MCM-48) could provide a lower external surface
area and minimize the agglomeration, hence improving dis-
persibility and interaction with the polymer.*

These inconsistent conclusions made by the above literatures
could be attributed to the application of different kinds of inorganic
particles for comparison, since the pore size and pore channel
orientation of the inorganic fillers are of great importance for the
performance of MMMSs. According to the Maxwell equation, an
increase in the amount of less permeable dispersed phase in the
polymer matrix decreases the permeability.® Therefore, the addition
of microporous fillers (such as zeolites) usually decreases the gas
permeability of MMMs, and conversely, the addition of large pore
fillers would increase the gas permeability.**>'”*®* Moreover, it has
been demonstrated that the gas permeability can be significantly
improved by aligning the pore orientation parallel to the gas diffusion
path, by creating more available nanoporosity in the polymers having
good permeation potential.>*® Therefore, textural properties (pore
size and structure) and particle size distributions should be taken into
account as the critical variables to obtain a high-performance MMM.

Since the discovery of the M41S family in 1992 by Kresge et al.,
a variety of ordered mesoporous materials have been synthesized
with various framework compositions, morphologies and pore
structures." > The particle shape, size and pore structure could be
easily manipulated by adjusting surfactants and structure-
directing agents, which makes these materials (e.g., MCM-41 and
MCM-48) promising for the development of a new generation of
MMMs and suitable for investigating the effects of factors that
influence the performance of MMMs.*'*** Moreover, mesoporous
materials possess pores with sizes ranging from 2 nm to 50 nm,
which allow the penetration of the polymer chains (most of the
cross-section areas per chain are around 1 nm).**** Such good
contact could lead to better wetting and dispersion of particles,
thus suppressing the formation of voids at the interface and
improving the separation performance of the MCM-48/PS MMMs.*

In this study, in order to investigate the effects of particle size
and pore structure on the performance of mesoporous silica-PDMS
mixed matrix membranes, three kinds of mesoporous silicas (nm
MCM-48, nm MCM-41 and pm MCM-48) with the same pore
diameter, but different particle size (nano and micro) and pore
structure (2D and 3D) were elaborately synthesized and employed
as fillers. The MCM mesoporous silicas were characterized by X-ray
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diffraction (XRD), pore size analysis, and high resolution-
transmission electron microscope (HR-TEM). A series of MMMs
with different type and various dosage of MCM were fabricated.
Characterization and gas permeation measurements show that the
particle size and pore structure of fillers significantly influenced
the performance of matrix membranes. Based on these research
results, the interface morphologies and possible gas diffusion
paths in different MCM/PDMS MMMSs were proposed.

2. Experimental section
2.1 Preparation of mesoporous silica particles

2.1.1 Preparation of nm MCM-48. nm MCM-48 mesoporous
silica nanoparticles (MSNs) were synthesized based on the modi-
fied Stober method, using a mixture of cetyltrimethylammonium
bromide (CTAB) and ethanol as structure-directing agents. Tet-
raethoxysilane (TEOS) and triblock copolymer F127 (EO;6PO7¢-
EO;06) were applied as a silica source and a particle dispersion
agent respectively.”® In a typical synthesis, 0.87 g of CTAB and
5.89 g of F127 were dissolved in a mixture of 180 mL of distilled
water, 59.7 g of ethanol and 5.1 g of 28 wt% ammonium hydroxide
solution at room temperature (RT). After complete dissolution,
3.12 g of TEOS was added into the above mixture at once. After
mechanical stirring at 1000 rpm for 1 min, the solution was kept at
static condition for 24 h at RT for silica condensation. The white
solid product was recovered by ultrahigh speed centrifuge, washed
with water and dried at 70 °C. The template was removed by
calcination at 550 °C for 5 h with a heating rate of 5 °C min™".

2.1.2 Preparation of nm MCM-41. nm MCM-41 MSNs were
prepared by a surfactant-templated, base-catalyzed condensa-
tion procedure as reported by Shi.”” 1.02 g of CTAB was dis-
solved in 480 mL of distilled water and 3.5 mL of sodium
hydroxide solution (2 M), and then the mixture was heated at
80 °C under vigorous stirring. After then, 5.0 mL of TEOS was
added dropwise to the reaction mixture. The temperature was
kept at 80 °C for 2 h, after which the resulting white solid was
filtered, washed with abundant methanol and water, and dried
under vacuum overnight. The template was removed by
extraction in an ethanol-HCI mixture for 12 h, followed by
calcination at 550 °C for 4 h with a heating rate of 5 °C min*.

2.1.3 Preparation of pm MCM-48. ym MCM-48 meso-
porous silica particles were synthesized by a facile method at
room temperature.”® Under vigorous stirring, 1.2 g of CTAB was
added into 50 mL of deionized water. After completely dis-
solved, 25 mL of ethanol was poured into the clear solution.
After then, 6 mL of aqueous NH; was added to the surfactant
solution and 1.8 mL of TEOS was added immediately. After
stirring at 300 rpm for 4 h, the powder was recovered by filtra-
tion, washed with water and dried at 80 °C overnight. The dried
powder was then grounded and calcined at 550 °C for 6 h with
a heating rate of 3 °C min~" to remove the template.

2.2 Preparation of pure PDMS and mesoporous silica-PDMS
MMMs

The membranes were prepared by a solvent casting method. Dense,
unfilled films of PDMS were made from Momentive RTV 615 A/B

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(Wenhao Chip Technology, China) composed of two compo-
nents: component A contains platinum catalyst while compo-
nent B contains the cross-linker. After optimization,
components A and B were mixed at 10 : 1 (w/w) ratio in heptane
to make a final PDMS concentration of 60 wt%. After stirring for
1 h and ultrasonic treatment for 30 min, the polymer solution
was cast onto the PVDF membrane to form the composite
membrane. The prepared membranes were placed in oven at
45 °C for 48 h and then cured for 3 h at 100 °C. The basement
PVDF membranes were immersed in deionized water at room
temperature for 3 days and then thermally treated at 120 °C for
12 min before use.

Before MMM preparation, the mesoporous silica powders were
dried at 80 °C overnight. Certain amount (2-15 wt%, with respect to
PDMS content) of silica powders were added to heptane and then
dispersed through stirring for 30 min. After then, the PDMS
components were added to the dispersion to obtain a 60 wt% polymer
solution. The mixture was further stirred for 1 h and sonicated for
30 min, and then prepared similarly to that of the pure PDMS
membranes.

2.3 Physico-chemical characterization

The textual properties of the mesoporous silica particles were
investigated by nitrogen adsorption and desorption at 77 K
using a volumetric adsorption analyzer (ASAP2020, Micro-
meritics Instrument Corporation, USA). The BET (Brunauer-
Emmett-Teller) surface areas were calculated from N, adsorp-
tion isotherms within the relative pressure ranging from 0.05 to
0.25. The pore size distributions were obtained from the N,
desorption isotherms using the BJH method. The ordered
mesopore regularity of the samples was characterized by X-ray
diffractometer (X'Pert PRO MPD, Panalytical, the Netherlands)
with Cu Ka radiation (A = 0.1541 nm) at 40 kV and 40 mA. The
morphologies of membranes and mesoporous silica particles
were inspected using scanning electron microscopy (SEM, S-
3000N, Hitachi, Japan) and transmission electron microscopy
(TEM, H-7500, Hitachi, Japan). The pore structures of the
mesoporous silica were inspected using the high resolution-
TEM on a JEM 2010 at 200 kV. The glass transition tempera-
ture (T,) of the membranes was measured on a SEIKO DSC 6220.
About 10 mg of each sample was placed in an aluminum pan
and the measurements were carried out from —160 °C to —50 °C
ata 10 °C min~ ' ramping rate under a N, atmosphere. Sorption
studies were investigated using an Intelligent Gravimetric
Analyzer (IGA-002, Hiden Isochema Ltd, UK). The apparatus has
an ultrahigh vacuum system comprising a microbalance,
temperature regulation and pressure control system, all of
which are fully computerized. The adsorption and desorption
isotherms were determined by the approach of monitoring
equilibrium in real time using a computer algorithm.>® For each
measurement, the samples were outgassed to a constant weight,
at <10~ ° Pa, at 100 °C.

2.4 Gas separation measurements

Pure gas separation (N,, C3Hg, n-C4H;() of the membranes were
measured at 35 °C using a custom-built membrane module as

© 2021 The Author(s). Published by the Royal Society of Chemistry
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reported in our previous work.” The gas permeability was
calculated using the following equation in the steady state:*

NI
(pf _pP)A

where N is the permeate flow (cm® s7'), [ is the membrane
thickness (cm), A is the membrane area (cm?), p¢ and p,, are the
feed and permeate pressure in 1.333224 x 10° Pa (cmHg),
respectively. The permeability is expressed in Barrer (1 Barrer =
107" em® (STP) cm em™> s~ " emHg ).

The ideal selectivity of a membrane is the ratio of the
permeabilities of pure gas components A and B:

Py

QAA/B = P_B

P=

Mixed-gas permeation properties of membranes were deter-
mined with feed mixture a feed mixture containing 25 vol% C3;Hg
and 75 vol% N,. The pressure difference over the membrane was
0.5 bar, the permeation side was kept at atmospheric pressure. The
composition of the permeate stream was determined with a gas
chromatograph (78904, Agilent). The total permeate flow was
measured with a digital flowmeter. The permeability of each
component can be calculated with the following expression:

_ N, il
i Ap,A

where P; and N; represent the permeability (Barrer) and volu-
metric flow rate (cm® s™') of gas “i”, respectively; Ap; denotes
the pressure difference (cmHg) between two side of the
membrane.

3. Results and discussion
3.1 Characterization of mesoporous silica particles

3.1.1 Small-angle X-ray diffraction analysis. The XRD
analysis was employed to determine the crystalline structure of
the mesoporous silica particles and the results are shown in
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Fig. 1 XRD patterns of nm MCM-48, nm MCM-41 and um MCM-48
mesoporous silica particles.
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Fig. 1 and Table S1.7 The nm MCM-41 sample exhibits three
well-defined peaks, with d values of 3.67, 2.14, 1.83 nm, which
can be indexed as (100), (110) and (200) reflections, confirming
its 2D hexagonal ordered mesopores (p6m).>” For nm MCM-48
and pm MCM-48, the peaks of (211), (220) and (332) diffrac-
tions reflect the formation of 3D cubic Ia3d structures.’® In
order to synthesize mesoporous silicas with spherical
morphologies, lower temperatures were applied without
hydrothermal treatment, which leads to decreases in d-spacing
compared with those without deliberate morphology control in
the ref. 19 and 31. This might be an indication of the formation
of low-quality mesostructures.?® Moreover, compared with pm
MCM-48, broadening of the diffraction peaks for nm MCM-48
can be observed, mainly due to a decrease in the reflection
domains of mesophase from the decrease of spherical silica
nanoparticle size,* which could also be observed in the sample
of nm MCM-41.

3.1.2 N, adsorption-desorption. Shown in Fig. 2a and b are
the nitrogen adsorption-desorption isotherms and the corre-
sponding pore size distributions of mesoporous silicas,

(@)

—&—nm MCM-48
—&— um MCM-48
—&—nm MCM-41

Volume adsorbed (cm® g™, STP)

T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (p/p,)

(b)

—&—nm MCM-48
—&— um MCM-48
—&— nm MCM-41

Porous
silica

Skexternal
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Sger
(m?g)

dv/dD

nm MCM-48 1205 1918

um MCM-48 659 567

nm MCM-41 1112

2 3 4 5 6
Pore diameter (nm)

Fig. 2 (a) Nitrogen adsorption—desorption isotherms of the meso-
porous silica particles; (b) BJH pore size distributions and textual
properties (table insert).
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respectively. In Fig. 2a, it could be observed that all of the
adsorption isotherms are of type-IV (IUPAC classification),** and
marked inflections are perceived between the relative pressures
(p/po) of 0.2 and 0.4. This is caused by capillary condensation
during the adsorption step and is an indication of the meso-
porosity of the samples.”®** Moreover, for nm MCM-48 and nm
MCM-41, there exists another capillary condensation step in the
relative pressure above 0.9 in the adsorption branch, due to the
interparticle voids, which could indirectly reflect the size of
particles, since smaller particle size always show higher step.*”
In addition, the capillary condensation and evaporation are
nearly reversible owing to their relatively small mesopore size
(<3 nm, Fig. 2b). The pore sizes of both MCM-48 samples are
around 2.06 nm, and that for MCM-41 is near 2.6 nm, which are
all large enough for the gas diffusion. As shown in the table
inserted in Fig. 2b, nm MCM-48 and nm MCM-41 both exhibit
much higher BET surface areas, compared with that of pm
MCM-48. Moreover, the smaller particle sizes of nm MCM-48
and nm MCM-41 result in the generation of abundant inter-
particle voids, thereby increasing the external surface areas,
which might be beneficial to the effective attachment with
PDMS polymer chains.

3.1.3 TEM characterization. The TEM images (Fig. 3) show
that the spherical nm MCM-48 and nm MCM-41 have an
uniform diameter of ~100 nm. In contrast, the spherical um
MCM-48 showed an average diameter of ~1 pm. Besides, the
cubic mesostructures (Ia3d) of nm MCM-48 and pm MCM-48
are confirmed by the HR-TEM images, recorded along [100]
and [111], respectively.* Similarly, nm MCM-41 show hexagonal
array of cylindrical mesopores and ordered 2D channels
(~2.5 nm in diameter) along the [100] direction as exhibited in
Fig. 3d.

3.2 Characterization of the mixed matrix membranes

3.2.1 SEM analysis. To investigate the dispersion of the
mesoporous silicas within the polymer matrix, cross-sectional
micrographs of the MMMs were examined by SEM (Fig. 4).
The cross-sections of these membranes show the common
asymmetric structure consisting of a dense PDMS layer on the
surface of the PVDF supports with no gaps between them.
Moreover, the morphologies of the PDMS layers remain dense
and flat upon addition of fillers in the matrix. For all the 2 wt%
MCM/PDMS MMMs (Fig. 4b-d), the nano/micro-particle
distribution is apparently homogeneous without agglomera-
tion. Even in the SEM photos with high magnification (inserted
in Fig. 4b-d), good dispersion of the filler particles throughout
the polymer matrix could also be observed. For the 10 wt% and
15 wt% nm MCM-48/PDMS MMMs (Fig. 4e and f), the particles
were agglomerated to some extent in the PDMS matrix.
However, from the microscopic view (as shown in images
inserted in Fig. 4e and f), no micro-sized voids could be
observed.

3.2.2 Glass transition temperature. The increases in glass
transition temperature (T,) of MMMs by the incorporation of
fillers could be considered as an indication of increased chain
rigidity due to the interactions between polymer matrix and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM and the relative HR-TEM images of nm MCM-48 (a and b), nm MCM-41 (c and d) and pm MCM-48 (e and f).

filler particles.*>*® The T, of the MMMs prepared in this work
are presented in Fig. S2.7 It can be observed that the addition of
micro-sized MCM has little effect on the T,, indicating the
negligible interaction between the MCM and polymer phase. In
sharp contrast, the addition of nano-sized MCM could increase
the T, of MMMs remarkably, which indicates increased inter-
action between the nano-sized MCM and PDMS.

3.2.3 Gas separation measurements. The effects of filler
particle size on the performance of matrix membranes were
investigated by introducing fillers with different particle sizes.

© 2021 The Author(s). Published by the Royal Society of Chemistry

The separation properties of the membranes were characterized
by permeability measurements for N, and organic vapors (CsHg
and n-C4Hy,) (Fig. 5 and 6). Compared with the pure PDMS
membrane, the addition of nanosized MCM-48 induced the
decrease of N, permeability, while the micro-sized MCM-48
conversely gave rise to large increase of N, permeability. The
addition of nanosized MCM-48 can induce the rigidification of
the PDMS polymer chains, as evidenced by the increased T,
(Fig. S271). Rigidification of the PDMS could lead to the inhibi-
tion of polymer chain mobility and reduce the free volume for

RSC Adv, 2021, 1, 36577-36586 | 36581
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Fig.4 Cross-sectional SEM images of (a) pure membrane, (b) 2 wt% nm MCM-48/PDMS MMM, (c) 2 wt% nm MCM-41/PDMS MMM, (d) 2 wt% um
MCM-48/PDMS MMM, (e) 10 wt% nm MCM-48/PDMS MMM and (f) 15 wt% nm MCM-48/PDMS MMM (inserted in b—f are the SEM photos with

large magnification).

diffusion, thereby decreasing the N, permeability. As for the
organic vapors, at the same loadings of both nm MCM-48 and
pm MCM-48 (2 wt%), increases in C3Hg/n-C4H;, permeabilities
were observed (Fig. 6a and c). However, the ideal selectivities of
C;3H¢/N, and n-C4H,0/N, are very different. For 2 wt% nm MCM-
48 MMM the ideal selectivities were shown to increase by 102%
and 47%, respectively, while those of 2 wt% pm MCM-48 MMM
were shown to decrease by 42% and 59%, respectively,
compared with the neat polymer membrane. The lower N,
permeability and higher ideal selectivities of 2 wt% nm MCM-48
MMM can be attributed to the good conformability between the
interface of filler and polymer, as evidenced by the increased Ty,
which effectively avoided the formation of voids and defects.>”"**

For low nm MCM-48 additions, there is an increase for
selectivity meanwhile there is no loss in overall permeability.
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Fig. 5 N, permeability of different MCM/PDMS MMMs at 0.5 bar at
35 °C (the permeability of pure PDMS membrane is indicated by the
red dashed line).
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Generally, rigidification of the polymer leads to increased
selectivity, but also always leads to low permeability."* This
anomaly is due to that the MCM-48 itself is a large-pore system
that compensates for the loss in PDMS permeability in the
composite. According to the solution-diffusion model,* the
transport of gases in polymer membranes are governed by two
factors: sorption and diffusion. While the diffusion step favors
small molecules, the sorption step favors large and condensable
molecules. Gas permeability and selectivity in rubbery
membrane (PDMS) is more strongly influenced by the solubility
factor than diffusivity factor. Vapors with condensability could
cause increased polymer chain mobility and plasticization,™
therefore dissolving the rigidified polymer chains and diffusing
into the pores of nm MCM-48, in which the diffusion rate could
be greatly enhanced. This is why MMM with 2 wt% nanosized
MCM-48 can increase the permeabilities of vapors. It should be
mentioned that there is a decrease in the membrane perme-
ability as more nm MCM-48 is added to the polymer. This is
attributed to the formation of more rigidified layers and the
collection of the nanosized fillers into an essentially non-porous
aggregate."* Even for the inclusion of 15 wt% filler, the use
of nm MCM-48 particles created less voids and defects on the
MMM (as shown in Fig. 4f) such that its vapors/N, selectivities
are still satisfactory. In sharp contrast, with the increased
loading of pm MCM-48, the MMMs exhibited enhanced N,
permeability and reduction of ideal selectivities (Fig. S371). This
could be attributed to the non-selective diffusion at a defective
interface (voids and defects) between micro-particles and poly-
mer, as observed in the SEM images (Fig. S4t). Therefore, it can
be revealed that compared with micro-sized particles, nano-
sized fillers could improve the interaction between polymer and
filler and avoid the formation of non-selective defects.

The effect of pore structure of fillers on the performance of
MMMs was explored by employing fillers with 3D and 2D pore
structure, respectively. Both nm MCM-48 and nm MCM-41 are
spherical particles with uniform diameter of ~100 nm (Fig. 3),

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 CszHgand n-C4H;o permeability and n-C4H10/N,, CsHe/N; ideal selectivity of different MCM/PDMS MMMs at 0.5 bar at 35 °C (the relative
permeability and ideal selectivity of pure PDMS membrane is indicated by the red dashed line).

but with different pore structures: the former possesses three-
dimensional (3D) bicontinuous cubic arrangement of mesopores,
while the latter has two-dimensional (2D) hexagonal array of
cylindrical mesopores which is not interconnected (Fig. 2 and 3). As
shown in Fig. 6a, the incorporation of nm MCM-41 also induces the
decrease of N, permeability, which further proves the better wetting
and dispersion of nanosized particles in the polymer matrix."
However, in sharp contrast to nm MCM-48, drastic declines of
C3;He/n-C,H;y permeabilities (decrease by 95%/98% to the neat
polymer membrane), and C;Hg/N, and n-C4H;/N, ideal selectiv-
ities (decrease by 88% and 94%) were observed, when the same
loading of nm MCM-41 was added. As proposed in our previous
report,” the large mesopores of the fillers could provide channels
with much faster diffusion rates for organic vapors, when they

dissolve the rigidified polymer chains at the pore entrance and
enter into the pores of the mesoporous silicas. This is why the
incorporation of nm MCM-48 could increase the vapor perme-
abilities and vapor/N, selectivities simultaneously. The poor
performance of nm MCM-41 might be due to its 2D pore structure.
As we know, the fillers disperse in the polymer matrix randomly,
and most of the pore orientations cannot be parallel to the gas
diffusion path, which will severely hinder the diffusion of the gases.

In order to prove the above assumptions, gas diffusions in
different MMMSs were investigated by measuring the gravimetric
sorption isotherms. It should be noted that the isotherms for N,
cannot be obtained because there is no interaction between the
membranes and N,. The adsorption amounts of C;Hg in MCM/
PDMS MMMs and mesoporous silicas at 0.5 bar at 35 °C are

Table 1 Calculated and experimental adsorption amount of CzHg in MCM/PDMS MMMs at 0.5 bar at 35 °C

Amount adsorbed (mmol g™ ")

Membrane Experimental value Calculated value Mesoporous silica Amount adsorbed (mmol g™*)
Pure PDMS 0.042 —

2 wt% nm MCM-48 MMM 0.057 0.058 nm MCM-48 0.89

2 wt% um MCM-48 MMM 0.073 0.067 pm MCM-48 1.34

2 wt% nm MCM-41 MMM 0.046 0.051 nm MCM-41 0.51

© 2021 The Author(s). Published by the Royal Society of Chemistry
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listed in Table 1. It can be observed that C;Hs adsorption
amounts of all the MCM/PDMS MMMs are higher than that of
the pure polymer membrane, indicating that the vapor could
diffuse into the pores of the silicas. The experimental adsorp-
tion amount of 2 wt% nm MCM-48 MMM is nearly the same as
the calculated value, which means the vapor could diffuse to all
the channels of the filler and no voids formed on the filler-
polymer interface. However, for the 2 wt% pm MCM-48 MMM,
the experimental value is larger than the theoretical one,
implying the formation of extra nano/micro sized voids in
which vapors adsorb and condense. Conversely, compared to
the calculated value, the experimental one decreases, for
2 wt% nm MCM-41 MMM, revealing that vapors could only
penetrate to partial portion of the pores in nm MCM-41,
consistent with the gas separation performance.

3.2.4 Interface morphology hypothesis. The nanoscale
morphology of the filler-polymer interface is a critical deter-
minant of the gas transport properties of organic/inorganic
MMMSs. According to the gas separation/sorption perfor-
mances and the morphology hypothesis raised by our previous
work,* the interface morphologies between the mesoporous
silicas and the PDMS polymer have been proposed.

As shown in Fig. 7a, nm MCM-48 well disperse in the poly-
mer matrix, and the rigidified layers form at the filler-polymer
interface, possibly due to the partial pore blocking of MCM-48
by the polymer chains.***** According to the solution-diffu-
sion model, vapors with condensability could cause increased
polymer chain mobility and plasticization, therefore dissolving
the rigidified polymer chains and diffusing into the pores of nm
MCM-48. And once the vapors enter into the pores with large
diameter, the diffusion rates could be increased dramatically. In
contrast, N, is inert and noncondensable, and as a result, it
cannot pass through the rigidified polymer layer and utilize the
pores of nm MCM-48. The increased tortuosity caused by the
fillers leads to reduced permeability of N,. Therefore, the vapor

36584 | RSC Adv, 2021, 1, 36577-36586

permeabilities and vapor/N, ideal selectivities could be
increased at the same time for 2 wt% nm MCM MMMs.

For the pm MCM-48 MMM (Fig. 7b), because of the large
particle size, the fillers could not be wrapped perfectly by the
polymer chains, leading to the formation of voids and defects.
Both N, and vapors prefer to diffuse through these non-selective
voids, resulting in higher permeabilities and lower selectivities.
In the nm MCM-41 MMM (Fig. 7c), it could not be guaranteed
that the 2D pores are parallel to the gas diffusion path. As
a result, even though vapors could diffuse into the pores, the
increases in the diffusion path lengths experiencing when they
traverse the membrane lead to decreased permeabilities. At the
meantime, due to the acceleration effect of the pores of nm
MCM-41, the values of the vapor/N, ideal selectivities are still
higher than one.

3.2.5 Mixed gas separation performance and stability
of nm MCM-48/PDMS MMMs. As shown in Fig. S5a,7 the
MMMs show lower C;Hg permeabilities in mixed gas over the
pure gas. The less fraction of C3Hg in the mixed gas leads to
lower solubility in PDMS matrix, thus resulting in decreased
transport in the MMMs. As illustrated in Fig. S5b,T the C3Hg/N,
selectivity of gas mixture is also lower than that of pure gas. This
could be ascribed to the decline of C;Hs permeability and
increase of N, permeability in gas mixture, which in turn cause
the reduction of selectivity. Fig. S67 presents the stability of the
2 wt% nm MCM-48 MMM tested by a gas mixture at 0.5 bar and
35 °C. MMM exhibited the average gas separation properties
(C3He permeability: 2653 Barrer; C3Hg/N, selectivity: 12.96),
which changed slightly for 120 h, indicating the good stability of
the nm MCM-48/PDMS MMM.

4. Conclusions
In this work, several kinds of MMMs fabricated with nano/

micro sized mesoporous silicas with 2D/3D pore structure

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(MCM-41 and MCM-48) and PDMS were prepared and employed
to study the effect of the particle size and pore structure of the
filler on the gas separation performances of the resultant
MMMs. As for the effect of particle size, nanosized fillers could
have better compatibility with the polymer matrix, and no non-
selective defects formed at the filler-polymer interface. As
a result, the MMMs achieved enhanced vapor/N, ideal selec-
tivities, even at higher loading (15 wt%), compared with those of
the neat polymer membrane. As regards the pore structure, due
to the conventional random packing orientation of the particles
in the polymer, gas permeation could be severely hindered in
the MMMs fabricated from mesoporous silica with 2D pore
channels. Assisted by the sorption data of mesoporous silicas,
pure membrane and MMMs, the interface morphologies and
gas diffusion paths in the MMMs have also been proposed.
With an optimum loading of nanosized MCM-48 (3D pore
structure), the vapor permeabilities and vapor/N, ideal selec-
tivities of the MMM were shown to increase simultaneously due
to the interconnected pore channels in the filler and the good
filler-polymer interaction. This work would provide guidance
on the rational design of MMMs with high performance.
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