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Performance enhancement of

a polydimethylsiloxane membrane for effective
n-butanol pervaporation by bonding multi-silyl-
functional MCM-41

Zhihao Si,7? Song Hu,i? Di Cai,? Peiyong Qin ®*? and Qinghong Xu & *®

In the current work, MCM-41/polydimethylsiloxane (PDMS) mixed matrix membrane (MMM) was prepared
for effective n-butanol pervaporation from a model aqueous solution. In order to improve the compatibility
between MCM-41 and PDMS, different types of silane coupling agents including n-propyltrimethoxysilane
(PTMS), n-octyltrimethoxysilane (OTMS), n-dodecyltrimethoxysilane (DTMS) and n-
hexadecyltrimethoxysilane (HDTMS) were used to modify the MCM-41. The results showed that the
highest n-butanol separation performance was achieved by bonding 20 wt% of PTMS-modified MCM-41
with PDMS. Under these conditions, total flux of 1476 g m™2 h™! was obtained when separating
a 1.5 wt% n-butanol aqueous solution at 55 °C. The total flux increased by nearly 40% compared to the
pure PDMS membrane with no obvious changes of the n-butanol separation factor at the same time.

rsc.li/rsc-advances

Introduction

Pervaporation is a membrane based technology for sustainable
and effective organics separation from diluted aqueous
mixtures." In recent years, in facing the problems of low
productivity and low concentration in the n-butanol fermenta-
tion process, the separation of biobutanol from fermentation
broths by pervaporation has been of great interest.>* Compared
with other separation techniques, pervaporation shows a rela-
tively high selectivity, low energy requirement and is non-
toxic.*”7

Most of the commercial pervaporation membranes for n-
butanol separation are often prepared from organic polymers.
However, the organic membranes were always limited by the
trade-off between the organics permeability and the selectivity.®
In comparison to this, the inorganic membranes not only
exhibited higher thermal and chemical stabilities than the
polymeric membranes, but also provided a rigid and robust
structure with high swelling resistance.”'® Nevertheless, the
high manufacturing cost of the inorganic membranes limited
their industrial application.*

In order to overcome the above drawbacks of the organic and
inorganic pervaporation membranes, mixed matrix membranes
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The curing process of the casting solution was also significantly improved after MCM-41 modification.

(MMMs) that filled with porous materials such as silicalite,
zeolite, metal organic frameworks, silica and carbonaceous
particles were widely applied for n-butanol separation,**
which combined the superiorities of the two types of
membranes.’*® In most of the cases, the improvement of the
organics separation factors was more significant than the
enhancement of the membrane flux after mixing the inorganic
materials into the polymeric layers.

Lots of efforts have been made in preparing porous materials
to improve membrane performance, especially membrane flux.
It is because the membrane flux always negatively correlated
with the pervaporation membranes cost.** In contrast to other
inorganic additives, MCM-41, the mesoporous material, showed
high specific surface (up to 1500 m* ¢~ ') and very narrow pore
size distribution (2-10 nm).>* The structure of MCM-41 is
ordered one-dimensional linear channels like “honeycomb”
(Fig. 1) and its larger pore structure would greatly improve the
membrane flux when it was applied in pervaporation
membrane preparation. In previous works, MCM-41 spheres
were directly incorporated into a PDMS matrix for
dimethylcarbonate/methanol azeotropic mixture separation. An
optimized flux of 5256 g m ™2 h™" and a separation factor of 1.87
were obtained.” Jomekian et al. applied a polyethylene oxide
(PEO)-MCM-41/polyvinylidene chloride (PVDC) nanocomposite
membrane for the separation of bovine serum albumin.** The
20 wt% MCM-41-filled sodium alginate (NaAlg) nanocomposite
membrane was also applied to separate the water/isopropanol
(10 wt%) binary mixtures, providing a total flux and selectivity
0f 0.110 kg m > h™" and 29 991, respectively.?* However, in all of
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Fig.1 The pore structure of MCM-41.

the above literatures, only the changes in physical properties of
MCM-41 was emphasized in membrane preparation processes,
and the compatibility between polymer and MCM-41 by chem-
ical bridging was ignored. In addition, to our best knowledge,
only a few works about MCM-41 MMMs focused on the sepa-
ration of n-butanol from the n-butanol/water mixture.>**” In our
previous work, surface modified silicalite-1 was synthesized as
a macro-crosslinker for MMMs preparation, which not only
provided permselective channels for n-butanol molecules, but
also reacted with the hydroxyl groups of PDMS during the
membrane preparation process. Nevertheless, because of the
relatively low diameter of these channels, the flux improvement
was not obvious when used the modified silicalite-1 as the
crosslinker.?*?’

In the current work, aiming to incorporate MCM-41 into
PDMS membrane to improve the flux, different types of silane
coupling agents were applied to modify MCM-41. The modified
MCM-41 could eliminate the inhibiting effect of the active
silanols on the surface of MCM-41. Therefore, the curing
process was improved significantly. Moreover, the silane
coupling agents were used to form the covalent bonds between
MCM-41 and PDMS. The compatibility was improved and the
interfacial gap was eliminated between particles and polymers
in the process of MMMs preparation.*** The morphologies and
chemical structures of the MCM-41 and MCM-41/PDMS MMMs
was analyzed by Fourier transform infrared spectroscopy (FTIR),
transmission electron microscope (TEM), scanning electron
microscope (SEM), Brunauer-Emmett-Teller (BET), contact
angle measurement and rheology measurement. The separation
performances of the MCM-41/PDMS MMMs modified by
different types of silane coupling agents were compared using
1.5 wt% n-butanol/H,O binary mixture in feed. The improve-
ment of the curing process of MCM-41/PDMS (hydroxyl-
terminated PDMS) membrane by incorporating multi-silyl-
functional MCM-41 was investigated for the first time. The

optimal MMMs could not only exhibit significant
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improvements of flux, but also facilitate the curing process in
membrane preparation, which showed a promising prospect for
effective n-butanol separation.

Experimental section
Materials

MCM-41 (Xianfeng Nano Technology, Nanjing, China) was used
as the molecular sieve. And tetraethyl orthosilicate (TEOS,
=99.5%) (Xilong Chemicals, Guangdong, China) and dibutyltin
dilaurate (DBTDL, =99.0%) (Fuchen Chemicals, Tianjing,
China) were used as crosslinking agent and catalyst, respec-
tively. Hydroxyl terminated PDMS was obtained from Shandong
Dayi Chemical Co., Ltd. N-Propyltrimethoxysilane (PTMS, 97%),
n-octyltrimethoxysilane (OTMS, 97%), and n-dodecyltrimethox-
ysilane (DTMS, 97%) were purchased from Sinopharm Chem-
ical Reagent Co., Ltd. and n-hexadecyltrimethoxysilane
(HDTMS, 98%) were purchased from Xiya Chemical Industry
Co., Ltd.

Surface modification of MCM-41 particles

10 g of MCM-41 and the excess silane coupling agents were
dissolved in 150 g of n-heptane. The mixture was sealed and
kept for 48 h at 80 °C under magnetic stirring. The particles
were then washed by n-heptane (centrifugation and decanting
of supernatant). After dried out in vacuum at 100 °C, the multi-
silyl-functional MCM-41 particles were collected and were used
for MMMs preparation.

Membrane preparation

The PDMS polymer, TEOS and 20 wt% of unmodified or
modified MCM-41 particles were dissolved in n-hexane, fol-
lowed by stirred at room temperature at 1000 rpm for 2 h. The
DBTDL was then added into the mixture. After 10 min of stir-
ring, the resulted mixture was cast on the laboratory-made
PVDF membrane using an automatic coating machine (Elc-
ometer 4340, UK) and subsequently kept at 80 °C for 24 h.

Characterization of MCM-41 particles and membranes

The morphology of MCM-41 particles was performed by
employing a transmission electron microscope (TEM, JEM-
2100F, Japan). The morphology of the surface and cross-
sectional morphology of membranes were obtained by
employing a scanning electron microscope (SEM, SU8020,
Hitachi High-Technologies Corporation, Japan). The water
contact angles on the surface of MMMs were measured by
a contact angle measurement (JC2000D, Shanghai Zhongchen
Corporation, China). The rheology of MMMs curing was carried
out on a rheometer (AR2000ex, TA Instruments, USA). To test
the chemical groups of MCM-41 particles, a Fourier transform
infrared spectroscopy (FTIR, Varian-3100, Varian Inc., USA) was
employed. Autosorb-iQ specific surface area analyzer (Quan-
tachrome, USA) was employed to study the pore size and specific
surface area of MCM-41 particles before and after modification.
The methods were as follow: the samples were degassed at
250 °C and 10 Torr for 3 h and the adsorption and desorption

This journal is © The Royal Society of Chemistry 2018
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isotherms were measured at 77.4 K. The pore size distribution
was calculated by BJH and DFT methods.

Static adsorption experiment

About 1 g MCM-41 particles were added to a pre-weighed
weighing bottle. The weighing bottle with the samples was
placed in a vacuum oven and degassed at 200 °C for 6 h. After
degassed, the weighing bottle was quickly and accurately
weighed. The bottle was then placed in a desiccator containing
a n-butanol aqueous solution. And the desiccator was sealed in
a constant temperature oven at 35 °C for 24 h. The weight is
accurately weighed and the static adsorption capacity of
molecular sieve samples on n-butanol (x) was calculated by the
following equation:

msz — ny

(%) = x 100 ®

my — m

where m; and m, are the weight of the weighing bottle and the
total weight of sample and weighing bottle after degassed (g),
respectively. mj; represents the total weight of sample and
weighing bottle after adsorption (g). Samples were repeated in
duplicates. The static saturation of H,O adsorption capacities of
multi-silyl-functional MCM-41 particles were measured in
similar ways.

Pervaporation experiments

The membranes were tested in a pervaporation system that was
described in detail in previous work.*® The effective area of the
membrane is 30.19 cm®. 6 L of 1.5 wt% n-butanol/water model
solution was kept in a stainless steel tank. The pressure on the
permeate side of the pervaporation membrane was kept below
150 Pa. The feed temperature was maintained at 55 °C. The
permeate was collected by a liquid nitrogen trap. Gas chro-
matograph (GC-14C, Shimadzu Corporation, Japan) was used to
analyze the n-butanol concentrations. And the experiments
were carried out in triplicates.

Total flux (J), n-butanol flux (Jputano)y Water flux (Jwater),
separation factor (8), n-butanol permeance (Ppytanoi/¢), water
permeance (Pyaeer/?), selectivity (a), and permeate concentra-
tion (Vputano1) Were used to evaluate the separation performance
of membranes, which were calculated by following equations:**

w
= 2
A x At @)
Jbutanol =Jx Ybutanol (3)
Jwater = J X (1 - ybulanol) (4)

utano. 1_ utanol
6:)’131 1/( Ybout 1) (5)

xbutanol/(l - xbutanol)

Proytanol _] ~ 1
—,  — Jbutanol £ P
£ Pbulanol - pbutano]
v ©
= Jpuon X

f P
Moutanol <7Dbutanol - 7Dbutanol)
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o= P butanol (8)
Pater

where W is the weight of the permeate (g) collected over time At
(h) of the effective area A (m?); jputanol aNd jwater Fepresent the
volume fluxes of n-butanol and water (cm*(STP) cm 2 s 1),
respectively; £ and V,,, refer to the membrane thickness (cm) and
the molar volume of gas (22.4 L mol ™, STP), respectively; the
molecular weights of n-butanol and water are represented by
Mputanol and Myeer, Tespectively; ’Pf,utanol, Pgutaml, ngater and
PP e are the vapor partial pressures of n-butanol and water in
the feed and the permeate, respectively. The vapor partial
pressures of n-butanol and water in the feed were obtained from
Aspen Plus V8.0 applied by the NRTL model. The overall
performance of the membrane was indicated by a pervaporation
separation index (PSI) as following equation:

PSI = J x (8—1) 9)

Results and discussion
Characterization of multi-silyl-functional MCM-41 particles

The morphology and microstructure of MCM-41 particles were
observed by TEM (Fig. 2a). The MCM-41 particles were ordered
one-dimensional linear channels like “honeycomb”. And the
morphology was consistent with Fig. 1. A narrow pore size
distribution of MCM-41 particles was observed in Fig. 2b and
the average pore size was 2.815 nm. Therefore, the pore sizes of
MCM-41 particles were large enough for n-butanol diffusion.
Furthermore, the MCM-41 had a high BET surface area and pore
volume of 1657 m* g~ " and 1.425 cm® g, respectively.

PTMS-MCM-41, OTMS-MCM-41, DTMS-MCM-41 and
HDTMS-MCM-41 represent the MCM-41 particles modified by
PTMS, OTMS, DTMS and HDTMS, respectively. Scheme 1 shows
the surface modification mechanism of MCM-41 by silane
coupling agents. As illustrated, the MCM-41 surface was func-
tioned with alkyl and methoxyl groups. As a result, the hydro-
phobicity of MCM-41 surface was significantly improved by the
effect of the functional groups.

(b) **

dV(logd) {cc/g)

Diameter (nm)

Fig. 2 (a) The TEM image of MCM-41 and (b) its BJH pore size
distribution.
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Scheme 1 The surface modification mechanism for MCM-41 with
silane coupling agents. R represents alkyl group.
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Fig. 3 The FTIR spectra of the MCM-41 before and after silylated
modification.

FTIR were used to analyze the chemical structure of MCM-41
after modification. As shown in Fig. 3, the absorption peaks at
2965 cm™ ' and 2856 cm™ " were observed in all the spectra of the
multi-silyl-functional MCM-41, which were attributed to the
stretching vibrations of -CH; and -CH,- groups, respectively.®***
Compared to unmodified MCM-41, the peak located at
1459 cm ™ * was due to the bending vibration of ~-CH; group. And
the peak located at 720 cm ™ was related to the bending vibration
of the -(CH,),~ groups. The increasing intensity of these peaks
from PTMS-MCM-41 to HDTMS-MCM-41 was attributed to the
increase of the chain length of alkyl groups. These confirmed the
successful silylation of MCM-41. Additionally, the absorption
peaks of Si-OH groups located at 3440 cm™ ' was weaker after
surface modification. Moreover, the absorption peaks at
1081 cm ™' and 800 cm ' were attributed to the stretching
vibrations of Si-O-Si and Si-O groups, respectively.
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PTMSMCM4T 7ps MCM-41 yyg MOM-41 | s MC-41
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Fig. 4 The absorption capacity of the MCM-41 before and after sily-
lated modification.

The pore size, pore volume and specific surface area of the
multi-silyl-functional MCM-41 particles were shown in Table 1.
It indicated that the pore sizes and porosities of the MCM-41
molecular sieves were gradually decreased with the increase of
the alkyl chain length of the silane coupling agents. The three-
dimensional size of PTMS, OTMS, DTMS and HDTMS were
5.774 x 5.607 x 5.531 10%, 7.050 x 7.799 x 8.416 104, 10.254 x
7.113 x 8.322 A and 13.875 x 15.916 x 12.232 A, respectively
(calculated by Materials Studio 7.0). The pore diameter of MCM-
41 was larger than the silane coupling agent molecules.
Therefore, silane coupling agent molecules successfully entered
into the inner channels of MCM-41.

Hence, both the outer surface and inner surface of MCM-41
could be modified by the silane coupling agents.*” With the
increase of the alkyl chain length, the pore space of the multi-
silyl-functional MCM-41 was decreased, which further resulted
in the drop of its pore size and pore volume. At the same time,
the specific surface area of the multi-silyl-functional MCM-41
was reduced due to the reduction of the pore volume. And the
pore structures of the multi-silyl-functional MCM-41 could be
adjusted by bridging silane coupling agents with different chain
lengths.

The absorption capacity of the MCM-41 before and after
modification was investigated and the results are shown in
Fig. 4. The unmodified MCM-41 showed a high adsorption
capacity volume and poor n-butanol selectivity. Because the
presence of abundant Si-OH in the MCM-41 channels before
modification, the pores were quite hydrophilic. Therefore, water

Table 1 The pore structure properties of the MCM-41 before and after modification

Sample SBET (mz gil) Vp (Cms gil) BJH Dpore (nm) DFT Dpore (l’ll’l’l)
MCM-41 1657 1.425 2.815 3.030
PTMS-MCM-41 1303 0.843 1.873 2.313
OTMS-MCM-41 1004 0.607 1.356 1.847
DTMS-MCM-41 640 0.445 1.360 1.475
HDTMS-MCM-41 56 0.181 — —
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Table 2 The effect of the addition of MCM-41 on the membrane
curing process

The composition of
the casting solution

The state of the casting
solution

Fillers (PDMS : TEOS : DBTDL) (curing time)
None 5.5:0.3:0.015 Cured (2500 s)
20% MCM-41 5.5:0.3:0.015 Uncured

20% MCM-41 5.5:0.3:0.045 Uncured

20% MCM-41 5.5:0.9:0.015 Cured (40 h)
20% MCM-41 5.5:0.9:0.045 Cured (29 h)
20% modified 5.5:0.3:0.015 Cured (~4000 s)

MCM-41¢

“ Modified MCM-41: the MCM-41 modified by PTMS, OTMS, DTMS and
HDTMS, respectively.

molecules were easily absorbed into their pores and the pores
resistances to water molecules were weak. However, the
adsorption capacity of water in the modified MCM-41 was quite
different from that in unmodified MCM-41. The water adsorp-
tion was decreased from 55% to 2-3%. The alkyl chain, which
was loaded into the MCM-41 pores, enhanced the hydrophobic
interaction so that it could effectively prevent water from
entering into the channels.

Saturated adsorption capacity of n-butanol was gradually
decreased with the increase of the alkyl chain length in the
silane coupling agents. It was caused by the decrease of the pore
volume with the alkyl chain length. However, the alkyl chain
length showed little influence on water adsorption.

@ <18
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Preparation of MMMs using surface multi-silyl-functional
MCM-41 as a crosslinker

MCM-41 particles were filled into PDMS to prepare the MMMs.
The particles loading content [Waren-a1/(Waem-a1 + Wepms)] was
20 wt%. It is worthy to note here that the curing process of the
MCM-41/PDMS membrane was quite different from that of the
pure PDMS membrane.*** Interestingly, the casting solution
was not cured after a long time (up to 3 days) when unmodified
MCM-41 was filled into PDMS.

In order to explore the curing process of PDMS membrane
incorporating MCM-41, the contrastive experiments were
carried out by changing the composition of the casting solution.
The results are shown in Table 2. Schematic representation of
crosslinking reaction of PDMS membrane is shown in
Scheme 2a. When MCM-41 was not filled, the casting solution
was completely cured after only 40 minutes. On the contrary,
the casting solution was not cured over 3 days after filling
20 wt% unmodified MCM-41. Subsequently, by increasing the
concentration of catalyst DBTDL, the increase rate of the casting
solution's viscosity was increased, though the PDMS was still
not cured. This implied the addition of MCM-41 didn't affect
the activity of the catalyst. The casting solution was cured after
40 h reactions when increasing the concentration of TEOS. The
curing time was also shortened by simultaneously increasing
the concentrations of TEOS and DBTDL. Therefore, the MCM-41
only hindered the cross-linking reaction between TEOS and
PDMS. The possible reason for this phenomenon might be the
three different silicon hydroxyl groups (isolated, geminal and

ARSI SIS

+ CHOH

ARSIV SISt

PDMS membrane

—R

N\

cross-linking
\s _—oc reaction
i

catalyst-DBTDL

0
H;(.()\si/

VAR

OCH;
R 3

+ CH;0H + CH;OH

Modified MCM-41/PDMS membrane

Scheme 2 Crosslinking reaction of (a) PDMS membrane and (b) mod

This journal is © The Royal Society of Chemistry 2018

ified MCM-41/PDMS membrane. R represents an alkyl chain.

RSC Adv., 2018, 8, 5127-5135 | 5131


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra11043j

Open Access Article. Published on 30 January 2018. Downloaded on 12/4/2025 8:37:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances
1 18 10000 18
a o b
Gt F16 186
_ oo F i — _ o0 14
& . g & 124
ol - StorageModulus G'[ o5 5 100 - Storage Modulus G' 4,0 3
E - Loss Modulus G" 3 - Loss Modulus G" o
3 —— Tan(delta) 22 3 4 — Tan(delta) B %
o 6= O 08
= =
04 1 04
. 02 -02
0.1 45 o 0.1 0.0
500 1000 1500 2000 2500 5000 10000 15000 20000 25000
Time (s) Time (s)
c 1000 e 18 d 10000 — 18
= — T
> s > 18
1000 ///,_.-»—N‘M 14 1000 P et 1.4
= / = / [
g ¢ g ST g
P o - Storage Mocus 6L 103 g 1% - Storage Modulus G' ~1.0 3,
3 - Loss Modulus G* 3 S - Loss Modulus G* -
R — Tan(delta) o8 % 3 w0 7 — Tan(delta) 082
<] 62 o e -062
= = -
1 o4 1 -04
0.2 -02
01 [ U o 0.0 01 ) o o P 0.0
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000

Time (s}

Time (s)

Fig. 5 Rheology of (a) the PDMS membrane, (b) 20 wt% MCM-41/
PDMS membrane, (c) 20 wt% DTMS-MCM-41/PDMS membrane and
(d) 20 wt% HDTMS-MCM-41/PDMS membrane. The storage modulus
G' and the loss modulus G” refer to the elastic and viscous portion,
respectively. Polymer solution is a solid state when the storage
modulus G’ is much higher than the loss modulus G”. On the contrary,
when the storage modulus G’ is much lower than the loss modulus G”,
polymer solution is a liquid state.

hydrogen-bonded silanols) on the inner and outer surfaces of
MCM-41 molecular sieves.*® The isolated and geminal silanols
can easily react with -OC,Hs of TEOS. As a result, the active
silanols on the surface of MCM-41 competitively inhibited the
polymerization of PDMS and TEOS.

To further explore the curing process, the rheology of casting
solution during the curing process was evaluated. As shown in
Fig. 5a, after the addition of the catalyst, the G’ and G” of the
casting solution without adding MCM-41 increased with the
increase of reaction time. When G’ and G” met at the crossover
point (at about 900 s), the reaction mixture changed from liquid
state to solid state.** After 2500 s of reaction, the loss tangent
(tan(delta) = G"/G') of the casting solution reached 0.043,
indicating that G’ of mixture was much larger than G”. On this
condition, the casting solution was under solid state. As illus-
trated in Fig. 5b, the casting solution with additional 20 wt%
unmodified MCM-41 reached the transition state much faster.
However, the loss tangent of the casting solution only was 0.3. It
was maintained at a semi-solid state after a long time (>25 000
s). Therefore, the addition of unmodified MCM-41 hindered the
cross-linking reaction between PDMS polymer chains and
TEOS.

For the purpose of eliminating the inhibiting effect of the
active silanols and further improving the curing process and
compatibility between MCM-41 and PDMS, the multi-silyl-
functional MCM-41 were added into the casting solution. As
shown in Table 2, the casting solution cured. As illustrated in
Scheme 2b, after modification, the active silanol groups on the
MCM-41 surface were replaced by the functional groups of alkyl
and methoxyl. These groups could significantly reduce the
inhibiting effect of active silanols on the surface of MCM-41.
Therefore, the curing time (~4000 s) was shortened observ-
ably compared to the case of incorporating unmodified MCM-
41 into PDMS (40 h, 29 h). Moreover, the curing time of
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modified-MCM-41/PDMS solution was a little longer than that
of the pure PDMS solution. The possible reason might be the
residual silanol groups on the surfaces of MCM-41 particles,
which did not react with silane coupling agents effectively.

In the curing process of PDMS membrane or MCM-41/PDMS
membrane, TEOS served as a crosslinkers to react with PDMS
chains (Scheme 2a). And the unmodified MCM-41 were physi-
cally embedded into polymer phase. As indicated in our
previous work,*® the compatibility between unmodified MCM-
41 and PDMS was poor. In contrast, in the curing process of
modified MCM-41/PDMS membrane, the multi-silyl-functional
MCM-41 also served as a crosslinker to react with PDMS. The
grafted silane groups on the surface of multi-silyl-functional
MCM-41 reacted with the terminal hydroxyl groups of PDMS
chains. On this way, the multi-silyl-functional MCM-41, TEOS,
and PDMS were linked with each other to form a complex
network. This was consistent with the rheology results shown in
Fig. 5c and d. In the curing process of modified MCM-41/PDMS
membrane solutions (DTMS-MCM-41/PDMS and HDTMS-
MCM-41/PDMS), G’ increased rapidly with the increase of
crosslinking time. The loss tangent of two casting solutions
reduced to 0.1 or less (at about 4000 s). As expect, the solutions
were soon completely converted into the solid state, demon-
strating that the silylated modification could significantly
reduce the active Si-OH on the surface of MCM-41 and further
effectively eliminate the competitive inhibition during PDMS
cross-linking. Besides, the interfacial gap between PDMS and
modified-MCM-41 was also eliminated through the Si-O-Si
covalent bonds.

Pervaporation performance

The SEM images and water contact angles of PDMS membrane
and modified MCM-41/PDMS membranes are shown in Fig. 6. It
indicated that the multi-silyl-functional MCM-41 particles easily
formed irregular agglomeration in the PDMS polymer matrix.
However, with the increase of the grafted alkyl chain length, the
hydrophobic interaction of the multi-silyl-functional MCM-41
was enhanced, leading to an enhancement of the dispersity in
PDMS. In addition, the water contact angles in Fig. 6 indicated
that the surface hydrophobicity of modified MCM-41/PDMS
membranes was much higher than that of pure PDMS

PTMS-MCM-41 OTMS-MCM-41 DTMS-MCM-41 HDTMS-MCM-41
/PDMS {PDMS

/PDMS /PDMS

Cc

Fig. 6 Cross-section (A), surface (B) SEM images and water contact
angles (C) of PDMS membrane and 20 wt% modified MCM-41/PDMS
membranes.
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Fig. 7 The flux and separation factor of the modified MCM-41/PDMS
membranes for separating 1.5 wt% n-butanol aqueous solution at
55 °C.

membrane. These results demonstrated that bonding the multi-
silyl-functional MCM-41 with PDMS could significantly enhance
the hydrophobic interaction, although the length of the alkyl
chain of the silane coupling agents showed little influences.
The effects of modification of MCM-41 on the n-butanol
separation performance were also investigated. As shown in
Fig. 7, the total flux, n-butanol flux and water flux of PTMS-
MCM-41/PDMS, OTMS-MCM-41/PDMS, DTMS-MCM-41/PDMS
and HDTMS-MCM-41/PDMS membranes were always higher
than that of pure PDMS membrane, indicating that the multi-
silyl-functional MCM-41 molecular sieves provided suitable
mass transfer “channels” for n-butanol separation. Among
them, PTMS-MCM-41/PDMS membrane showed the highest
total flux of 1476 g m > h ™" and n-butanol flux of 582 gm > h ™.
On these condition, the total flux increased by nearly 40%
compared with pure PDMS membrane (1075 gm ™ >h™"). In fact,
PTMS-MCM-41 possessed the largest pore volume and pore
diameter compared to other modified MCM-41 particles, which
resulted in the most effective molecules transfer.
MCM-41/PDMS membrane showed the total flux of 298 883 g
m~? h™', n-butanol flux of 4980 ¢ m~> h™" and water flux of
293 902 g m~> h™ ", respectively, which were much higher than
that of pure PDMS membrane and modified MCM-41/PDMS
membranes. However, the separation factor of MCM-41/PDMS
membrane was only 1.11. In fact, the curing time of 20 wt%
MCM-41/PDMS solution (29 h, as shown in Table 2) from liquid

(a) PEEET Fa o | (b) SRSLERERLAT L |

Fig. 8 Surface (a) and cross-section (b) SEM images of 20 wt% MCM-
41/PDMS membranes (PDMS : TEOS : DBTDL = 5.5: 0.9 : 0.045).
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state to solid state was too long in membrane preparation
process. PDMS could not cure at the appropriate time. As shown
in Fig. 8, compared with PDMS and modified MCM-41/PDMS
membranes, there was no dense and continuous membrane
structure. On the contrary, there were obvious interfacial
defects and gaps. The uncured PDMS polymer may gradually
permeate into PVDF finger-like pores layer with the increase of
the curing time, while MCM-41 particles were deposited on the
top of MMM. Some MCM-41 particles even could not stick to
PDMS. Therefore, the total flux of MCM-41/PDMS membrane
was much higher than that of pure PDMS and modified MCM-
41/PDMS membranes, and the separation factor was very low.

It was found that bonding multi-silyl-functional MCM-41
with PDMS could not effectively improve the separation factor
of n-butanol. It might be attributed to the similar selective
transport “channels” to PDMS matrix, only based on hydro-
phobic interaction.”® The permeance and selectivity of modified
MCM-41/PDMS membranes were shown in Fig. 9. The n-butanol
permeance increased significantly compared to pure PDMS
membrane due to the addition of multi-silyl-functional MCM-
41. With the decrease of the pore size of modified MCM-41
molecular sieves, the n-butanol and water permeance of the
modified-MCM-41/PDMS membranes were decreased gradu-
ally. In contrast, the selectivity of n-butanol was also slightly
improved. Moreover, the high permeance and low selectivity of
MCM-41/PDMS membrane were consistent with its high flux
and low separation factor.

Table 3 summarized the current advances of the pervapora-
tion membranes for effective n-butanol separation from model
solutions. As shown in the Table 3, the 20 wt% PTMS-MCM-41/
PDMS membrane exhibited attractive flux and n-butanol sepa-
ration factor. As expected, MCM-41 was modified by different
types of silane coupling agents to enhance surface hydropho-
bicity so that the dispersity was effectively improved in PDMS
membrane. Importantly, multi-silyl-functional MCM-41 as
a crosslinker could eliminate the interfacial gap and improve
the compatibility between particles and polymers. As a result,
the highest PSI of 61 992 was also obtained in the current work,
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Fig. 9 The permeance and selectivity of the modified MCM-41/PDMS
membranes for separating 1.5 wt% n-butanol agueous solution at
55°C.
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Table 3 Current advances of the pervaporation membranes for effective n-butanol separation from model solutions

Particle loading Feed temp. Feed n-butanol content Total flux Separation
Membranes (Wt%) (°C) (Wt%) (gm™2h™ factor PSI Ref.
ZIF-71/PEBA 20 40 1 ~86 ~20 1634 16
Silicalite-1/PDMS 60 50 1 191 113 21411 42
ZSM-5/PDMS 30 35 6 104 38 3848 43
Silicalite-1/PDMS 65 80 1.9 65 47 2990 44
MCM-41/PEBA 2 35 2.5 ~500 ~25 12 048 26
PDMS/PAN 42 1 1390 22 33 341 45
PDMS 55 1.5 1075 41 43 000 This study
PTMS-MCM-41/PDMS 20 55 1.5 1476 43 61 992 This study

which was ~1.5 times higher than that of pure PDMS (43 000, in
the control group). In consideration of the high flux and the
overall techno-economic feasibility, the 20 wt% PTMS-MCM-41/
PDMS membrane showed promising in practical applications.

Conclusion

Multi-silyl-functional MCM-41 as a molecular sieve showed
superiority for MMMs preparation. The curing process for
membrane preparation was significantly improved. After sily-
lated modification, the modified MCM-41 showed better
compatibility in the casting solution, providing high membrane
flux and n-butanol separation factor. The novel modified MCM-
41/PDMS MMMs showed promising in effective n-butanol
separation from diluted aqueous and fermentation broth.
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