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In this study, the impact of silane coupling agents, namely 3-aminopropyltrimethoxysilane (APTMS),
trimethylchlorosilane (TMCS), and 1,1,3,3-tetramethyldisilazane (TMDS), on the hydrophobicity of
silicalite-1 zeolite was investigated to enhance the pervaporation separation performance of mixed
matrix membranes (MMMs) for trichloroethylene (TCE). The hydrophobicity of TMCSa@silicalite-1 and
TMDSa@silicalite-1 particles exhibited significant improvement, as evidenced by the increase in water
contact angle from 96.1° to 101.9° and 109.1°, respectively. Conversely, the water contact angle of
APTMSa@isilicalite-1 particles decreased to 85.2°. Silane-modified silicalite-1 particles were incorporated
into polydimethylsiloxane (PDMS) to prepare mixed matrix membranes (MMMs), resulting in a significant
enhancement in the adsorption selectivity of trichloroethylene (TCE) on membranes containing
TMCSa@silicalite-1 and TMDSa@silicalite-1 particles. The experimental findings demonstrated that the
PDMS membrane with a TMDSa@silicalite-1 particle loading of 40 wt% exhibited the most favorable
pervaporation performance. Under the conditions of a temperature of 30 °C, a flow rate of 100
mL min~!, and a vacuum degree of 30 kPa, the separation factor and total flux of a 3 x 1077 wt% TCE
aqueous solution were found to be 139 and 242 g m~2 h™%, respectively. In comparison to the

unmodified silicalite-1/PDMS, the separation factor exhibited a 44% increase, while the TCE flux
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Accepted 4th November 2023 increased by 16%. Similarly, when compared to the pure PDMS membrane, the separation factor showed

an 83% increase, and the TCE flux increased by 20%. These findings provide evidence that the
hydrophobic modification of inorganic fillers can significantly enhance the separation performance of
PDMS membranes for TCE.
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1. Introduction

Trichloroethylene (TCE), a chlorinated solvent extensively
employed in industrial manufacturing, has emerged as the
most commonly identified volatile organic pollutant (VOC) in
the environment, particularly in groundwater, due to improper
disposal and other processes." TCE possesses carcinogenic,
teratogenic, and mutagenic properties, and can persist in
underground aquifers for extended periods, posing a significant
threat to both ecological security and human health. Never-
theless, conventional treatment approaches exhibit restricted
removal efficacy and entail substantial operational expenses for
TCE.»* Consequently, there is an urgent requirement for an
efficient and energy-conserving treatment technology.*” Perva-
poration (PV) technology is a highly efficient membrane sepa-
ration technique that offers distinct advantages in the
separation of organic/water systems and the dehydration of
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organic solvents. This technology exhibits notable benefits,
including low energy consumption, environmental compati-
bility, and unhindered gas-liquid equilibrium. Consequently, it
holds great promise as a membrane technology for the sepa-
ration of TCE/water systems.*® The selectivity of the pervapo-
ration membrane, as per the solution-diffusion model, mainly
depends on the solubility properties of the feed solution within
the MMMs.'>"* The affinity of the membrane material to the
permeate, which refers to the solubility of the permeate in the
membrane, is determined by its chemical properties. Conse-
quently, the selection of appropriate membrane materials plays
a crucial role in improving the pervaporation separation effi-
ciency (Fig. 1).

Polydimethylsiloxane (PDMS), a hydrophobic rubbery poly-
mer with a low glass transition temperature, possesses the
ability to create a continuous and uninterrupted channel
internally, facilitating the diffusion of macromolecular organic
substances. As a result, PDMS has emerged as the prevailing
choice for pervaporation membrane materials.’> Nevertheless,
the PDMS film exhibits a thin thickness, resulting in inadequate
mechanical properties and notable flaws during practical

implementation. In order to address this issue, the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Modification of silicalite-1 particles and preparation of composite membranes.

incorporation of hydrophobic particles into the PDMS polymer
to form MMMs has emerged as a successful approach. In their
study, Li et al.*® conducted the synthesis of COF-300 and
subsequently incorporated it into a PDMS matrix to create
a mixed matrix membrane (MMM). Afterward, pure PDMS
membranes were compared with the performance of the MMM.
Specifically, the separation factor of PDMS membrane filled
with COF-300 increased by 14.1% at 80 °C and 1 wt% furfural
aqueous solution concentration. Conversely, the water perme-
ability of the MMM decreased by 20%, leading to a furfural
selectivity of 42.7%. Tian et al.** conducted a study in which they
fabricated a PDMS mixed matrix membrane (MMM) incorpo-
rating hydrophobic carbon nanotubes (CNT). The K-MWCNT/
PDMS MMM exhibited superior separation performance,
particularly when the CNT loading was at 2 wt%. The separation
factor experienced an increase from 9.1 to 10.4, while the
permeation flux demonstrated a 50% enhancement (at
temperatures ranging from 40 to 60 °C, with a feed ethanol
concentration of 6 wt%). It is noteworthy that by increasing the
hydrophobicity of the porous particles can increase the
adsorption affinity of the MMM for organic matter, thereby
leading to further improvements in the performance of the
pervaporation system. Liu et al.®® employed n-octyltriethox-
ysilane (OTES) as a means of grafting the n-octane chain onto
the surface of ZSM-5 zeolite, thereby augmenting the hydro-
phobic properties of the zeolite. Subsequently, the tubular
ceramic scaffold was coated with a PDMS solution containing
ZSM-5 to fabricate the PDMS/ceramic composite membrane.
Notably, the separation factor reached 14 when zeolite loading
reached 40 wt%, representing an approximate doubling in
comparison to the unfilled PDMS/ceramic composite
membrane. Xue et al.*® conducted an experiment where they
incorporated ZSM-5 zeolite particles modified with coupling
agent KH-570 into PDMS. This resulted in a significant
enhancement of hydrophobicity in the composite membrane.
The MMM has a separation factor of 24 and a total flux of

© 2023 The Author(s). Published by the Royal Society of Chemistry

146.3 ¢ m > h™ ', indicating a higher adsorption selectivity for
butanol.

Silicalite-1, an aluminum-free MFI-type zeolite, has been
developed for the purpose of separating organic substances
from aqueous solutions due to its hydrophobic nature and its
ability to selectively adsorb TCE in water systems.” To enhance
PDMS membrane pervaporation performance, silicalite-1 has
been investigated as a possible doping particle. Zhou et al.*®
synthesized dense MMM by incorporating vinyl-grafted
silicalite-1 into polydimethylsiloxane (PDMS). This integration
resulted in improved compatibility between silicalite-1 and
PDMS, thereby increasing the selectivity of the ethanol solution.
The modified silicalite-1/PDMS MMM exhibited a 49% increase
in separation factor, reaching a value of 34.3, compared to the
unmodified counterpart. Marthosa et al.*® conducted a study in
which they synthesized silicalite-1 zeolite and integrated it into
a PDMS membrane on tetrafluoroethylene to evaluate its per-
vaporation performance in an ethanol solution. Based on a sil-
icalite-1 content of 20 wt%, ethanol/water swelling increased
from 1.33% to 1.52% compared to a PDMS membrane of pure
material, and the separation factor rose from 2.55 to 5.56.
However, there is a scarcity of research focused on enhancing
the hydrophobicity of silicalite-1, which stands in contrast to
the extensive body of literature on the modification of other
conventionally doped zeolites.

In this study, silicalite-1 particles were incorporated into
PDMS-based composite membranes in order to enhance their
PV performance in TCE aqueous solutions. To achieve this,
silicalite-1 particles were subjected to modification using silane
coupling agents APTMS, TMCS, and TMDS, resulting in the
formation of APTMS@silicalite-1, TMCS@silicalite-1, and
TMDS@silicalite-1 particles. The morphological structure and
hydrophobicity of the silane-modified silicalite-1 were assessed
through SEM, FTIR, XRD, and water contact angle measure-
ment, as depicted in Fig. 2. Subsequently, the aforementioned
silicalite-1 particles were employed to fill PDMS in order to

RSC Adv, 2023, 13, 33376-33389 | 33377
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Fig. 2 Silicalite-1 hydrophobic modification schematic.

fabricate composite membranes, with the aim of enhancing the
separation efficiency of said membranes for TCE aqueous
solution. Furthermore, both preparation and operating condi-
tions examined to determine their impact on
pervaporation.

were

2. Experimental

2.1. Materials

Trichloroethylene (TCE) standard solution was purchased from
Beijing Hengxin Ruihua Technology Co., Ltd., China. N,N-
Dimethylformamide (DMF) was purchased from Tianjin Damao
Chemical Reagent Factory, China. N-Heptane, tetraethyl ortho-
silicate (TEOS), and dibutyltin dilaurate (DBDTL) were
purchased from Fenlida Instruments Co., Ltd, China. 3-Ami-
nopropyltrimethoxysilane ~ (APTMS), trimethylchlorosilane
(TMCS), and 1,1,3,3-tetramethyldisilazane (TMDS)
purchased from Shanghai Macklin Biochemical Technology
Co., Ltd., China. Silicalite-1 zeolite (all-silicon) was purchased
from Nankai Catalyst Factory, China. Polydimethylsiloxane
(PDMS) (Silicone Rubber 107, Mw5000) was purchased from
Shandong Laizhou Jintai Silicon Industry Co., Ltd., China.
Polyvinylidene fluoride (PVDF) was purchased from Shandong
Xiya Chemical Co., Ltd., China.

were

2.2. Hydrophobic modification of silicalite-1 zeolite

The surface of silicalite-1 zeolite underwent hydrophobic
modification using APTMS, TMCS, and TMDS silane coupling
agents, resulting in the formation of APTMS@silicalite-1,
TMCS@silicalite-1, and TMDS@silicalite-1 modified zeolite
particles. Prior to utilization, silicalite-1 particles were calcined
at 600 °C for 4 hours in a muffle furnace. Subsequently, the
particles were dried in an oven at 120 °C overnight to ensure
complete removal of any template residues. The silicalite-1
particles and modifier (APTMS, TMCS, or TMDS) were
dispersed in n-heptane (with a weight ratio of Wiiicalite1 :

33378 | RSC Adv, 2023, 13, 33376-33389
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Wodifier : Wi-heptane = 1:2:75) for the purpose of surface
modification.”® Afterwards, the mixture was centrifuged and
washed with n-heptane during the next 24 hours, in order to
separate the unreacted modifiers. The resulting silane-modified
silicalite-1 zeolite were then dried at 20 °C for five hours and
subsequently subjected to vacuum heating at 250 °C for three
hours.

2.3. Fabrication of MMMs

Preparation of PVDF carrier.”* PVDF is an ideal porous carrier
material because of its excellent chemical stability, hydropho-
bicity, and film-forming properties, and it is easily processed
into a support membrane with high permeability. A solution
containing a specific quantity of PVDF was prepared by dis-
solving it in DMF with a concentration of 11 wt%. The solution
was then subjected to stirring at room temperature for a dura-
tion of 8 hours. A membrane maker was then used to flatten the
solution onto a nonwoven fabric. Immediately following this
step, the resulting membrane was immersed in water at 25 °C
for a brief period of 2 seconds before being removed. The
membrane was then dried in a fume hood for a duration of 30
minutes, resulting in the formation of an ultra-porous PVDF
membrane.”* The preparation process of a mixed casting solu-
tion containing ZSM-5 loaded PDMS involved dissolving PDMS
and TEOS in n-heptane and stirring for 2 hours. The modified
zeolite particles were introduced and agitated at ambient
temperature for a duration of 1 hour. Subsequently, a specific
quantity of catalyst DBDTL was incorporated, continuously
agitated at ambient temperature for 30 minutes, and subse-
quently subjected to ultrasonic treatment for 30 minutes to
mitigate agglomeration and eliminate foam from the solution.
The proportions of polymer, solvent, crosslinking agent, and
catalyst were established as Wppwms : Wyneptane : Wreos : WoeptL
= 30:70:2.5:0.5 (g) in accordance with the experimental
design.”>** The preparation of the silicalite-1/PDMS/PVDF
MMMs involved the utilization of the solution casting

© 2023 The Author(s). Published by the Royal Society of Chemistry
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method. Specifically, silicalite-1/PDMS mixed casting solution
was applied for one minute to the PVDF substrate membrane's
external surface, after which it was transferred to a fume hood.
Subsequently, the solvent was allowed to evaporate for 24 hours
at ambient temperature, followed by 12 hours of curing in
a vacuum oven at 120 °C. Ultimately, the modified silicalite-1/
PDMS/PVDF MMMs were successfully prepared.

2.4. Characterization

To analyze the morphology of silicalite-1 particles and
composite membranes, high-resolution SEM images were ob-
tained at an accelerating voltage of 2 kV using scanning electron
microscopy (SEM, Gemini SEM 500, Carl Zeiss, Germany).
Infrared spectroscopy (FTIR, VERTEX 70, Brook, Germany) was
performed in the range of 4000-400 cm ' to analyze the
changes in the chemical structures before and after cross-
linking, such as the changes in functional groups. X-ray
diffractometry (XRD, XRD-7000L, Brook, Germany) was used
to characterize the silicalite-1 particles, and the changes in
diffraction peak intensity and crystallinity were investigated.
The changes in the hydrophilicity and hydrophobicity of the
composite membranes and silicalite-1 particles were observed
by a video optical contact angle measuring instrument (OCA25,
Brook, Germany). The composite membrane was cut into 20 mm
x 20 mm samples, and 2 pL of deionized water was dropped on
the surface of each sample for water contact angle testing. An
average value was determined for each sample by measuring
three different points. The error range was $0.6°.

2.5. PV experiment

The PV apparatus is schematically illustrated in Fig. 3. Our PV

experiments were performed using a laboratory-scale

View Article Online
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membrane system with an effective membrane area of 2.46 X
107 m” and a permeate pressure of 30 kPa. The feed solution
between the feed tank and membrane cell was circulated at 100
mL min~'. The vacuum pressure on the permeate side was
controlled by a vacuum pump. When the operation reached
a steady state, liquid nitrogen condensation to collected
permeate vapor samples. A headspace chromatography-mass
spectrometer (GC-MS 7000C, Agilent, USA) was used to
analyze these samples quantitatively and qualitatively.

The permeation flux (J) and separation factor («) were
calculated as follows:**

J = MI(A x 1) (1)

a = (yTCE/ywater)/(xTCE/xwater) (2)

where M is the total amount of permeate collected during the
experimental time interval ¢ of 1 h at steady state, A is the
effective membrane area, x and y represent the mole fraction of
a component in the permeate and the feed, respectively.

3. Results and discussion

3.1. Characterization of silane-modified silicalite-1

The morphology of silicalite-1 particles before and after modi-
fication is shown in Fig. 4. The silicalite-1 particles that
underwent silane modification exhibited a cuboid crystal
structure, which closely resembled that of the unmodified
silicalite-1 particles. Therefore, the introduction of the modifier
did not significantly alter the morphology of the zeolite
particles.*

The results of the FTIR spectrum are presented in Fig. 5. In
the unmodified silicalite-1 spectrum, a weak stretching
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Fig. 3 Schematic diagram of pervaporation apparatus.
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Fig. 4 SEM images of (a) unmodified silicalite-1, (b) APTMS@silicalite-1,

vibration of the ~OH group is observed at 3450 cm ™. However,
the intensity of the -OH group vibration peak decreases in the
modified silicalite-1 spectrum. This decrease can be attributed
to the condensation reaction between silicalite-1 particles and
the silane coupling agent.'® Additionally, in the FTIR spectra of
modified silicalite-1, the characteristic peaks at 2960 cm™ " and

—%
'+ TMDS@silicalite-1

. . TMCS@silicalite-1

bv\/-:l

* © APTMS@silicalite-1

silicalite-1

AN
2960 2870
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

Fig. 5 FTIR spectra of unmodified silicalite-1, APTMSa@silicalite-1,
TMCSa@silicalite-1, and TMDSa@silicalite-1.
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(c) TMCSa@silicalite-1, and (d) TMDS@silicalite-1.

2870 cm ! correspond to the asymmetric tensile vibration of -
CHj3;, which originates from the methyl groups present in the
silane coupling agent.*® This observation indirectly substanti-
ated the grafting of APTMS, TMCS, and TMDS onto the surface
of silicalite-1 particles, respectively. Modified silicalite-1 parti-
cles typically exhibit a prominent peak at 1095 cm™ " indicative
of Si-O-Si asymmetric stretching.

Fig. 6 presents X-ray diffraction (XRD) results. Within the 26
range of 22° to 26°, all four crystals exhibited prominent peaks,
with the MFI-type characteristic peak of the MFI structure being
the most intense. This suggests that both the pre-modified and
post-modified silicalite-1 particles possess the structure of an
MFI-type molecular Furthermore, the modified
silicalite-1 shows the same characteristic peaks as the unmod-
ified silicalite-1, and no impurity peaks are evident. These
findings indicate that the crystal structure of the modified
silicalite-1 remains unchanged.

Silicalite-1 molecular sieve is hydrophobic due to its alkyl-
ation modification. Consequently, the alteration in hydropho-
bicity can be observed by measuring the contact angle of the
molecular sieve modified with various silane coupling agents,
as depicted in Fig. 7. The unmodified silicalite-1 exhibits a water
contact angle of 96.1°, whereas APTMS@®@silicalite-1 and
TMCS@silicalite-1 demonstrate water contact angles of
approximately 85.2° and 101.9°, respectively. Notably,
TMDS@silicalite-1 exhibits a significantly higher water contact

sieve.?®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XRD patterns of unmodified silicalite-1, APTMSa@silicalite-1,
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Fig. 7 Water contact angles of APTMSa@silicalite-1, unmodified sili-
calite-1, TMCSa@silicalite-1, and TMDSa@silicalite-1.

angle of 109.1°. Among them, the surface of APTMS modified
silicalite-1 has a hydrophilic group-NH,, so its water contact
angle decreases compared with the unmodified silicalite-1
particles. The increase of -CH; on the surface of silicalite-1
modified by TMCS and TMDS leads to the increase of water
contact angle. Notably, the silicalite-1 zeolite modified by TMDS
demonstrates the highest level of hydrophobicity. This can be
attributed to the more compact surface structure of the TMDS-
modified silicalite-1 zeolite, which in turn results in the largest
contact angle and the most pronounced hydrophobicity.*”

3.2. Characterization and PV performance of the MMMs

The SEM images in Fig. 8 depict the cross-sections of silicalite-1/
PDMS MMMs before and after modification. Both the modified
and unmodified silicalite-1/PDMS MMMs, containing a particle

© 2023 The Author(s). Published by the Royal Society of Chemistry
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loading of 20 wt%, exhibit similar morphology and thickness,
with no discernible defects. Notably, the unmodified silicalite-1/
PDMS MMMs display an uneven surface (Fig. 8a), while the
modified silicalite-1/PDMS MMMs exhibit a smooth surface
(Fig. 8b and c). This phenomenon arises from the lack of
compatibility between PDMS material and silicalite-1 particles,
leading to PDMS phase contains an uneven distribution of
inorganic silicalite-1 particles. The incorporation of a silane
coupling agent as an intermediary between silicalite-1 and
PDMS facilitates the blending of the organic and inorganic
phases, thereby enhancing the crystalline characteristics of the
mixed matrix membranes (MMMs).?®

The alteration of hydrophilicity and hydrophobicity on the
surface of the MMMs after the introduction of modified
silicalite-1 molecular sieve into PDMS can be more effectively
assessed by the water contact angle, as depicted in Fig. 9. The
water contact angle of unmodified silicalite-1/PDMS MMM was
measured at 120.7°. However, upon incorporating TMCS and
TMDS modified silicalite-1/PDMS MMMSs, the water contact
angle increased significantly to 123.8° and 124.2°, respectively,
indicating a notable enhancement in hydrophobicity. The
hydrophobicity of the APTMS modified silicalite-1/PDMS MMM
is marginally lower compared to the unmodified composite
membrane, owing to the presence of the hydrophilic group-NH,
introduced by APTMS.” The findings indicate that the inclusion
of TMCS@®@silicalite-1 and TMDS@silicalite-1 particles signifi-
cantly enhance the hydrophobicity of the composite membrane
surface, thereby positively impacting the PV performance of the
MMMs.

The pervaporation performance of silicalite-1/PDMS MMMs
(with a zeolite addition of 20 wt%) was investigated before and
after modification under specific conditions, including a feed
TCE concentration of 3 x 10~7 wt%, a feed temperature and
flow rate were 30 °C and 100 mL min ", the vacuum degree is 30
kPa. Fig. 10 illustrates the results. It was observed that the
APTMS modified silicalite-1/PDMS MMM exhibited a lower
separation factor compared to the unmodified MMM, although
the total flux increased. On the other hand, the separation factor
of the silicalite-1/PDMS MMM modified by TMCS and TMDS
showed an increase compared to the unmodified MMM.
Simultaneously, a decline in the overall flux was observed
(Fig. 10a). This can be attributed to the grafting of the hydro-
philic group-NH, onto the surface of the APTMS@silicalite-1
particles, causing the hydrophobicity of the particles to
decrease and consequently diminishing the preferential
adsorption of TCE by the composite membrane. As a conse-
quence, the separation factor decreases, while the hydrophilic
group facilitates the passage of a substantial number of water
molecules (Fig. 10b), leading to a significant increase in
membrane flux.> The TMCS@silicalite-1 and TMDS®@silicalite-
1 molecular sieves exhibit an elevated hydrophobic angle
attributed to the inclusion of surface alkyl groups. This
augmentation enhances the surface hydrophobicity of the
composite membrane, resulting in a reduction in water flux and
a heightened affinity for TCE molecules. Consequently, the
separation factor of the composite membrane experiences
a gradual increase.®® Hence, the application of silane

RSC Adv, 2023, 13, 33376-33389 | 33381
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Fig. 8 Cross-section images of the MMMs doped with 20 wt% (a) unmodified silicalite-1, (b) APTMSa@silicalite-1, (c) TMCSa@silicalite-1 and (d)
TMDSa@silicalite-1 particles; surface images of the MMMs doped with 20 wt% (e) unmodified silicalite-1, (f) APTMSa@silicalite-1, (g) TMCS@sili-
calite-1 and (h) TMDSa@silicalite-1 particles.
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Fig. 9 Water contact angles of the MMMs doped with 20 wt%
APTMSa@isilicalite-1, unmodified silicalite-1, TMCSa@silicalite-1 and
TMDSa@silicalite-1 particles.

modification on the silicalite-1 zeolite molecular sieve demon-
strates a notable enhancement in the PV performance of the
PDMS MMMs. Notably, the TMDS@silicalite-1 composite
exhibits the most substantial hydrophobic angle, leading to the
most pronounced improvement in membrane separation
performance and the highest pervaporation efficiency for TCE
aqueous solution. Consequently, further investigations will be
conducted on the TMDS@silicalite-1/PDMS mixed matrix
membrane (MMM) to explore its potential.

3.3. Effect of zeolite loading on TMDS@silicalite-1/PDMS
MMMs

The scanning electron microscopy (SEM) cross-section of
TMDS@silicalite-1/PDMS MMMs with varying zeolite loadings
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is depicted in Fig. 11. The smooth and uniform surface of the
pure PDMS membrane was observed. However, with an increase
in the amount of TMDS@silicalite-1 molecular sieve to 20 wt%,
the composite membrane displayed molecular sieve agglomer-
ation bulges that were unevenly distributed, resulting in
a notable increase in surface roughness (Fig. 11c). At a concen-
tration of 40 wt% of TMDS@silicalite-1 molecular sieve
(Fig. 11e), a significant reduction in molecular sieve agglomer-
ation was observed, resulting in a more uniform distribution.
Furthermore, as particle loading increased, the surface of
MMMs exhibited a gradual roughening, without any noticeable
defects.

The water contact angle test results for TMDS@silicalite-1/
PDMS MMMs with varying amounts of molecular sieve addi-
tions are presented in Fig. 12. The water contact angle of the
pure PDMS membrane was measured to be 117.2°. Upon
incorporation of the TMDS@silicalite-1 particles, the surface
hydrophobicity of the composite membrane was enhanced, and
this enhancement continued to increase with higher amounts
of molecular sieve addition. When the weight percentage of
TMDS@silicalite-1 molecular sieve is 40%, the hydrophobic
angle can achieve a value of 137°. The findings indicate that the
incorporation of a hydrophobic molecular sieve significantly
alters the hydrophilic and hydrophobic properties of the
composite membrane surface, thereby enhancing the MMM's
ability to adsorb TCE.**

The impact of TMDS@silicalite-1 particle loading on the
pervaporation performance of PDMS MMMSs was examined
under specific conditions, including a feed TCE concentration
of 3 x 1077 wt%, a feed temperature and flow rate were 30 °C
and 100 mL min~", the vacuum degree was 30 kPa, as depicted
in Fig. 13. Analysis of Fig. 13a reveals that as the loading of
TMDS@silicalite-1 particles increase from 0 wt% to 40 wt%, the
separation factor gradually rises, peaking at 139 when the
addition amount reaches 50 wt%, while the total flux exhibits
a consistent downward trend. The rationale behind this
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Fig. 10 PV performances of the MMMs doped with APTMSa@silicalite-1, unmodified silicalite-1, TMCSa@silicalite-1, and TMDSa@silicalite-1

particles ina 3 x 107 wt% TCE solution at 30 °C.
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Fig. 11 Cross-section images of TMDSa@silicalite-1/PDMS membranes with different particle loading amounts: (a) O wt%, (b) 10 wt%, (c) 20 wt%,
(d) 30 wt% and (e) 40 wt%; surface images of TMDSa@silicalite-1/PDMS membranes with different particle loading amounts: (f) 0 wt%, (g) 10 wt%,

(h) 20 wt%, (i) 30 wt.

phenomenon lies in the direct correlation between the quantity
of TMDS@®@silicalite-1 molecular sieve and the loading of
molecular sieve within the PDMS separation layer. This increase
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Fig. 12 Water contact angles of TMDSa@silicalite-1/PDMS membranes
with different particle loading amounts.
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in loading results in an augmented presence of hydrophobic
channels within the composite membrane, thereby facilitating
the preferential adsorption and diffusion of TCE molecules.*?
Consequently, the TCE flux exhibits a consistent upward
trajectory (as depicted in Fig. 13b), accompanied by an
enhanced selectivity. However, it is important to note that the
presence of TMDS@®@silicalite-1 molecular sieve concurrently
impedes the movement between PDMS molecular chains,
thereby diminishing its free volume. The hindering impact
becomes more evident as the molecular sieve content increases,
leading to an increase in mass transfer resistance for water
molecules.” Furthermore, as the loading of TMDS@silicalite-1
particles increase, the surface hydrophobicity of the
composite membrane also increases gradually, resulting in
a significant decrease in water flux (Fig. 13b) and consequently
reducing the total flux. The findings indicate that the
TMDS@silicalite-1/PDMS MMM with a zeolite loading of
40 wt% exhibits the most favorable pervaporation separation
performance for a 3 x 107 wt% TCE aqueous solution. The
separation factor and TCE flux reach 139 and 0.014 gm > h™ ",
respectively, 45% and 16% higher than unmodified silicalite-1/
PDMS MMM.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.4. Effect of feed concentration on PV performance

The PV performance of TMDS@silicalite-1/PDMS MMM was
examined to determine the impact of feed TCE concentration
ranging from 1 x 10”7 wt% to 5 x 10~’ wt%. The investigation
was conducted under specific conditions, including a feed
temperature and flow rate were 30 °C and 100 mL min~", the
vacuum degree was 30 kPa, as depicted in Fig. 14. The separa-
tion factor of the MMMs decreased with increasing TCE
concentration in the feed solution. Conversely, a higher
concentration of TCE molecules in the feed solution led to an
increase in the total flux (Fig. 14a) due to the increased presence
of TCE molecules in the selective layer of the MMM. The organic
solvent exhibits a distinct capacity for dissolving the polymer,
thereby rendering the membrane surface more susceptible to
swelling. Therefore, the PDMS chain interaction force is
diminished, resulting in the voids becoming larger. Conse-
quently, smaller water molecules can traverse more easily,
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resulting a decrease in the separation factor of the composite
membrane.**** Simultaneously, as the pores of the selective
layer on the membrane surface increase, the impediment to
mass transfer also diminishes. Consequently, the permeation
rate of TCE molecules and water molecules accelerates, leading
to a gradual augmentation in TCE flux and water flux (Fig. 14b),
thereby causing an upward trajectory in the overall flux of the
composite membrane.

3.5. Effect of feed temperature on PV performance

The pervaporation performance of TMDS@silicalite-1/PDMS
MMM was examined to determine the impact of feed temper-
ature (ranging from 20 °C to 60 °C) under specific conditions,
including a feed TCE concentration and flow rate were 3 X
107 wt% and 100 mL min ', the vacuum degree was 30 kPa.
Fig. 15 illustrates the results, indicating that the separation
factor exhibits an increasing trend as the temperature rises. At
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Fig. 14 Effect of feed concentration on PV performance of TMDS@silicalite-1/PDMS membranes with 40 wt% loading for 3 x 10~ wt% TCE
solution. (a) Effects on total flux and separation factor, (b) effect on water flux and TCE flux.
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an operating temperature of 60 °C, the separation factor can
attain a value of 146. This phenomenon can be attributed to the
higher permeation activation energy of TCE compared to water,
as well as the greater influence of temperature on TCE
compared to water.*>*® Consequently, an increase in operating
temperature leads to a more pronounced alteration in TCE flux
compared to water flux. Consequently, the concentration of TCE
in the permeate exhibits an upward trend with rising temper-
ature. Furthermore, the elevation in temperature can augment
the disparity in vapor partial pressure across the membrane,
thereby intensifying the molecular thermal motion within the
pervaporation membrane. This phenomenon ultimately
enhances the membrane's selectivity towards the separated
components.*” Simultaneously, the temperature increment also
leads to an increase in the overall flux of the MMMs. This can be
attributed to the heightened thermal motion of the polymer
chains, which facilitates the solution's permeation, conse-
quently resulting in amplified water flux and TCE flux (Fig. 15b).
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3.6. Effect of feed flow rate on PV performance

The impact of varying feed flow rates on the pervaporation
efficiency of TMDS@silicalite-1/PDMS MMMs was examined
under specific conditions, including a feed TCE concentration
and temperature were 3 x 1077 wt% and 30 °C, the vacuum
degree was 30 kPa, as depicted in Fig. 16. The findings indicated
that the overall membrane flux, water flux, TCE flux, and
separation factor exhibited a gradual increase with the
augmentation of feed flow rate, albeit the magnitude of change
was minimal. This phenomenon can be attributed to the
acceleration of the flow rate, resulting in a reduction in the
thickness of the boundary layer and a weakening of concen-
tration polarization, thereby facilitating the mass transfer of
TCE.*® Furthermore, the increase in flow rate leads to a transi-
tion towards turbulent flow in the feed fluid, intensifying the
degree of this flow state. Consequently, there is an augmented
contact between TCE and the composite membrane, promoting
the interaction between the membrane and TCE, which further
enhances the permeation of the permeation component.*
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Fig. 16 Effect of feed flow rate on PV performance of TMDSa@silicalite-1/PDMS membranes with 40 wt% loading for 3 x 10~7 wt% TCE solution.
(a) Effects on total flux and separation factor, (b) effect on water flux and TCE flux.
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Table 1 PV performance of TCE separated by different membranes

Feed Feed Particle Separation Total
Membrane concentration (wt%) temperature (°C) loading (wt%) factor flux (g m™>h™") Reference
Silicalite-1 1x107* 30 — 10 4 42
Polyvinyl acetate 4.57 x 107* 25 — 110 310 43
Poly(acrylate-co-acrylic) 2.01 x 107" 25 — 108 638 44
PDMS 2.4 x 107" 55 - 104 400 29
Silicalite-1@TMDS/PDMS 3x1077 30 40 139 242 This work

3.7. Effect of vacuum degree on PV performance

The pervaporation performance of TMDS@silicalite-1/PDMS
MMM was investigated under specific conditions, including
a feed TCE concentration of 3 x 10~7 wt%, a feed temperature
and flow rate were 30 °C and 100 mL min~". The effect of
vacuum degree (ranging from 15 kPa to 35 kPa) on the per-
vaporation performance was examined, as depicted in Fig. 17.
It was observed that as the vacuum degree on the permeation
side increased, both the total flux and the separation factor
exhibited an upward trend. This phenomenon occurs due to
the maintenance of atmospheric pressure in the upstream of
the membrane, resulting in a gradual increase in the vacuum
degree downstream of the membrane. Consequently, the
pressure difference between the upstream and downstream
sides of the membrane increases, thereby enhancing the
driving force of membrane pervaporation. As a result, the
mass transfer resistance of the permeation component within
the membrane is reduced, resulting in an increase in overall
flux.*® Furthermore, due to the higher saturated vapor pres-
sure of TCE compared to water, the TCE molecules exhibit
a significantly stronger driving force when the vacuum level on
the permeate side is elevated. Consequently, this phenom-
enon leads to an improved selectivity and separation factor of
the membrane (Table 1).*

© 2023 The Author(s). Published by the Royal Society of Chemistry

4. Conclusion

In this study, the objective was to enhance the separation effi-
ciency of a PDMS membrane for TCE by manipulating the
hydrophobicity of silicalite-1 particles using silane coupling
agents APTMS, TMCS, and TMDS. Among these agents,
TMDS@silicalite-1 particles exhibited the highest hydropho-
bicity, resulting in the MMM filled with TMDS@silicalite-1
particles demonstrating superior adsorption selectivity and PV
performance for TCE. Furthermore, the impact of various
operational parameters, including concentration, temperature,
flow rate, and pressure, on the separation efficacy was investi-
gated. The optimal operational parameters were determined,
and an investigation was conducted to explore the separation
mechanism of the modified membrane. It was found that when
the temperature was set at 30 °C, the flow rate at 100 mL min ™,
and the vacuum degree at 30 kPa, the TMDS@silicalite-1/PDMS
MMM exhibited a separation factor of 139 and a total flux of
242 ¢ m > h™' for a 3 x 10”7 wt% TCE aqueous solution. This
represents a 44% increase in separation factor and a 16%
increase in TCE flux compared to the unmodified silicalite-1/
PDMS membrane. Furthermore, when compared to the pure
PDMS membrane, the separation factor increased by 83% and
the TCE flux increased by 20%. Furthermore, the pervaporation
separation of trichloroethylene (TCE) has been extensively
studied, and various membranes have been previously reported.
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Notably, silicalite-1@TMDS/PDMS membranes have demon-
strated favorable separation factors in prior investigations.
These findings provide evidence that the hydrophobic modifi-
cation of inorganic fillers can considerably enhance the sepa-
ration efficiency of polydimethylsiloxane (PDMS) membranes
when applied to TCE aqueous solutions.
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