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High-Performance and Scalable Organosilicon Membranes
for Energy-Efficient Alcohol Purification

Tengyang Zhu, Dongchen Shen, Jiayu Dong, Huan Liu, Qing Xia, Song Li,* Lu Shao,
and Yan Wang*

The production of bio-alcohol is increasingly gaining international attention
due to its potential as a viable alternative to fossil fuels and its ability to
mitigate carbon dioxide emissions. However, the cost of bio-alcohol
production is almost double that of fossil fuels, primarily because of the low
yield of the purification process. Herein, a high-performance and scalable
organosilicon membrane with high chain flexibility and controllable
crosslinking density is developed for energy-efficient alcohol purification. The
synthesized organosilicon membrane achieves an ultrahigh total flux
(5.8 kg·m−2·h−1) with a comparable separation factor (8.7) for ethanol/water
separation, outperforming most state-of-the-art polymer-based membranes.
Integrated experiments and molecular dynamics simulations confirm that the
ultrafast alcohol permeation of the membrane originates from its high chain
flexibility, large fractional free volume, and weak interactions between feed
molecules and membranes. The universal applicability of the low-crosslinking
mechanism for the formation of high-performance organosilicon membranes
is also validated. Moreover, its high efficiency and scalability in membrane
production, along with the stability of the casting solution, offer promising
prospects for industrial applications.
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1. Introduction

International Energy Agency predicts that
the consumption of bio-liquid fuel will
reach 147 million tonnes by 2030, constitut-
ing ≈7% of the global road transport energy
demand. In particular, bio-alcohols, with
high energy density, environmental benig-
nity, and good compatibility with existing
infrastructure, hold great promise as viable
alternatives to fossil fuels while mitigating
carbon dioxide emissions.[1] However, the
production cost of bio-alcohols from the fer-
mentation broth is nearly double that of fos-
sil fuels, primarily because of the low yield
of the purification process.[1a] In response,
extensive international efforts have been in-
vested in reducing the cost of bio-alcohol
purification.[2] In this context, the develop-
ment of sustainable technologies and ma-
terials for the purification of bio-alcohols
has become increasingly crucial, playing a
vital role in addressing pressing energy-
related and environmental challenges.[3]

Compared to established large-scale
distillation-based technology for bio-alcohol purification,[4]

membrane-based pervaporation is attracting increasing at-
tention because of its energy efficiency and environmental
friendliness.[5] In this approach, the membrane is the criti-
cal component, that determines high separation efficiency.[6]

Organosilicon membranes, as benchmark organophilic mem-
branes, are very promising for energy-efficient bio-alcohol
purification in practical industrial applications.[7] However,
current organosilicon membranes exhibit a relatively low per-
meate flux and suffer from an inherent trade-off between
permeate flux and alcohol/water selectivity. These issues stem
from their dense micro-structures and rigid molecular chains,
resulting from high crosslinking densities, limiting their ef-
ficiency in energy-efficient applications.[8] Various strategies,
such as designing new molecular structures,[9] introducing
fillers,[3b,10] and optimizing the fabrication process,[11] have
already been proposed to improve the alcohol purification
efficiency of organosilicon membranes. Although current ap-
proaches can improve either permeate flux or selectivity to
some extent, no method can simultaneously improve alcohol
purification efficiency and selectivity while maintaining mem-
brane fabrication facile, which is crucial for practical industrial
applications. Consequently, the development of a controlled,
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Figure 1. Schematic of the organosilicon membranes for the separation of alcohol–water mixtures. The separation mechanisms of traditional and
APDMS-TMC organosilicon membranes and their advantages and disadvantages. The APDMS-TMC membrane with low crosslinking density exhibits
flexible molecular chains, large FFV, and a fast permeation rate.

simple, reliable, and scalable method for the synthesis of
high-performance organosilicon membranes remains a major
challenge.

Herein, we present a rapid crosslinking method for the fab-
rication of high-performance and scalable organosilicon mem-
branes with controllable crosslinking density for energy-efficient
alcohol purification, using typical amide polymerization between
bis(3-aminopropyl) terminated poly(dimethylsiloxane) (APDMS)
macromer and a highly reactive crosslinker (trimethyl chlo-
ride, TMC). In our approach, the casting solution may be pre-
pared within 30 min and stored for a long time (up to 75
days), challenging the traditional understanding of organosili-
con membrane preparation. Typically, the preparation of cast-
ing solutions for traditional organosilicon membranes takes
more than 5 h, and the prepared solution can be stored for
less than 10 h. Therefore, the proposed approach is more suit-
able for scalable manufacturing than traditional methods. More-
over, our approach allows for quick and precise regulation of
the crosslinking density within the organosilicon membrane,
resulting in ultrahigh total flux (5.8 kg·m−2·h−1) and excellent
separation factor (8.7) in ethanol purification. The underlying
separation mechanism was explored via experiments and sim-
ulations. The results revealed that the membrane with low
crosslinking density exhibits higher chain flexibility, larger frac-
tional free volume (FFV), and weaker interactions between feed
molecules and molecular chains than that with high crosslink-
ing density. These characteristics result in the rapid and selec-
tive transport of alcohol molecules over water molecules within
the organosilicon membrane, as depicted in Figure 1. Addition-
ally, the membrane’s low-cost and straightforward fabrication
process also highlights its scalability for practically industrial
applications.

2. Results and Discussion

2.1. Synthesis and Characterizations of Organosilicon
Membranes

Organosilicon membranes were prepared through a facile
solution-casting method (see Section A of Supporting
Information).[12] Novel APDMS-TMC organosilicon membranes
with an area of ≈411 cm2 (Figure S1, Supporting Information)
were synthesized via typical amide polymerization between
the APDMS macromer and a highly reactive crosslinker, TMC
(Figure S2, Supporting Information). The membranes are
denoted as APDMS-TMC-x:y membranes, where x:y is the
APDMS/TMC mass ratio. The chemical structures of the re-
sulting APDMS-TMC membranes were verified by Fourier
transform infrared spectroscopy (FTIR, Figure S7a, Support-
ing Information) and X-ray photoelectron spectroscopy (XPS,
Figure S7b, Supporting Information). For comparison, tradi-
tional organosilicon membranes such as tetraethyl orthosilicate
(TEOS)-crosslinked hydroxy-terminated PDMS (HPDMS) and
commercial PDMS Sylgard 184 membranes were fabricated and
denoted as HPDMS-TEOS-10:1 and PDMS 184-10:1, respec-
tively, where 10:1 represents routine PDMS/crosslinker mass
ratio.

The APDMS-TMC-403:1 (with a high PDMS/crosslinker mass
ratio of 403:1) membrane exhibits markedly superior properties
across several metrics compared to traditional PDMS 184-10:1
and HPDMS-TEOS-10:1 membranes (Figure 2a). Specifically, the
APDMS-TMC-403:1 membrane demonstrates a higher total flux
of 3.3 kg·m−2·h−1, a 453% increase over the PDMS 184-10:1
membrane’s 0.6 kg·m−2·h−1 (Figure 2b). Furthermore, it exhibits
a 35% higher separation factor (8.8) than the PDMS 184-10:1
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Figure 2. Superior properties of the APDMS-TMC organosilicon membranes. a) Radar plots of various properties and parameters, b) total fluxes,
c) separation factors, d) preparation time of casting solutions, e) storage time of casting solutions, f) material cost, g) storage modulus (Gʹ) and
loss modulus (Gʺ), h) water and ethanol contact angles, and i) solvent uptakes of the PDMS 184-10:1, HPDMS-TEOS-10:1, and APDMS-TEOS-403:1
membranes. Notably, the viscosity of the casting solution reaches 150 mPa·s, implying to the successful preparation of the casting solution. The data
in Figure 2b–i are presented as mean ± standard deviation (n = 3).

membrane (6.5, Figure 2c). In terms of preparation, the APDMS-
TMC-403:1 casting solution requires 15 times shorter prepara-
tion time than the PDMS 184-10:1 casting solution (Figure 2d),
even though the former has substantially lower crosslinker con-
tent (1/403 of PDMS macromer amount) than the latter (1/10
of PDMS macromer amount). Additionally, the APDMS-TMC-
403:1 casting solution can be stored for up to 75 days (Figure S8,
Supporting Information) without significant viscosity change,
whereas the conventional PDMS 184-10:1 solution must be used
within 10 h because the excess of crosslinking agent causes a
continuous increase in viscosity (Figure 2e). The APDMS-TMC-
403:1 membrane also has ≈10.4 times lower material cost (≈11.3
USD/kg) than the PDMS 184-10:1 membrane (≈128.3 USD/kg)
(Figure 2f and Table S2, Supporting Information), making it ad-

vantageous for large-scale production. These properties confirm
the high separation performance and scalability of the APDMS-
TMC membranes.

The notably superior separation performance of the APDMS-
TMC membranes can be attributed to their unique inher-
ent properties, as detailed in the results of various analyses
(Figure 2g–i). The flexibility of the molecular chains within the
membrane is a key parameter affecting the transport rate of
feed molecules,[13] as confirmed by dynamic rheological proper-
ties (Figure 2g). Furthermore, the hydrophobicity of the mem-
brane surface determines its organophilicity,[14] as substantiated
by the measured water and ethanol contact angles (Figure 2h).
Additionally, the sorption capability of the membrane toward
ethanol molecules was evidenced by the tested solvent uptake
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(Figure 2i).[15] These above properties affect the sorption and
diffusion properties of the membranes, thereby contributing to
their enhanced separation performance.

Specifically, for dynamic rheological properties, the APDMS-
TMC-403:1 membrane exhibits the lowest storage modulus (Gʹ)
and the highest loss modulus (Gʺ) compared to traditional PDMS
184-10:1 and HPDMS-TEOS-10:1 membranes (Figure 2g), in-
dicating the greater flexibility of molecular chains. Differential
scanning calorimetry (DSC) analysis further confirms such flex-
ibility, as the APDMS-TMC-403:1 membrane shows the low-
est glass transition temperature (−123.5 °C) compared to tra-
ditional PDMS 184-10:1 and HPDMS-TEOS-10:1 membranes
(−117.6 and −120.3 °C, respectively) (Figure S9, Supporting In-
formation). Additionally, the phase angle (𝛿) and loss factor (tan
𝛿 = Gʺ/Gʹ) indicate that the APDMS-TMC-403:1 membrane is
viscoelastic, whereas the PDMS 184-10:1 and HPDMS-TEOS-
10:1 membranes are elastic (Figure S10, Supporting Informa-
tion). These major findings are explained by the low crosslink-
ing density of the APDMS-TMC-403:1 membrane (Figure S11,
Supporting Information). For the membrane surface hydropho-
bicity (Figure 2h), the APDMS-TMC-403:1 membrane exhibits
the largest water contact angle and the smallest ethanol con-
tact angle compared to traditional PDMS 184-10:1 and HPDMS-
TEOS-10:1 membranes, indicating its greater hydrophobicity and
organophilicity. Solvent uptake tests (Figure 2i) show that the
APDMS-TMC-403:1 membrane exhibits the largest solvent up-
take in the same solvent, indicative of a larger FFV. Notably, the
membrane shows the strongest ethanol uptake in feed solution
and ethanol solvent, suggesting a stronger affinity toward ethanol
molecules owing to greater hydrophobicity and organophilicity. It
is also demonstrated by the preferential ethanol sorption ability
of the APDMS-TMC membrane in 5 wt% ethanol feed solution
(Figure S12, Supporting Information). Whereas, the membrane’s
greatest water uptake is largely attributed to flexible chain seg-
ments that can increase chain movement in water, thereby lead-
ing to a larger swelling degree.

The notably superior scalability of the APDMS-TMC mem-
branes can be attributed to their rapid crosslinking process,
as demonstrated by the viscosity evolution and density func-
tional theory (DFT) calculations (Figures S13−S15, Supporting
Information). This high reactivity enables the rapid establish-
ment of the appropriate crosslinking density in the APDMS-
TMC systems. Notably, the reaction rate constant in the APDMS-
TMC system is approximately nine orders of magnitude higher
than that in the conventional HPDMS-TEOS system, facilitating
the production of high-performance and scalable APDMS-TMC
organosilicon membranes within a shorter timeframe.

2.2. Formation Conditions of Organosilicon Membranes

To explore the formation conditions of organosilicon mem-
branes, we systematically investigated the effects of membrane
materials, including the APDMS/TMC mass ratio, molecular
weight of the APDMS macromer, and coupling agent. The mass
ratio of the macromer to the coupling agent determines the
crosslinking density of the resulting organosilicon membrane,
thereby affecting the membrane formation ability and separa-
tion performance. The results indicate that the optimal range

of APDMS/TMC mass ratio for the formation of APDMS-TMC
membranes is between 357:1 and 463:1. This range ensures that
the viscosity of the casting solution remains within suitable lim-
its to avoid casting solution penetration into the substrate due to
excessively low viscosity (Figure S16, Supporting Information),
or insufficient flowability for film casting caused by overly high
viscosity (Table S1, Supporting Information). The viscosities of
the resulting casting solutions range from 46.5 to 3200 mPa·s
(Table S1, Supporting Information), corresponding to crosslink-
ing densities from 1.06 × to 2.92 × 10−4 mol·mL−1 (Figure 3a). As
illustrated in Figure 3b, the resulting APDMS-TMC membranes
exhibit ultrahigh total fluxes, up to ≈3.3 kg·m−2·h−1, and accept-
able ethanol/water separation factors (≈8.8), ascribed to the low
crosslinking density resulted from the suitable APDMS/TMC
mass ratio. In addition, as the APDMS/TMC mass ratio decreases
from 463:1 to 357:1, the ethanol/water separation factors of the
resulting membranes initially increase and then stabilize, at-
tributed to the enhanced membrane elasticity (Figure S17, Sup-
porting Information); while the total fluxes exhibit the opposite
trend, originated from the reduced FFV with higher crosslink-
ing densities (Figure 3a), suggesting that the solution-diffusion
mechanism dominates the separation performance. In sum-
mary, appropriate APDMS/TMC mass ratios (403:1 – 357:1) are
required to achieve the suitable crosslinking density (1.41 × 10−4

– 2.92 × 10−4 mol·mL−1, Figure 3a) and excellent separation per-
formance (total flux of ≈3.3 kg·m−2·h−1 and ethanol/water sepa-
ration factor of ≈8.8) in the prepared APDMS-TMC membranes.

The molecular weight of the APDMS macromer is another cru-
cial factor influencing the crosslinking densities of the organosili-
con membranes with the same APDMS/TMC mass ratio, thereby
impacting the membrane formation ability and separation per-
formance. Figure 3c shows that the viscosities of the APDMS-
TMC casting solutions, prepared using APDMS macromers
with molecular weights of 50 or 30 kDa (with APDMS/TMC
mass ratio of 403:1 as a representative), are ≈150 mPa·s, in-
dicative of good membrane formation ability (Table S1, Support-
ing Information). In contrast, the APDMS-TMC casting solu-
tions prepared using APDMS macromers with lower molecu-
lar weights (2.5, 5, or 10 kDa) exhibit significantly lower vis-
cosities (≈6 mPa·s), rendering membrane formation impracti-
cal (Figure S16, Supporting Information). This disparity is at-
tributed to the macromers with higher molecular weight (50 or
30 kDa) forming integrated crosslinking networks, while low-
molecular-weight macromers (2.5, 5, or 10 kDa) form only small
micelles, as illustrated in the inserts of Figure 3c. Optical ob-
servations of APDMS-TMC casting solutions (Figure S18a–e,
Supporting Information) support this hypothesis: light beams
unobstructedly pass through solutions prepared with 50 or
30 kDa APDMS macromers, whereas solutions with APDMS
macromers of lower molecular weights scatter light owing to mi-
celle formation. FTIR spectra of the APDMS-TMC casting solu-
tion validate this phenomenon (Figure S19a, Supporting Infor-
mation). The peak at 1660 cm−1, assigned to the –C═O stretch-
ing vibration in amide groups, gradually increases in intensity
with a decrease in the molecular weight of APDMS macromers.
This indicates a higher crosslinking density in the solution
prepared with APDMS macromers of lower molecular weight,
due to their higher –NH2 content (Figure S19b, Supporting In-
formation), which leads to micelle formation rather than the
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Figure 3. Formation condition of organosilicon membranes. a) Crosslinking densities of APDMS-TMC-x:y membranes. b) Total fluxes and ethanol/water
separation factors of APDMS-TMC-x:y membranes. c) Viscosities of APDMS-TMC casting solutions obtained through the amide polymerization between
TMC and APDMS with different molecular weights (inset: schematic structures of a small micelle and an integrated crosslinking network). d) Total fluxes
and ethanol/water separation factors of APDMS-TMC-403:1 membranes prepared using APDMS macromers of different molecular weights (10, 30, or
50 kDa). Cross-sectional morphologies of e) APDMS-TMC-403:1 and f) APDMS-IPC-403:1 membranes. The data in Figure 3b–d are presented as mean
± standard deviation (n = 3).

formation of integrated crosslinking networks. Additionally,
the effect of the molecular weight of APDMS macromers on
the membrane pervaporation performance was investigated
(Figure 3d). The APDMS-TMC-403:1 membrane prepared only
with 30 or 50 kDa APDMS macromers is available and ex-
hibits similar separation performance, probably attributed to
the comparable crosslinking densities (Figure S20a, Support-
ing Information) and molecular chains flexibility (Figure S20b,
Supporting Information), stemming from similar amine con-
tents of the two APDMS macromers (Figure S19b, Supporting
Information).

The coupling agent with three or more crosslinking sites is a
prerequisite for the formation of a crosslinked APDMS network
with end functional groups. This was confirmed using the vis-
cosities of the casting solutions with different coupling agents.
TMC, possessing three acyl chloride groups, acts as the coupling
agent that crosslinks APDMS macromers, forming a casting so-
lution with a viscosity of ≈150 mPa·s (Table S1, Supporting Infor-
mation). Contrastingly, isophthaloyl chloride (IPC), featuring two
acyl chloride groups, was used to connect APDMS macromers
(Figure S4, Supporting Information). However, the viscosity of
the prepared APDMS-IPC-403:1 casting solution does not sig-
nificantly increase, and remains at ≈6 mPa·s, owing to the for-
mation of a linear structure through the amide polymerization
between APDMS and IPC (Figure S4, Supporting Information).
The difference in viscosity directly influences membrane forma-

tion. Cross-sectional morphologies reveal that the APDMS-TMC-
403:1 yields a continuous selective layer (Figure 3e), indicating
successful membrane formation. In contrast, the APDMS-IPC-
403:1 fails to form such a layer (Figure 3f) owing to its low vis-
cosity: it penetrates into the substrate, preventing the formation
of a continuous membrane structure with selective permeation
properties. This indicates that the use of a coupling agent with
three or more crosslinking sites, such as TMC, is essential for
the preparation of APDMS crosslinked network with end func-
tional groups and thereby for the fabrication of membranes with
desired selective properties.

2.3. Universality of low Crosslinking Mechanism for Preparing
High-Performance Organosilicon Membranes

The superior alcohol transport performance of APDMS-TMC
organosilicon membranes is associated with their low crosslink-
ing densities and high molecular chain flexibility. To verify this,
we investigated the universality of the low crosslinking mech-
anism for the preparation of high-performance organosilicon
membranes using different organosilicon systems. We employed
a conventional HPDMS macromer along with triethoxyphenylsi-
lane (TEPS) as the crosslinker, chosen for its chemical similarity
to TMC (Figure S5, Supporting Information). The crosslinking
densities of the resulting HPDMS-TEPS-m:n membranes were

Adv. Funct. Mater. 2025, 35, 2415386 © 2024 Wiley-VCH GmbH2415386 (5 of 11)

 16163028, 2025, 7, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202415386 by H
uazhong U

niversity O
f Sci &

 T
ech, W

iley O
nline L

ibrary on [21/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 4. The universality of low crosslinking mechanism for the preparation of high-performance organosilicon membranes. a) Changes in viscosity
of HPDMS-TEPS-m:n casting solutions over time (inset: the state of the casting solutions). b) tan 𝛿 and 𝛿 values, c) crosslinking densities, and d) total
fluxes and separation factors of HPDMS-TEPS-m:n membranes. e) Changes in viscosity of HPDMS-TEOS-e:f casting solutions over time (inset: the state
of the casting solutions). f) Changes in viscosity of APDMS-TMC-x:y casting solutions over time. The data in Figure 4d is presented as mean ± standard
deviation (n = 3).

adjusted by varying the HPDMS/TEPS mass ratios (m:n = 10:1
– 303:1). The results show that the viscosities of the HPDMS-
TEPS-m:n casting solutions with sufficient crosslinker content
(m:n < 143:1) gradually increase over time, with solutions solidi-
fying after 40 days (Figures 4a and S21, Supporting Information),
indicating good membrane formation ability before solidifying.
Furthermore, when the crosslinker content is sufficiently low, the
HPDMS-TEPS-143:1 casting solution remains in a flowing state,
exhibiting an increasing viscosity of up to 1300 mPa·s after an
81-day crosslinking reaction (Figure 4a), also indicative of good
membrane formation ability (Table S1, Supporting Information).
However, at ratios exceeding 143:1, the viscosities of the casting
solutions stay low (<85 mPa·s) even after an 81-day crosslink-
ing reaction (Figure 4a), suggestive of inferior membrane for-
mation ability (Table S1, Supporting Information), probably due
to the low crosslinking density. Dynamic rheological properties
of HPDMS-TEPS membranes (Figure 4b) confirm the relation-
ship between molecular chain flexibility and crosslinking density:
as the HPDMS/TEPS mass ratio decreases, both the tan 𝛿 and
𝛿 values gradually decrease, implying reduced molecular chain
flexibility owing to increased crosslinking density (Figure 4c).
Subsequently, the alcohol purification performance of HPDMS-
TEPS-m:n membranes with various HPDMS/TEPS mass ratios
was tested using a 5 wt% ethanol aqueous solution at 60 °C
(Figure 4d) to verify the relationship between molecular chain
flexibility and separation performance. As the HPDMS/TEPS
mass ratio decreases, the total fluxes of the resultant membranes
gradually decrease, attributed to reduced molecular chain flexi-
bility (Figure 4b), while the ethanol/water separation factors re-
main almost unchanged. The HPDMS-TEPS-143:1 membrane,
with the lowest crosslinking density (1.1 × 10−4 mol·mL−1), ex-

hibits the highest total flux (2.9 kg·m−2·h−1) and a comparable
separation factor (8.7).

Similarly, the crosslinking densities of traditional HPDMS-
TEOS-e:f membranes were also regulated by adjusting the
HPDMS/TEOS mass ratios (e:f = 10:1 – 667:1). The trend
in viscosity for HPDMS-TEOS casting solutions (Figure 4e)
mirrors that for HPDMS-TEPS solutions (Figure 4a). At an
HPDMS/TEOS mass ratio of 303:1, the formed casting solu-
tion exhibits low viscosity (1070 mPa·s) and crosslinking density
(1.12 × 10−4 mol·mL−1) after an 83-day crosslinking reaction. No-
tably, the crosslinking density of the HPDMS-TEOS-303:1 mem-
brane is lower approximately three times than that of conven-
tional HPDMS-TEOS-10:1 membrane (4.71 × 10−4 mol·mL−1),
resulting in a 60% improvement in the total flux, reaching
3.2 kg·m−2·h−1, while maintaining a stable ethanol/water sepa-
ration factor (≈8.7). These results are attributed to the high flexi-
bility of molecular chains caused by the low crosslinking density.

The findings highlight the feasibility of the production
of high-performance organosilicon membranes using both
HPDMS-TEOS and HPDMS-TEPS systems with appropriate
low crosslinking density. This approach suggests that similar
high-performance membranes could also be developed by other
polysiloxane macromers like vinyl-terminated PDMS or PDMS
184, provided that suitable crosslinking agents and appropriate
crosslinking densities are employed. This versatile methodology
expands the potential application scope of the membranes, en-
abling the tailoring of molecular chain flexibility to address spe-
cific industrial or scientific requirements. Furthermore, it can be
also found from Figures 4a–e that the decrease in the amount
of crosslinker agents (TEPS and TEOS) significantly slows the
curing time of PDMS casting solutions, thereby extending their
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storage time when an appropriate amount of crosslinker is used.
However, the newly developed APDMS-TMC system signifi-
cantly reduces the preparation time of casting solutions: APDMS-
TMC system requires only 30 min (Figure 4f), whereas the tradi-
tional HPDMS-TOES system requires 83 days (Figure 4e). This
improvement is attributed to the rapid crosslinking rate between
APDMS and TMC (Figure S15, Supporting Information), high-
lighting the excellent suitability of this system for industrial ap-
plications where efficiency and time management are critical.

Additionally, compared to the rapid increase in viscosity ob-
served in the APDMS-TMC casting solution (Figure 4f), which
indicates its facile controllability, the viscosities of HPDMS-TEPS
and HPEMS-TEOS casting solutions increase at a much slower
rate (Figures 4a,e), when the concentrations of crosslinkers are
very low (less than 0.75% and 0.5%, respectively). However, when
subjected to high crosslinker concentrations (e.g., 10% HPDMS),
both systems exhibit a significant increase in viscosity. This poses
challenges for industrial applications, as the resulting sticky cast-
ing solution (Figure S21, Supporting Information) hinders con-
tinuous membrane production. In contrast, the APDMS-TMC
system demonstrates both a rapid and complete reaction, leading
to viscosity stabilization once cross-linking process is nearly com-
plete. This allows for easier management of the casting solution’s
viscosity by carefully controlling the amount of TMC, thereby en-
hancing its suitability for industrial applications.

2.4. Separation Mechanism of High-Performance Organosilicon
Membranes

Our experimental data have confirmed that decreasing the
crosslinking density significantly enhances the alcohol purifica-
tion performance of organosilicon membranes due to increased
molecular chain flexibility. However, the molecular mechanisms
underlying the relationship between molecular chain flexibility
and separation performance are not yet fully understood. To delve
deeper into this relationship, molecular dynamics (MD) simula-
tions were employed to elucidate the molecular-level differences
between organosilicon membranes with low and high crosslink-
ing densities (abbreviated as LCDM and HCDM, respectively),
including aspects such as molecular chain flexibility, FFV, and
interactions between solvent molecules and molecular chains.
The highly reactive nature of TMC as a crosslinker makes it im-
practical to produce a highly crosslinked APDMS-TMC mem-
brane by casting an APDMS-TMC solution. With low TMC con-
tent, a lightly crosslinked APDMS-TMC casting solution is im-
mediately formed, resulting in an APDMS-TMC LCDM when
knife-cast onto the substrate. In contrast, high TMC content leads
to the formation of a highly crosslinked APDMS-TMC casting
solution with poor flowability, preventing the formation of an
APDMS-TMC HCDM. As an alternative approach, the HPDMS-
TEOS system was chosen to study the molecular-level differ-
ences between LCDM and HCDM. Due to the low reactivity of
the HPDMS-TEOS system, both LCDM and HCDM, depending
on TEOS content, can be formed using this system. The con-
struction procedure for the models of HPDMS-TEOS LCDM and
HCDM is described in Section A of Supporting Information. As
shown in Figure S22 (Supporting Information), the models of
both HPDMS-TEOS HCDM and LCDM have the same thickness

(Z-axis direction, 6.623 nm), while the sizes of the lateral dimen-
sions are 2.579 × 2.663 and 3.502 × 1.987 nm, respectively.

Figures 5a and S23 (Supporting Information) depict the
swelling behaviors of HPDMS-TEOS HCDM and LCDM in
water, ethanol, and the feed solution used in this study (5
wt% ethanol aqueous solution). It is observed that HPDMS-
TEOS LCDM exhibits a significantly higher swelling degree than
HPDMS-TEOS HCDM in the same solvent, indicating greater
molecular chain flexibility in LCDM owing to its lower crosslink-
ing density, facilitating the rapid molecule transport across the
membrane (Figure 2b). Additionally, the swelling degree of both
LCDM and HCDM membranes in different liquids follows the
order of ethanol > feed solution > water, indicating a stronger
affinity of HPDMS-TEOS membranes toward ethanol molecules,
which is conducive to selective separation of ethanol and water
(Figure 2c).

Further investigation of HPDMS-TEOS HCDM and LCDM
through MD simulations reveals notable differences between
the microstructures. As illustrated in Figure 5b, whether be-
fore or after the membrane swelling, HPDMS-TEOS LCDMs
consistently exhibit larger FFV than HPDMS-TEOS HCDMs,
attributed to their lower crosslinking density. Correspondingly,
HPDMS-TEOS LCDMs with larger FFV display lower densi-
ties (Figure S24a,b, Supporting Information) and higher solvent
uptakes in the same solvent (Figure 5c) than HPDMS-TEOS
HCDMs. Additionally, the simulated void size distribution (VSD)
results (Figure 5d and Figure S24c, Supporting Information) re-
veal that HPDMS-TEOS LCDMs contain more large-sized voids
than HPDMS-TEOS HCDMs. These simulation results posi-
tively impact the separation efficiency of alcohol from alcohol–
water mixtures.

MD simulations were also used to explore the interactions be-
tween the penetrant molecules and polymer chains, crucial for
the transport of the permeate molecules.[16] Results (Figure 5e)
show that Van der Waals and Coulomb interaction energies in the
HPDMS-TEOS LCDM are significantly lower than those in the
HPDMS-TEOS HCDM, indicating the potential for faster trans-
port of feed components through the LCDM. The simulated dis-
placement trajectory of ethanol molecules through membranes
confirms this (Figure 5f), indicating faster ethanol transport
through the LCDM (0.8 ns) than through the HCDM (1.9 ns).
These findings underscore that the lower crosslinking density of
the HPDMS-TEOS LCDM increases molecular chain flexibility,
FFV, and void size distribution, thereby improving alcohol sepa-
ration efficiency in membrane applications.

2.5. Practical Application Potential of Organosilicon Membranes

To demonstrate the universal applicability of the developed
APDMS-TMC membranes in various liquid mixture systems,
their separation capabilities for purifying other alcohols were
explored. Thanks to its superior properties (Figure 2a), the
APDMS-TMC-403:1 membrane was selected as a representative
specimen for further optimization. Figure 6a demonstrates that
the APDMS-TMC-403:1 membrane achieves ultrahigh total flux
(>3.0 kg·m−2·h−1) and satisfactory separation factors (>6.4) for
C1 – C4 alcohol aqueous feed solutions. Notably, despite the
larger molecular size of n-butanol compared to other alcohols,[17]
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Figure 5. MD simulation results. a) Swelling degrees and snapshots of the HPDMS-TEOS HCDM and LCDM before and after swelling in water, feed
solution, and ethanol. b) FFV and pore channels (purple sphere) of the HPDMS-TEOS HCDM and LCDM before and after swelling in water, feed solution,
and ethanol. c) Solvent uptakes of the HPDMS-TEOS HCDM and LCDM in water, feed solution, and ethanol. d) The void size distribution (VSD) of
the HPDMS-TEOS LCDM before and after swelling in water, feed solution, and ethanol. e) Van der Waals and Coulomb interaction energies between
water/ethanol molecules and molecular chains in the HPDMS-TEOS HCDM and LCDM. f) The displacement trajectory of ethanol molecules through
HPDMS-TEOS HCDM and LCDM along the Z-axis (HPDMS-TEOS membrane was fixed and the region between the two dotted lines represents the
thickness of the membrane.) Atoms: Hydrogen (white), Oxygen (red), Carbon (grey), and Silicon (chartreuse).

the membrane exhibits higher flux (5.3 kg·m−2·h−1) and separa-
tion factor (12) for n-butanol feed solution. This can be attributed
to two main reasons. First, the Hildebrand solubility parameter
of n-butanol (23.2 MPa1/2) is closer to that of PDMS (15.5 MPa1/2)
than those of the other three alcohols—methanol (29.6 MPa1/2),
ethanol (26.5 MPa1/2), and isopropanol (23.6 MPa1/2),[18] indi-
cating a stronger affinity toward n-butanol molecules and bet-
ter sorption on the membrane surface. Second, the molecular
polarities of alcohols follow the order of methanol > ethanol >
isopropanol > n-butanol. Larger alcohol molecules with lower
molecular polarity exhibit weaker interactions with molecu-

lar chains, resulting in higher permeation rates through the
membrane.[13,19] For comprehensive performance benchmark-
ing, we compared the pervaporation performances of various
polymeric-based membranes and the APDMS-TMC-403:1 mem-
brane for C1 – C4 alcohol purification, as shown in Figure 6b and
Tables S3–S6 (Supporting Information). The results demonstrate
that the APDMS-TMC-403:1 membrane achieves ultrahigh total
flux and comparable separation factor for C1 – C4 alcohol purifi-
cation, surpassing most state-of-the-art polymeric-based mem-
branes. It stands out due to its high chain flexibility and large
FFV from low crosslinking density, facilitating alcohol molecule

Adv. Funct. Mater. 2025, 35, 2415386 © 2024 Wiley-VCH GmbH2415386 (8 of 11)
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Figure 6. Practical application potential of the prepared organosilicon membrane. a) APDMS-TMC-403:1 membrane for the recovery of different alcohols
with a 5 wt% alcohol aqueous solution at 60 °C. b) Comparison of APDMS-TMC-403:1 studied in this work with polymeric-based pervaporation mem-
branes for ethanol recovery (Details are provided in Table S4, Supporting Information.). The inset refers to SEM surface images of the membrane before
and after the long-term test (scale bar: 1 μm). c) Effect of feed temperature on the total flux and separation factor of the APDMS-TMC-403:1 membrane
using a 5% ethanol aqueous feed solution. d) Long-term stability of the APDMS-TMC-403:1 membrane. The data in Figure 6a–c are presented as mean
± standard deviation (n = 3).

transport and resulting in a higher total flux. The results under-
line the potential of APDMS-TMC organosilicon membranes in
alcohol purification applications.

To assess the practical application potential of the organosil-
icon membranes, we measured their mechanical properties by
tensile experiment. As shown in Figure S25 (Supporting Infor-
mation), the APDMS-TMC-403:1 membrane exhibits a larger
strain compared to both the PVDF substrate and conventional
HPDMS-TEOS-10:1 membrane. This enhanced strain can be at-
tributed to the flexible chain segments in the membrane with
a low crosslinking density (1.41 × 10−4 mol·mL−1). Interest-
ingly, despite its low crosslinking density, the APDMS-TMC-
403:1 membrane demonstrates an elongation stress compara-
ble to that of the HPDMS-TEOS-10:1 membrane which has a
higher crosslinking density (4.71 × 10−4 mol·mL−1). This indi-
cates that the APDMS-TMC-403:1 membrane possesses simi-
lar mechanical strength, highlighting its potential for practical
applications. Furthermore, we investigated the membrane sta-
bility through pervaporation tests at various conditions, includ-
ing higher operating temperatures and a prolonged duration. As
depicted in Figure 6c, increasing feed temperature from 40 to
80 °C results in a significant 258% increase in the total flux from
1.6 to 5.8 kg·m−2·h−1, while the ethanol/water separation fac-
tor remains consistent (≈8.6), indicating superior performance
and stability even at elevated temperatures. The increase in the

total flux is primarily ascribed to the higher chain flexibility
and driving force at elevated temperatures.[20] Moreover, the es-
sentially constant separation performance of the APDMS-TMC-
403:1 membrane over a 14-day test verifies its excellent stability
(Figure 6d). Before and after the long-term test, the membrane
exhibits a smooth and intact surface (inset in Figure 6d), also
suggesting its excellent stability. In addition, the selective layer
thickness also affects the stability of the membrane through alter-
ing the swelling behavior of the membrane during the pervapora-
tion test. Therefore, an optimal thickness (2.5 μm) of the selective
layer benefited a higher separation performance (Figure S26 and
Table S7, Supporting Information), because the actual separation
layer was located beneath the selective layer during the pervapo-
ration test owing to its swelling as reported in a previous study.[21]

3. Conclusions

In summary, we have developed a novel high-performance
and scalable organosilicon membrane through amide poly-
merization between APDMS macromer and TMC, designed
to facilitate fast and selective transport of alcohol molecules
form alcohol–water mixtures. The proposed APDMS-TMC
organosilicon membrane demonstrated lower crosslinking den-
sity and higher molecular chain flexibility than the traditional
HPDMS-TEOS and PDMS 184 organosilicon membranes. The
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precise selection of the APDMS/TMC mass ratio (ranging from
403:1 to 357:1), the molecular weight of the APDMS macromer
(50 or 30 kDa), and coupling agent (TMC, rather than IPC)
ensured good film formation ability and stable separation per-
formance of the prepared APDMS-TMC membrane. Compared
to the organosilicon membrane with high crosslinking density,
the organosilicon membrane with low crosslinking density pos-
sessed more flexible molecular chains and a larger FFV, as well
as weaker interactions between feed molecules and molecular
chains, all of which are beneficial for fast and selective alco-
hol purification. The resulting APDMS-TMC-403:1 membrane
exhibited an ultrahigh total flux (5.8 kg·m−2·h−1) and a com-
parable separation factor (8.7), surpassing most state-of-the-art
polymeric-based membranes for ethanol purification. Addition-
ally, this APDMS-TMC-403:1 membrane demonstrated versatile
purification ability for other C1–C4 alcohols (methanol, ethanol,
isopropanol, and n-butanol). Its stable separation performance at
higher operation temperatures and over extended periods, along
with the stability of casting solution for long-term storage, and
the ease and speed of membrane preparation, further confirmed
its great potential for practical implementation. Notably, the use
of appropriate crosslinking density can transform conventional
organosilicon membranes into high-performance variants by us-
ing a suitable crosslinker and amount. Therefore, crosslinking
engineering of organosilicon membranes paves the way for the
development of next-generation membranes for energy-efficient
molecular separations.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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