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ABSTRACT: Metal—organic framework (MOF)-based polydimethylsiloxane
mixed matrix membranes applied for alcohol recovery with high permeability @ (} Corbonined

and selectivity are drawing more and more attention. However, the design and
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fabrication of high-quality and stable MOF-based mixed matrix membrane for ars N
pervaporation are still a big challenge. Herein, PDMS functionalized MOEF- I )\ . b ’
derived nanoporous carbon (P-ZNC) was first explored as compatible " ")~

nanofiller to mutually blend with polydimethylsiloxane on PVDF substrate to
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fabricate defect-free mixed matrix membranes via dip-coating and thermal ( Ao eovs ‘

cross-linkng. Induced by UV illumination, hydrophobic modification of MOF- pnc l\ Te0s @
derived nanoporous carbon was successfully realized under mild conditions e _
within one step, simplifying the operation step. By using this facile strategy, we — croslinking

can not only solve the existing problem of agglomeration, but also covalently ~ %
cross-link MOF derivative with polymeric matrix and effectively eliminate the . " oSG
interface defect between polymer and nanoparticles without any extra steps.
The method also gives a good level of generality for the synthesis of versatile stable nanoporous MOF-derived carbon-based mixed
matrix membranes on various supports. The prepared PDMS/P-ZNC with commendable structures possessed excellent separation
performance in low concentration n-butanol recovery and had a good balance between permeance, selectivity, and stability.
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structure of MOFs,”””" affecting the long-term stability and

limiting the application of MOF-based MMMs in recovering
butanol. Search for new and stable nanofillers is important to
fabricate high-performance PV membranes.

Carbon materials have better thermal and chemical stability
and are widely used in various areas including catalysis, energy
storage, and adsorption.””*’ Compared to other templates,

1. INTRODUCTION

Pervaporation (PV), as a promising membrane separation
technology, has been successfully applied in recovering dilute
biobutanol from fermentation broth due to the unique
advantages of simple process, low energy consumption without
secondary pollution, and restriction of vapor—liquid equili-
brium."” To obtain an organophilic PV membrane for

recovering butanol with a low concentration, polydimethylsi-
loxane (PDMS) is the currently used material because of its
high hydrophob1c1ty, excellent chemical stability, and good
thermal propertles 7 However, the separation performance of
the PDMS membrane is limited by the mutual restriction
between permeability and selectivity,”'* restricting the further
application of the PDMS membrane. Recently, doping
hydrophobic nanoparticles such as metal organic frameworks
(MOFs) into the PDMS matrix to prepare mixed matrix
membranes (MMMs) turns out to be an effective way to break
through the bottleneck.''™"> MOFs, as a new type of
crystalline material, are excellent fillers with high specific
surface area and designable structure and pore size for
preparing MMMs.'°™"? Although these membranes combine
the advantages of PDMS and MOFs and improve the
pervaporation performance to some extent, the acid by-
products in practical fermentation broth may destroy the
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MOFs are considered as promising templates to synthesize
nanoporous carbon materials for their structural features. By
taking advantage of MOFs, MOF-derived nanoporous carbons
not only directly inherit the hierarchical pore structure and
flexible framework of MOFs but also possess the unique
stability of carbon materials,”* ™" which will be important
candidates to fabricate stable MMMs with good separation
performance. However, the intrinsic inorganic property of
carbon materials may lead to poor compatibility with PDMS
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Figure 1. Schematic illustration. (a) Synthesis of MOF-derived nanoporous carbon P-ZNC nanoparticles. (b) Preparation of PDMS/P-ZNC mixed

matrix pervaporation membrane.

matrix, forming interfacial defects and failing to achieve high-
quality MMMs.'>** Therefore, the combination of MOF-
derived nanoporous carbons and hydrophobic modification
should be very critical to obtain sufficient compatibility with
PDMS for fabricating high-quality mixed matrix pervaporation
membranes.

Based on the above analyses, herein, we have designed
PDMS functionalized MOF-derived nanoporous carbon (P-
ZNC) as compatible nanofiller and mutually blended with
PDMS through covalent cross-linking by using a new and facile
synthetic method. The high-quality PDMS/P-ZNC mixed
matrix pervaporation membranes can be synthesized easily on
the polymer substrate (Figure 1). For carbon materials, they
usually need to oxidize the carbon materials to construct a
carboxyl group as reactive site under harsh condition, and then
carry out grafting hydrophobic molecules.*”** The related
functionalization process usually consists of very complicated
multistep reactions and increases environmental burdens.
Unconventionally, hydrophobic modification of ZNC in this
work was carried out under relatively mild UV-induced
condition within one step, simplifying the operation steps
(Figure S1). According to the solubility parameter close
principle, the ZNC modified with PDMS has good
compatibility with the PDMS matrix, greatly eliminating the
agglomeration of nanoparticles. Moreover, different from the
conventional simple blending method without forming a
chemical bond between the polymer and nanoparticles, the
PDMS part of P-ZNC nanoparticles reacts with the tetraethyl
orthosilicate (TEOS) to covalently cross-link the polymeric
matrix, effectively eliminating the interface defect between
polymer and nanoparticles (Figure S2). Further, the
introduction of hydrophobic P-ZNC not only increases
hydrophobicity of the PDMS based membrane but also

provides additional transport channel, enhancing the pervapo-
ration performance.

2. EXPERIMENTAL SETUP

2.1. Materials. n-Butanol, methanol, n-heptane, tetraethyl
orthosilicate (TEOS), dibutyltin dilaurate (DBTDL), and zinc
nitrate hexahydrate ((Zn(NO,),-6H,0)) were supplied by
Sinopharm Chemical Co. Ltd., China. 2-Methylimidazole
(Hmim) was purchased from Aladdin Co., Ltd., China. The
deionized water (ion contents ¢ < 0.5 uS cm™") is purified by
RO/EDI equipment. The poly(vinylidene fluoride) (PVDF)
ultrafiltration membrane (molecular weight cutoff of 50000
Da) was obtained from Rising Sun Membrane Technology
(Beijing) Co. Ltd, China. Polydimethylsiloxane (PDMS,
viscosity of 10000 mPa-s) was purchased from Xingfeilong
Chemical Co. Ltd., China.

2.2. Preparation of ZIF-8 Nanoparticles. Zn** solution
was prepared by dissolving Zn(NO,),-6H,0 (0.7348 g) in SO
mL methanol, and Hmim solution was prepared by dissolving
2-methylimidazole (0.8112 g) in methanol (50 mL). Zn**
solution was thoroughly mixed with Hmim solution under
stirring and then continued to stir for 10 min and left to stand
for 24 h. Then, the resulting ZIF-8 nanoparticles were
collected from the mixed solution and washed with methanol
three times. The nanoparticles were vacuum-dried at 80 °C
overnight.

2.3. Preparation of ZNC Nanoparticles. ZNC nano-
particles were prepared by carbonizing ZIF-8 under high
temperature. In detail, ZIF-8 was carbonized at 800 °C under
the condition of nitrogen flow for 8 h. The resulting black
powder was ZNC nanoparticles.

2.4. Preparation of P-ZNC Nanoparticles. As in typical
priming, PDMS and ZNC nanoparticles were dispersed into n-
heptane via stirring. The concentration of PDMS in n-heptane
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Figure 2. SEM images of ZIF-8 (a) and ZNC (b), XRD patterns (c), and FTIR spectra (d) of ZIF-8 and ZNC nanoparticles.

solution was 1 wt %. The loading capacity of ZNC in the
ZNC/PDMS mixture ranged from 1 to 10 wt % (ZNC/PDMS,
w/w). After dispersing ZNC in PDMS solution, the solution
was irradiated with ultraviolet (UV) light to induce PDMS
grafting on ZNC. Then, the P-ZNC nanoparticles were
obtained and uniformly dispersed in PDMS solution.

2.5. PDMS/P-ZNC Membrane Preparation. Catalyst
(DBTDL, 2 wt %) and cross-linking agent (TEOS, 0.1 wt %)
were directly added into the PDMS solution containing P-
ZNC under stirring to get a coating solution. Then, the
poly(vinylidene fluoride) (PVDF) substrate was horizontally
immersed into the coating solution to form a nascent
membrane. The PDMS/P-ZNC membrane was synthesized
for thermal cross-linking at 80 °C overnight.

2.6. PDMS/ZNC Membrane Preparation. The fabrica-
tion of the PDMS/ZNC membrane was similar to that of the
PDMS/P-ZNC membrane. The only difference was that the
PDMS solution containing ZNC nanoparticles without UV
irradiation directly added catalyst and cross-linking agent to get
a coating solution.

2.7. Membrane Characterization. In order to observe
the morphology of ZIF-8 particles and ZNC particles as well as
the morphology including the surface and section of
membranes, field emission scanning electron microscopy
(SEM, Hitachi S-4700) was used. The energy-dispersive X-
ray (EDX) detector loaded by SEM carried out the elemental
analysis of the membrane surface. The membrane sample is
fractured in liquid nitrogen to obtain the sample cross section.
All the samples were sprayed with gold in vacuum to improve
their electrical conductivity. The particle sizes of ZIF-8 and
ZNC were measured by particle size separation instrument
(NanoBrook Omni), and the particle size changes before and
after carbonization were analyzed. The powder was analyzed
by XRD using X'Pert PRO diffractometer (Panaco, Nether-
lands). X-ray photoelectron spectroscopy (XPS, Kratos Axis
Ultra) was used to characterize the chemical elemental
composition. The scanning range was 5—50, and the step
length was 0.02 min. Fourier transform infrared spectroscopy

15788

(FTIR, Nicolet-6700, Thermo Scientific, USA) was used to
study the chemical structure characteristics of the membrane
and nanoparticles. The water contact angles of PDMS/P-ZNC
MMMs and original PDMS films were measured by contact
angle analyzer (OceanalSEC, Data Physics) to characterize
their hydrophobicity. The images were taken after 3 uL of
water was held on the membrane surface for 10 s. Each
membrane was measured in four different positions to ensure
accuracy.

2.8. PV Experiments. PV testing of the PDMS membrane
and PDMS/P-ZNC membrane was carried out by a self-made
plate and a frame pervaporation device. A peristaltic pump was
used to keep the feed flow at 240 mL min™', and a magnetic
stirring constant temperature water bath was used to adjust the
feed temperature. The vacuum pump worked continuously to
ensure that the permeation side steam was removed, and a
vacuum gauge was used to monitor the negative pressure. The
steam on the permeation side was trapped in the cold trap
(liquid nitrogen cooling). The PV properties of MMMs were
tested at different temperatures (40—80 °C) and the same
temperature (60 °C) with different feed liquid concentration.
After the experimental equipment was operated for 1 h and
reached the stable state, sampling was started. A small amount
of acetone was added to the sample to ensure that the
components were well mixed and then the sample was
quantified by a gas chromatograph (GC 1102).

The permeability of the pervaporation membrane can be
characterized by the total flux (J), and the selectivity can be
described by the separation factor (a), which can be calculated
as follows: The permeability and selectivity of pervaporation
membranes can be characterized by the two factors of
pervaporation flux and separation factor. The total flux (J)
and separation factor (a) of the membrane are calculated as
follows:

_om
AXt

J (1)
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where m (g) is the total mass of the collected permeate in the
cold trap, t (h) is the collection time, A (m”) represents the
effective membrane area (7 cm?), and X and Y represent the n-
butanol concentration in feed and permeation solution,
respectively.

2.9. Solvent Uptake Test. The interaction between the
permeable component and the pervaporized membrane can be
understood by the solvent uptake test. Before the test, the
samples were dried at 80 °C for 24 h. After drying, the mass of
each membrane was accurately weighed, and then the
membrane samples were placed in pure water and 5 wt % n-
butanol aqueous solution, respectively. After soaking for 48 h,
the sample membrane was removed, the residual water or
solution on the surface of the film was quickly cleaned off, and
the sample was quickly weighed. The calculation formula of the
solvent uptake of the membrane is as follows:

ms — my
solvent uptake(%) = ——— X oven

g (3)

where my and m,, respectively, represent the weight of
membrane samples before and after immersion.

3. RESULTS AND DISCUSSION

The preparation process of MOF-derived nanoporous carbon
P-ZNC nanoparticles is illustrated in Figure la. After
carbonization of ZIF-8 particles, the morphology of the ZNC
nanoparticles was a thomboid dodecahedron structure, which
was relatively complete and inherited the crystal structure of
ZIF-8 (Figure 2a and b). The average particle size of ZNC
nanoparticles was 413.9 nm and was smaller than that of ZIF-8
(465.7 nm) (Figure S3). The reason for the size reduction of
ZNC nanoparticles was that the structure of the porous carbon
nanoparticles shrunk slightly during the process of high-
temperature calcination. ZIF-8 and ZNC nanoparticles were
characterized by XRD to understand the changes of ZIF-8
nanoparticles before and after calcination, and the results are
shown in Figure 2c. The diffraction peak of obtained ZNC was
consistent with peaks of ZIF-8, which showed that ZNC
retained the original crystal structure of ZIF-8.*> FTIR was
used to analyze the chemical construction of ZIF-8 and ZNC
(Figure 2d). For ZIF-8 nanoparticles, the spectral band in the
range of 1550—600 cm™' is the stretching vibration and
bending vibration absorption peaks of the imidazole ring, and
the spectral band at 422 cm™" is the stretching vibration of the
Zn—N ring.*® For ZNC, a new peak appeared at 1135 cm™,
corresponding to the vibration absorption peak of the
amphoteric zinc hydroxide hydroxyl group.”” It can be inferred
that ZnO was generated after the calcination of ZIF-8, and the
water from the atmospheric environment adsorbed on the
surface of ZnO to form Zn(OH), which provided active sites
for further functionalization. The ZNC were dispersed in
PDMS solution and irradiated with ultraviolet (UV) light to
obtain P-ZNC which grafted PDMS. From $4, the Si—O—Zn
bond (531.3 eV), resulting from the grafting of PDMS on the
ZNC surface, was revealed.>® A sedimentation test of ZNC and
P-ZNC in PDMS solution was run (Figure S5). The result
showed that ZNC settled rapidly within 20 min, while
modified P-ZNC remained suspended, indicating that the
surface grafting rather than physical deposition of PDMS
effectively improved the dispersibility of ZNC.

The PDMS/P-ZNC membrane was prepared on the PVDF
substrate by the dip-coating method (Figure 1b). The
morphologies of PDMS/P-ZNC and PDMS membranes
were characterized by SEM (Figure 3). After introducing P-

Figure 3. Surface and cross-section SEM images of PDMS/P-ZNC (a,
c) and PDMS (b, d) membranes.

ZNC nanoparticles, there was no visible agglomeration of the
PDMS/P-ZNC membrane after incorporating P-ZNC nano-
particles. From Figure 3c and d, it can be found that the
thickness of the selective layer of PDMS/P-ZNC membrane is
16.0 pm, which is lower than that of PDMS membrane (22.6
um). This may be because the molecular chain of PDMS
became shorter, and the viscosity of P-ZNC dispersions
decreased during the UV grafting reaction. In addition, the Zn
element was well distributed (Figure 4), indicating that P-ZNC

Figure 4. EDXS mapping of PDMS/P-ZNC membrane: (a) O, (b)
Si, (c) Zn, and (d) C.

was uniformly distributed in the PDMS matrix. The excellent
compatibility of the PDMS/P-ZNC membrane may be a
resulted of the covalent link between the PDMS matrix and P-
ZNC eliminating the interfacial defects between P-ZNC and
the PDMS matrix.

To confirm the successful grafting of PDMS, FTIR was used
to analyze the chemical structure of PDMS and PDMS/P-
ZNC membranes (Figure S). For pristine PDMS membrane,
the characteristic peak at 1257 cm™' corresponds to the
symmetric bending vibration of —CH; in Si-CHj, the

https://doi.org/10.1021/acsomega.2c00881
ACS Omega 2022, 7, 15786—15794


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00881/suppl_file/ao2c00881_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00881/suppl_file/ao2c00881_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00881?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00881?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00881?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00881?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00881?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00881?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00881?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00881?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
~
=. 1
s W
g |p-zNcanvvvs 1
< i-O-
E Si-O-Zn
£
)
=
<
& |pomspvDE

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure S. FTIR spectra of PDMS and PDMS/P-ZNC membranes.

characteristic peak at 1007 cm™" corresponds to the stretching
vibration of Si—O—Si, and the characteristic peak at 786 cm™'
corresponds to the stretching vibration of —CHj in Si-CHj.
Compared with the PDMS membrane, the peak area of the
PDMS/P-ZNC membrane at 909 cm ™" significantly increased,
corresponding to the Si—O—Zn stretching vibration, proving
that chemical cross-linking between PDMS and ZNC nano-
particles occurred.” In addition, after immersing the PDMS/
ZIF-8 and PDMS/P-ZNC membranes into 4 g/L acetic acid
for 12 h, it was found that the PDMS/ZIF-8 membrane formed
a pinhole, but the PDMS/P-ZNC membrane still retained its
integrity and had no defects (Figure 6), showing that the
PDMS/P-ZNC membrane had better acid-stability.

Figure 6. SEM images of PDMS/ZIF-8 (a) and PDMS/P-ZNC (b)

membranes after immersing into 4 g/L acetic acid for 12 h.

The influence of P-ZNC on the hydrophobicity of PDMS
membranes was investigated. From Figure 7, it is obvious that
the P-ZNC had a positive effect on the hydrophobicity of
PDMS/P-ZNC membrane and generally increased with the
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Figure 7. Static water contact angle of PDMS/P-ZNC membranes
with different loading.

increase of P-ZNC loading. When the P-ZNC loading amount
of PDMS/P-ZNC membrane was 7 wt %, the water contact
angle reached the maximum of 129.3 + 3.2°, which was much
higher than that of the original PDMS membrane (100.7 +
3.3°). However, when the doping amount further reached 10
wt %, the water contact angle of PDMS/P-ZNC membrane
decreased to 126.0 + 4.0°, maybe resulting from the inevitable
accumulation of P-ZNC nanoparticles leading to the extensive
change of surface property. The swelling experiments of
membranes in pure water and 5 wt % n-butanol aqueous
solution were tested (Figure 8). The swelling degree of the

35— PDMS/ZNC (water)
—&@— PDMS/P-ZNC (water)

PDMS/ZNC (5% butanol solution)
28 ]—p— PDMS/P-ZNC (5% butanol solution)
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Figure 8. Solvent uptake of pure PDMS membrane and PDMS/P-
ZNC membrane in water and 5.0 wt % butanol solution.

membrane in n-butanol solution was greater than that in water
solution, because the hydrophobic PDMS selective layer had
better affinity toward butanol. Compared with the original
PDMS membrane, introduction of both ZNC and P-ZNC
nanoparticles into the PDMS matrix increased the hydro-
phobicity of the resulting membranes. The swelling degree of
PDMS-based membranes were in the sequence of PDMS/P-
ZNC > PDMS/ZNC > PDMS membrane. ZNC modified by
PDMS has enhanced hydrophobicity of PDMS-based mem-
branes, further increasing the affinity toward butanol and
improving the swelling degree of membranes.

The effect of MOF-derived nanoporous carbon on the
pervaporation performance of PDMS-based membranes was
tested for separating a 1 wt % butanol solution at 60 °C. For
the pristine PDMS membrane, the total flux was 675.2 g m™>
h™' and the separation factor was 33.7. After incorporating
ZNC nanoparticles, although the total flux of PDMS/ZNC
membranes increased up to 837.8 g m™> h™', the selectivity
slightly decreased by 8.7% to 30.8 (Figure 9). Because the
permeable components entered into the membrane and
preferentially passed through the pores of ZNC quickly,
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Figure 9. PV performance of pure PDMS, PDMS/ZNC, and PDMS/
P-ZNC membranes.
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membrane flux improved. The decrease of separation factor
may be due to the poor compatibility between ZNC and the
PDMS matrix, leading to an increase in the nonselective
defects, thus reducing the selectivity of the PDMS/ZNC
membrane. Compared with the PDMS/ZNC membrane, the
flux and separation factor of the PDMS/P-ZNC membrane
were further improved to 10354 g m™> h™' and 40.7,
respectively. Compared with ZNC, the PDMS-modified
ZNC (P-ZNC) exhibited a lower BET surface area, total
pore volume, and micropore volume, owing to the pores being
partially occupied by PDMS. Thus, compared with the pure
membrane, the total flux of PDMS/ZNC slightly increased.
For the PDMS/P-ZNC membrane, even though the BET
surface area, total pore volume, and micropore volume of P-
ZNC further decreased, the ZNC nanoparticles modified by
PDMS had better affinity with PDMS and dispersed more
uniformly in the PDMS matrix, avoiding the agglomeration of
nanoparticles and improving the separation performance of the
PDMS/P-ZNC membrane. Moreover, compared with the
PDMS membrane, the PDMS/P-ZNC membrane presented
better separation performance with the separation factor and
flux increased by 20.7% and 53.3%, respectively. The
separation performance of PDMS/P-ZNC membranes with
different loading was further demonstrated (Figure 10a). With
increasing loading of P-ZNC, the flux and separation factor of
PDMS/P-ZNC membranes increased first and then decreased.
The strong hydrophobicity of P-ZNC made butanol
preferentially diffused into the inner selective layer, thus
increasing the selectivity of the membrane. When P-ZNC
loading was 7 wt %, the separation factor of the PDMS/P-ZNC
membrane reached the maximum of 43.5. However, when the
loading was too large, P-ZNC agglomeration would inevitably
occur in the membrane, resulting in the increase of
nonselective defects in the membrane and thus reducing the
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selectivity of the membrane. Meanwhile, the flux of PDMS/P-
ZNC membranes had the similar phenomena of the separation
factor.

As illustrated in Figure 10b and Figure S6, with the increase
of the feed liquid temperature, the total flux showed an
increasing trend from 641.7 to 1245.6 g m™ h7}, and the
separation factor increased from 36.9 to 40.7. To investigate
the effect of feed temperature on the total flux, the Arrhenius
equation was applied (Figure 10c).”” It can be concluded that
the increase of temperature contributed to the increase of flux
and the increase of the transmembrane vapor pressure
difference of each component at a higher temperature, which
improved the transport driving force. According to the
formula, the apparent activation energy of n-butanol and
water was 15.9 and 13.0 kJ mol™, respectively.*” The higher
apparent activation energy indicated that water membrane
permeability was more sensitive to temperature. Therefore, the
butanol flux of membrane increased faster than water flux with
the increase of temperature. Evaporation enthalpy was also
extracted from the apparent activation energy to calculate the
osmotic activation energy. Evaporation enthalpy is extracted
from the apparent activation energy to calculate the osmotic
activation energy E,; of component i

Ep,i = Ea,i - AI_Iexp,i

(4)

where AH,,,; is the enthalpy of evaporation of the component
i, AH,,,; of the water and n-butanol are AH,,,, = —42.8 kJ
mol ™! and AH,,, =437k mol ™. E,; can also be expressed

by the following formula:

E,; = AH,; + Ep, (s)

where AH,; represents the i enthalpy of dissolution, Ep; is the
diffusion activation energy of component i. The osmotic
activation energies of the effluent and n-butanol were
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calculated as —30.3 and —29.8 k] mol ™, respectively. Since the
pervaporation process of a two-component system such as
water and butanol is an exothermic process, we can conclude
that the dissolution process is the rate-controlling step of
pervaporation. Thus, when the feed temperature increased,
butanol which was more sensitive to temperature than water
dissolved preferentially, leading to improvement in the
separation factor. At temperatures above 60 °C, butanol flux
increased more slowerly than water flux, showing that water
diffusion played a dominant role and thus resulted in the
separation factor decrease. The influence of feed concentration
was also studied. As feed n-butanol concentration increased,
the total flux of PDMS/P-ZNC membrane increased linearly
from 1035.4 to 2007.1 g m™> h™, but the separation factor
decreased gradually from 40.7 to 36.9 (Figure 10d). This is
due to the synergistic effect of the driving force and membrane
expansion.””™ At the same time, the free volume and the
elasticity of the polymer chain increased, enhancing the ability
of water to penetrate the membrane, so the total flux continued
to increase. Compared with other carbon-based MMM,
PDMS/P-ZNC MMMs possessed both competitive flux and
separation factor (Table S2) and had good long-term stability
(Figure 11). Moreover, according to the mechanism of our
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Figure 11. Long-term PV performance of PDMS/P-ZNC membrane
for separating 1.0 wt % butanol solution at 60 °C.

strategy, defect-free PDMS-based MMMs incorporating other
UV-induced modified MOFs such as ZIF-67 derived porous
carbon can also be prepared (Figure S7).

4. CONCLUSIONS

In summary, we report a new dip-coating and thermal cross-
linkng method to fabricate defect-free PDMS-based MMMs by
using functionalized MOF-derived nanoporous carbon as a
compatible nanofiller. Unlike previous reports, hydrophobic
modification of ZNC under mild UV-induced conditions
avoided complicated multistep reactions and related environ-
mental burdens. Since functionalized ZNC had good
compatibility with the PDMS matrix, the agglomeration
problem can be solved. Moreover, different from the simple
blending method, P-ZNC covalently the cross-linked poly-
meric matrix and effectively eliminated the interface defect
between polymer and nanoparticles. The prepared PDMS/P-
ZNC membranes with enhanced hydrophobicity had com-
mendable structures and acid stability and exhibited excellent
permeation flux and separation factor toward dilute n-butanol
solution. When the loading amount was 7 wt %, the total flux
of the resulted PDMS/P-ZNC membrane reached 10354 g
m~2 h™’, the separation factor was 40.7, which was 20.7% and
53.3% higher than that of the pure PDMS membrane,
respectively; and as the feed n-butanol temperature increased,
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the total flux of the PDMS/P-ZNC membrane further
increased to 1245.6 g m™ h™". In addition, our strategy
displays a great applicability and can be engaged in
synthesizing versatile MOF-based mixed matrix membranes
on different substrates, which offers good opportunities for
facile construction of stable and uniform MOF-derived
composite membranes.
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