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ABSTRACT: It is still a great challenge to prepare high performance mixed matrix membranes (MMMs) because of the
difficulty in finely tuning the compatibility between filler and organic phases. In this work, ZIF-8 nanoparticles

hydrophobically functionalized by 5, 6-dimethylbenzimidazole (DMBIM) via shell ligand exchange (SLE) reaction were
incorporated into polydimethylsiloxane (PDMS) matrix to fabricate defect-free MMMs. Organic-—inorganic interface
compatibility was realized because of more abundant organic ligands from DMBIM. The effects of different loadings on
membrane microstructure and gas separation performance were investigated systematically. A significantly enhanced
C3Hg/N, separation performance with C3Hg permeability over 2.10 x 10* Barrer (91 % higher than that of pure PDMS
membrane) and C3Hg/N, selectivity of 99.5 (116 % higher than that of pure PDMS membrane) were achieved. Additionally,
the as-prepared membrane also exhibited excellent stability during long term operation. © 2016 Curtin University of
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hydrocarbon recovery
INTRODUCTION

Hydrocarbon is one of the most serious pollutants in
urban life, which mainly remains in off-gas streams in
gasoline station. It is necessary to recover
hydrocarbons for protecting environment and human
health.! Among different recovery technologies,
membrane gas separation shows apparent advantages
such as easP/ fabrication, low cost, and energy
effectiveness.”?! The gas separation performance of
membranes mainly depends on the membrane
materials.”*'  To date, glassy polymers (e.g.
polyacetylenes ! and polynorbornenes '°') and rubbery
polymers such as polydimethylsiloxane (PDMS) "' are
the major membrane materials applied in hydrocarbon
recovery. Compared with other membrane materials,
PDMS is a promising material to be used for separating
hydrocarbons because of the high permeability, good
chemical stability, and low cost. However, membranes
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of traditional polymeric materials including PDMS are
often restricted by the swelling of chains, which results
in the si§niﬁcant decrease of separation perfor-
mance. %!

Traditionally, polymeric membranes are restricted by
trade-off effect, namely high selectivity and
permeability are hard to be obtained simultaneously.
In order to improve the membrane separation Perfor—
mance, mixed matrix membranes (MMMs) 411 were
proposed and have attracted much attention. They
combine the advantages of both the high performance
of fillers and easy fabrication of polymeric membranes.
Different organic or inorganic materials were
investigated as dispersion phase to improve the
performance of membranes, such as zeolite,[12_14]
silica,'"> carbon nanotube,"® graphene oxide,
and metal organic frameworks (MOFs).”S_ZO]
Nowadays, MOFs have become one of the most
popular materials for developing in MMM:s, 2!~
owing to its high flexibility and tunable physi-
cochemical properties. Zeolitic imidazolate framework
(ZIF)-8, a typical member of ZIFs family, is formed
by coordination of metal ions Zn®>* and
2-dimethyimidazole with a sodalite topological
structure. It has been widely studied because of its

[17]
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unique molecular sieving structural pores, excellent
thermal and chemical stability,'*”! large surface area,
and specific adsorption properties.”?®! Additionally, it
has been proved that ZIF-8 can exhibit much higher
adsorption ability of h;/drocarbons than that of nitrogen
or other light gases.'”~% As a result, ZIF-8 and its
MMMs have shown great potential in gas separation
especially the recovery of hydrocarbons.

Generally, the key factor for fully utilizing the
functionality of fillers (e.g. ZIF-8) is to obtain desirable
dispersibility in polymeric matrix. Li et al.”*® prepared
ZIF-8 MMMs, but a limited selectivity was obtained.
Physical methods like powerful sonication is usually
applied; fillers aggregation cannot be completely
avoided.  Alternatively, chemical = modification
approaches are needed for further improving the
interface compatibility between dispersion phase and
polymeric matrix.*! Our group developed surface
grafting method to realize the homoigenous dispersion
of ZSM-5 zeolite in PDMS matrix,”*" which exhibited
a good ethanol/water separation factor. Vankelecom
et al.**! used silylation treatment to modify zeolite to
improve the fillers dispersion in the polymer. Also, Yi
et al'®' incorporated silicalite-1 modified by
vinyltriethoxysilane (VTES) to prepare the silicalite-1/
PDMS hybrid membrane. Chung ef al.®** incorporated
ZIF-71 nanoparticles (<100 nm) boosted the
molecular-sieving properties of tris (2-aminoethyl)
amine-treated MMMs by constructing surface
nanometric layer via vapor cross-linking.

In this work, ZIF-8 nanoparticles were effectively
functionalized by 5,6-dimethylbenzimidazole
(DMBIM) through shell ligand exchange (SLE)
reaction. After functionalization, the ZIF-§-DMBIM
nanoparticles became much more hydrophobic than
pristine ZIF-8. For the first time, ZIF-8-DMBIM
nanoparticles are introduced into PDMS matrix to
prepare MMMs for propane/nitrogen separation. The
schematic diagram describing the preparation of the
SLE reaction was shown in Fig. S1 (ESI}).
Additionally, the dispersibility of ZIF-8 nanoparticles
in MMMs was effectively enhanced after surface
functionalization by DMBIM. The as-prepared
membranes with homogenously dispersed ZIF-8-
DMBIIM nanoparticles are expected to effectively
improve the separation performance of hydrocarbon.
The effect of MOF nanoparticles loading on the gas
separation performance as well as long-term operation
test were also carried out and investigated.

EXPERIMENTAL SECTION

Materials

Polydimethylsiloxane (o, ®-dihydroxypolydimethylsi-
loxane, Mw = 60 000) was obtained from Shanghai

© 2016 Curtin University of Technology and John Wiley & Sons, Ltd.
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Resin Factory Co., Ltd., China. Tetraethylorthosilicate,
n-heptane, and dibutyltin dilaurate were supplied by
Sinopharm Chemical Reagent Co., Ltd, China. Zinc
nitrate hexahydrate (Zn, Zn(NO3),-6H,0, 99%) was
supplied by Aladdin and 2-methylimidazole (Hmin,
C4HgN,, 98%) was supplied by Sigma-Aldrich (USA).
Methanol were purchased from Wuxi City Yasheng
Chemical Co., Ltd (Wuxi, China). Poly(vinylidene
fluoride) (PVDF) supports were purchased from Solvay
(Cranbury, New Jersey, USA). All of the materials were
used without further purification.

Synthesis of zeolitic imidazolate framework-8
and zeolitic imidazolate
framework-8-5,6-dimethylbenzimidazole
nanocrystals

Zeolitic imidazolate framework-8 nanocrystals were
prepared according to the reported literature.”*>! Typically,
a solution of Zn(NOs),'6H,0(2.933 g, 9.87 mmol) in
200 mL of methanol mixed with a solution of Hmim
(6.489 g, 79.04 mmol) in 200 mL of methanol. Then,
the mixed solution was stirring with a magnetic bar. After
1 h, the bulky solution are separated by centrifugation and
washed with fresh methanol three times. Finally, crystals
are dried at 40 °C in air.

Zeolitic imidazolate framework-8-DMBIM
nanocrystals were prepared through SLE reaction."*®!
DMBIM  (5,6-dimethylbenzimidazole), methanol,

trimethylamine, and treated ZIF-8 nanocrystals were
dispersed in methanol in a Teflon container (mass ratio:
ZIF-8-DMBIM-trimethylamine-MeOH=1:1:0.7:160)
and were stirred for 1 h. After that, it was taken into an
oven at 60 °C for 15 h. The product was separated by
centrifugation and washed with fresh methanol for later
use. Finally, crystals are dried at 40 °C in air.

Fabrication of membrane

A certain amount of ZIF-8-DMBIM nanoparticles were
dispersed in n-heptane and stirred for 30 min. Then,
they were sonicated by probe-type sonicator
(SCIENTZ, Ningbo, Zhejiang, China) at a power of
300 W for 30 min in an ice bath. PDMS polymer was
uniformly dissolved in n-heptane, and then a certain
amount of tetraethylorthosilicate and dibutyltin dilaurate
were added into the mixed solution, respectively.”!
Then, ZIF-8-DMBIM nanoparticle suspensions were
added into the beaker, and the resulting solution were
stirred and cross-linked for another 5 h. Finally, the
solution was casted on a PVDF substrate with a doctor
blading. The resulted membrane was under the room
temperature for 24 h to evaporate the guest molecule,
and then dried in oven at 120 °C for 24 h. The thickness
of the ZIF-8§-DMBIM-PDMS MMMs ranged from 8 to
15 um. ZIF-8-DMBIM loading of these MMMs was
varied as 0, 5, 10, 20, and 30 wt%, respectively.
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Similarly, the unmodified ZIF-8 was incorporated into
PDMS polymer to fabricate ZIF-8-PDMS MMMs as
the control samples.

Characterization

The morphology of ZIF-8, ZIF-8-DMBIM nano-
particles and composite membranes were examined
by field emission scanning electron microscope
(FESEM, S4800, Hitachi, Japan). Nitrogen, propane
adsorption and desorption isotherms (77 K) of ZIF-8
and ZIF-8DMBIM nanoparticles were carried out by
thermogravimetric analysis (TGA, NETZSCH STA
449F3).  Fourier transform  infrared (FT-IR,
Nicolet8700, Nicolet, USA) spectra were recorded in
spectrophotometer with the range of 400—4000 cm ™!,
using the KBr disk technique. ZIF-8 and ZIF-8-
DMBIM nanocrystals were examined by X-ray
diffractometer (XRD, Bruker, D8 Advance, Germany)
using Cu Ko radiation, in the range of 5-50° with an
increment of 0.5° at room temperature. The static
contact angles of ZIF-8 and ZIF-8-DMBIM
nanoparticles were characterized by contact angle
measurement system (DSA100, Kruss, Germany) at
room temperature. ZIF-8 and ZIF-8-DMBIM
nanoparticle samples were processed into thin films,
respectively. The results of contact angles were read
within 30 s after depositing 8 puL. of the probe liquid
on the substrate. Each data point reported in this paper
represents an average of five measurements on
different areas of the same sample and has an error less
than 41.5°. Differential scanning calorimetry (DSC,
Q2000, TA Instruments, USA) measurements were
conducted from —130 to 20 °C in N, atmosphere.

Gas permeation test

Single gas permeation test was conducted to investigate
the performance of the membrane by the method
reported in our previous work.*® The test was
conducted via constant-pressure, variable-volume
method with a transmembrane pressure of 0.3 MPa at
the temperature of 25 °C. Gas flow rates were detected
with a bubble flow meter. The specimen was cut into
circular disks and mounted onto the home-made
permeation cell. The effective permeation area of flat
composite membrane was 4.91 cm?.

It is well known that the mass transport in dense
polymeric membranes follows the solution-diffusion
mechanism. Each measurement was calculated at least
five times. After the system reached steady state, we
can use the following equation:

p_ L 27315 1 Pun (dV W
CAp 27315+T A 76 \ dt

3

where P is the gas permeability [1 barrer = 1071 cm
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(STP) cm/(cm?s-cmHg)], Ap is the transmembrane
pressure (atm), p,,, is the atomospheric pressure
(atm), and T is the room temperature (°C). A is the
effective permeation area (cm?), and dV/dt is the
volumetric displacement rate in the bubble flow meter.
The ideal separation factor which is the ratio of
permeability of the individual gas can be expressed as
follows:

o=
Py

2

where P, and Pjp are the permeability of pure gas A
and B, respectively.

RESULTS AND DISCUSSION

Morphologies of zeolitic imidazolate
framework-8 and zeolitic imidazolate
framework-8-5,6-dimethylbenzimidazole
nanoparticles

As shown in Fig. 1, both of ZIF-8 and ZIF-8-DMBIM
exhibited isometrical nanoparticles with narrow size
distribution. All these nanoparticles are with the
morphology of hexagonal envelope and sharp
edges.*”! The average size of ZIF-8 nanoparticles is
about 100 nm, while ZIF-8-DMBIM nanoparticles are
with slightly larger particle size which can be due to
the outside grafting of the shell made of DMBIM.
Additionally, the size distribution of ZIF-8-DMBIM
nanoparticles was shown in Fig. S2 (ESIf). The static
contact angle images of water droplets for ZIF-8 and
ZIF-8-DMBIM nanoparticles were shown in the
inserted in Fig. la and b. Compared with ZIF-8
nanoparticles, ZIF-8-DMBIM nanoparticles showed a
significant increase of the contact angle from 67° to
123°, suggesting the hydrophobicity of the DMBIM
shell outside the ZIF-8 nanoparticles. XRD patterns
of ZIF-8 and ZIF-8-DMBIM nanocrystals are shown
in Fig. 2, which indicate t{ygical crystalline ZIF-8
structure (sodalite topology).””? It confirms that after
surface  functionalization, the ZIF-8-DMBIM
nanoparticles can still retain the original crystal
structure.

Physicochemical properties of zeolitic
imidazolate framework-8 and zeolitic
imidazolate
framework-8-5,6-dimethylbenzimidazole
nanoparticles

The DMBIM grafting of ZIF-8 nanoparticles was
further verified by FT-IR spectra. The range of
wavenumber is from 700-800 and 3055-3300 cm™!.

Asia-Pac. J. Chem. Eng. (2016)
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Figure 1. Field emission scanning electron microscope (FESEM) images of (a) zeolitic
imidazolate framework (ZIF)-8 and (b) ZIF-8-DMBIM nanocrystals. The insets are the
static contact angle images of water droplets corresponding to the FESEM images.
(c) and (d) are the FESEM images at higher magnification of ZIF-8 and ZIF-8-5,6-
dimethylbenzimidazole nanocrystals, respectively.

Compared with ZIF-8 nanoparticles, the spectrum of
ZIF-8-DMBIM nanoparticle appears two new peaks
at about 815 and 850 cm~!, which are corresponding
to the C-H out-of-plane deformation vibrations of the
phenyl rings in DMBIM (Fig. 3a). It suggests that
DMBIM has been grafted onto the ZIF-8. Furthermore,
the broad band N-H stretching vibrations disappeared
at 3100 cm~! and a red shift at around 840 cm™!,
which can be explained by the process of

| ‘l 1 ZIF-8 nanoparticles

w 20 3 4 50
2 Theta(degree)

Intensity

ZIF-8-DMBIM nanoparticles

Al A

Figure 2. XRD patterns of zeolitic imidazolate framework-8
(ZIF-8) and zeolitic imidazolate framework-5,6-dimethylben-
zimidazole (ZIF-DMBIM) nanoparticles, respectively.

© 2016 Curtin University of Technology and John Wiley & Sons, Ltd.

deprotonation-coordination. *®" Thermogravimetric

analysis (TG) curves of ZIF-8 and ZIF-8-DMBIM
nanoparticles are shown in Fig. 3b to analyze the
thermal properties. Both of ZIF-8 and ZIF-8-DMBIM
nanoparticles showed the mass fraction decreased at
about 600 °C. ZIF-8-DMBIM nanoparticles remain
good thermal stability, because they show similar TG
curves with that of ZIF-8 nanoparticles. N, sorption
isotherm (77 K) and pore size analysis of ZIF-8 and
ZIF-8-DMBIM nanoparticles are shown in Fig. 4a.
Because of existence of micropores, a rapid volume
increase of adsorption at low relative pressure can be
observed. The following uptake at high relative
pressure is due to the existence of structured
macropores formed by incomplete packing of
nanoparticles. The isotherm curves (both adsorption
and desorption branches) of ZIF-8-DMBIM are
consistent with that of ZIF-8 nanoparticles. ZIF-8 is a
highly porous material, which enables it a high
Brunner-Emmet-Teller (BET) surface areas. After
SLE reaction, there appeared a slight decrease in BET
surface area (from 1527.9 to 1224.5 m?/g) because of
the DMBIM shell outside the ZIF-8 nanoparticles. The
inset of Fig. 4a shows pore size distribution between
ZIF-8 and ZIF-8-DMBIM nanoparticles.

We also measured gas adsorption properties (C3Hg
and N,) of ZIF-8 and ZIF-8-DMBIM at room
temperature. As is shown in Fig. 4b, the maximum
uptake amount for C3Hg of ZIF-8 nanoparticle is 7

Asia-Pac. J. Chem. Eng. (2016)
DOI: 10.1002/apj
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Figure 3. (a) Fourier transform infrared (FTIR) spectra of zeolitic imidazolate framework (ZIF)-8(red),
5,6-dimethylbenzimidazole (DMBIM) (black), and ZIF-8-DMBIM (blue). (b) TG curves of ZIF-8 (black)
and ZIF-8-DMBIM (red) nanoparticles. The insets are the Derivative thermogravimetric analysis (DTG)
images of ZIF-8 (black) and ZIF-8-DMBIM nanoparticles (red), respectively.
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Figure 4. The N2 adsorption and isotherm (77 K) and (inset) pore size analysis of zeolitic imidazolate
framework (ZIF)-8(black) and ZIF-8-5,6-dimethylbenzimidazole (DMBIM) (red). (b) N2 and C3H8
adsorption and desorption isotherms of ZIF-8 and ZIF-8-DMBIM nanoparticles at room temperature

(25 °Q).

times higher than that of N, The same characteristic
is observed in ZIF-8-DMBIM nanoparticles. This is
owing to the high adsorption selectivity of C;Hg/N,
of the ZIF-8 nanoparticles. The gas adsorption of
ZIF-8-DMBIM nanoparticles decreased a little
because of the minor decrease in BET surface area.
At the pressure of 0.1 MPa, C;Hg/N, adsorption
selectivity of ZIF-8-DMBIM (55.2) is slightly higher
than that of ZIF-8 nanoparticles (47.8). The result
indicates that SLE reaction modification of DMBIM
did not damage the 3D framework of ZIF-8 and
maintain good adsorption ability for propane.
Additionally, the SLE reaction increases the amount
of organic ligands of ZIF-8 nanoparticles, which can
enhance the compatibility between ZIF-8 filler and
polymer matrix. Therefore, we expected that the
incorporation of ZIF-8-DMBIM nanoparticles with
preferential C;Hg adsorption property into PDMS
matrix can realize fast and selective transport for
C;Hg molecules.

© 2016 Curtin University of Technology and John Wiley & Sons, Ltd.

Membrane characterization

Morphologies

Figures 5a—b show the FESEM images of PVDF
supported pure PDMS membranes. The surface of pure
PDMS membrane is very smooth without defects. The
PDMS layer adheres well to the support layer. SEM
images of membrane with 10 wt% ZIF-8 loading
(Fig. 5c—d) show that the surface of the membrane
appeared many bulges, whose sizes are larger than the
particle size of ZIF-8, indicating that ZIF-8
nanoparticles were severely agglomerated in the PDMS
matrix. Surface and cross-sectional morphology of
ZIF-8-PDMS membranes with different ZIF-8 loading
were shown in Fig. S3 (ESIf). With the increase of
ZIF-8 nanoparticles loading, the aggregation becomes
more significant. Meanwhile, FESEM images of
membranes at 10 wt% ZIF-8-DMBIM loading
(Fig. 5e—f) show that the ZIF-8-DMBIM nanoparticles
were closely embedded in the PDMS matrix with no

Asia-Pac. J. Chem. Eng. (2016)
DOLI: 10.1002/apj
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Figure 5. Field emission scanning electron microscope images of the (a)
surface and (b) cross-section of polydimethylsiloxane (PDMS) membrane. (c)
Surface and (d) cross-section of zeolitic imidazolate framework (ZIF)-8/PDMS
membrane with ZIF-8 loading of 10 wt%; (e) Surface and (f) cross-section of
ZIF-8-5,6-dimethylbenzimidazole (DMBIM)/PDMS membrane with ZIF-8-
DMBIM loading of 10 wt%. White dashed cycles indicate the aggregation of
metal organic framework particles.

voids. In contrast to the ZIF-8 particles in Fig. 5c—d, the that the DMBIM shell endows ZIF-8-DMBIM
ZIF-8-DMBIM  nanoparticles  were  dispersed additional organic ligands that improves the interfacial
homogeneously in the PDMS matrix. This is because compatibility between MOFs nanoparticles and
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Figure 6. X-ray diffractometer patterns of (a) zeolitic imidazolate framework (ZIF)-8-
polydimethylsiloxane and (b) ZIF-8-5,6-dimethylbenzimidazole (DMBIM)-polydimethylsiloxane mixed
matrix membranes with different loadings.
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polymer chains. The morphology of ZIF-8-DMBIM-
PDMS membranes with different ZIF-8-DMBIM
loadings are shown in Fig. S4 (ESI¥).

Microstructure

X-ray diffractometer patterns of ZIF-8-PDMS and ZIF-
8-DMBIM-PDMS MMMs with different loadings are
shown in Fig. 6. A broad diffraction was found at
around 13°, corresponding to the cross-linked PDMS.
The intensity of the PDMS peak increased with the
ZIF-8-DMBIM loading, which may due to the
increased thickness of membranes. Therefore, the peak
intensity ratio of ZIF-8 (at 7°) to PDMS (at about 13°)
and ZIF-8-DMBIM (at 7°) to PDMS (at about 13°)
were calculated to eliminate the influence of membrane
thickness, respectively. Figure 6 shows that the peak
intensity ratios of both ZIF-8 and ZIF-§-DMBIM to
PDMS increased proportionally with MOFs content.
This result demonstrates that the physical incorporation
of ZIF-8 and ZIF-8-DMBIM in PDMS matrix, which
would not destroy the network of cross-linked PDMS
network.

Fourier transform infrared spectra of ZIF-8, ZIF-8-
DMBIM nanoparticles, ZIF-8-PDMS, and ZIF-8-
DMBIM-PDMS MMMs are presented in Fig. 7.
Typically, Si-O-Si asymmetric stretching vibration
(1080 and 1010 cm™!) and Si-O-Si symmetric
stretching vibration (1080 and 1010 cm™!) are
consistent with chemical structure of the PDMS. It
seems that the characteristic peak of ZIF-8-DMBIM
nanoparticles did not appear in the spectra of ZIF-8-
DMBIM-PDMS MMMs, because it was overlapped
with the characteristic peaks of PDMS matrix. The
spectra of ZIF-§-DMBIM-PDMS MMMs with
different loadings did not appear with new
characteristic peaks, indicating that there is no
chemical reaction during the incorporation process.
This is also in agreement with the analysis of XRD

MIXED MATRIX MEMBRANES

patterns. Similar features are also observed in the
spectra of ZIF-8§ MMMs.

Thermal properties of mixed matrix
membranes

Thermogravimetric analysis was carried out to further
investigate the thermal properties of MMMs. As
shown in Fig. 8a, the degradation point of pure PDMS
membrane is about 398 °C. Meanwhile, ZIF-8-PDMS
(10 wt%) and ZIF-8-DMBIM-PDMS (10 wt%)
MMMs both showed an excellent stability with a
higher degradation temperature (>440 °C), which
indicates that the thermal stability were enhanced by
incorporating ZIF-8 nanoparticles. Moreover, the glass
transition temperature (7,) is an important parameter
to estimate the chain rigidity of polymer materials.
Table 1 lists the 7, of pure PDMS membrane and
ZIF-8-DMBIM-PDMS membranes with different
loadings. With increasing ZIF-§-DMBIM nano-
particles loading from O to 5 wt%, T, increased
sharply from —133.4 to —121.8 °C. This can be
owing to the strong MOF-polymer interaction by
interfacial ~ functionalized by DMBIM. Further
increasing the loading of ZIF-8-DMBIM nanoparticles
from 5 to 20 wt%, T, remains almost unchanged
because of gradual aggregation of MOFs particles at
high nanoparticle loadings. The polymer chain
rigidification near the MOFs surface probably resulted
from the inhibited isotropic contraction of the
polymer. When the loading of ZIF-8-DMBIM
nanoparticles is increased to 30 wt%, Tg increased
again to —118.7 °C. The aggregation of MOFs
particles increased the contact area between the
particle and polymer chain, which have a more effect
on the inhibition of the polymer contraction, thus
leading to a larger thickness of rigidified polymer
region.
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Figure 7. Fourier transform infrared (FTIR) spectra of (a) ZIF-8 nanoparticle zeolitic imidazolate
framework-8-polydimethylsiloxane (ZIF-8-PDMS) mixed matrix membranes with different loading
and (b) ZIF-8-5,6-dimethylbenzimidazole (DMBIM) nanoparticle, ZIF-8-DMBIM-PDMS mixed matrix

membranes with different loadings.
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Figure 8. (@) TG and (b) DTG curves of pure polydimethylsiloxane (PDMS) membrane, 10 (wt %)
zeolitic imidazolate framework (ZIF)-8-PDMS and 10 (wt %) ZIF-8-(5,6-dimethylbenzimidazole)
DMBIM-PDMS MMMs. The inset of (b) is the magnification of the degradation of point.

Table 1. Tg of pure PDMS membrane and ZIF-8-
DMBIM-PDMS membranes with different loadings.

ZIF-8-DMBIM content

(Wt%) Tg (°C)
0 —133.1
5 —123.8
10 —122.6
20 —122.1
30 —118.6
PDMS,  polydimethylsiloxane;ZIF-8,  zeolitic =~ imidazolate

framework-8; DMBIM, 5,6-dimethylbenzimidazole.

Mechanical property

Theoretically, the hardness belongs to an intrinsic
property of materials. It is useful to map the
distribution of hardness across a large membrane area
so as to check the uniformity of MMMs. If there are
fillers in the matrix, it will make the chain of matrix
rigidified, thus to restrict the chain mobility. As is
shown from Fig. 9, the harness distribution of 10 wt%
ZIF-8-DMBIM-PDMS MMMs is relatively smoother
than 10 wt% ZIF-8-PDMS MMMs. The hardness
distributions of ZIF-8-PDMS and ZIF-8-DMBIM-
PDMS MMMs with different loadings are shown in

—
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- 3000 =
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Fig. S4 and S5 (ESIT), all indicating that ZIF-8-
DMBIM-PDMS MMMs can show better hardness
distribution. As shown in Fig. S6 (ESIt), by increasing
the loading of ZIF-8 and ZIF-8-DMBIM nanoparticles,
the hardness of the MMM increased gradually. It is due
to the molecular interactions between nanoparticles and
PDMS matrix. Compared with ZIF-8-PDMS MMMs,
the hardness of ZIF-8-PDMS-DMBIM MMMs were
larger than those of the former one. It is due to the
rigidity and abundant ligand of ZIF-8-DMBIM, which
makes the better dispersion in the PDMS matrix. The
result of nano-scratch test also agrees well with the
variation of T

Gas permeation

Solution-diffusion mechanism is applied in dense
polymeric membranes.!! In glassy, rigid polymers,
such as polysulphone, permeant diffusion coefficient
is more important than its solubility coefficient.
Therefore, these polymers preferentially permeate the
smaller, less condensable gases, H, and CH4 over the
larger, more condensable gases, Cz;Hg and CO,. While
in rubbery polymers such as PDMS, permeant
solubility coefficients are the dominant factor. Thus,
these polymers preferentially permeate the larger, more

Figure 9. Distribution of hardness of (a) pure polydimethylsiloxane (PDMS) membrane; (b) 10 wt% zeolitic
imidazolate framework-8-PDMS mixed matrix membranes; (c) 10 wt% zeolitic imidazolate framework-8-5,6-

dimethylbenzimidazole-PDMS mixed matrix membranes.

© 2016 Curtin University of Technology and John Wiley & Sons, Ltd.
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Figure 11. Long-term operation test of C3H8/N2 for zeolitic
imidazolate framework-8-5,6-dimethylbenzimidazole-
polydimethylsiloxane membrane with 10 wt% loading.

condensable gases over the smaller, less condensable
gases.'**! For ZIF-8-PDMS MMM s (Fig. 10a), when
the loading rises to 5 wt%, a maximum C;3Hg
permeability reaches to 10 985 Barrer. With the
increase of ZIF-8 nanoparticles, C3Hg/N, selectivity
decreased gradually, which is due to of the
microdefects caused by the aggregation of ZIF-8
nanoparticles. The C3Hg permeability is also decreased
with the ZIF-8 loading. It might be due to the
aggregation of ZIF-8 nanoparticles in polymeric
matrix, resulting in highly strong adsorption of C3Hg
molecules, which cannot be easily desorbed according
to the Maxwell model.*!" Obviously, this fillers
aggregation in polymeric matrix is not beneficial for
enhancing the membrane separation performance.
Hence, interfacial functionalization of ZIF-8
nanoparticles was applied to improve the dispersion
of ZIF-8 nanoparticles in PDMS membrane. As shown
in Fig. 10b, with the increasing of the ZIF-8-DMBIM
loading, both the C3;Hg permeability and selectivity
are significantly increased. When the loading increases
to 10 wt%, a maximum CsHg permeability (2.10 x 10*

© 2016 Curtin University of Technology and John Wiley & Sons, Ltd.

s cmHQ).

Barrer) appears coupled with a maximum ideal
selectivity (99.5). As proved above, ZIF-8-DMBIM
possesses more organic ligands and higher
hydrophobicity than ZIF-8, which favors the interfacial
compatibility with PDMS chains. It improved the
dispersion of ZIF-8-DMBIM nanoparticles in the
polymer matrix, inhibiting the generation of
microdefects. With further increasing the ZIF-8-
DMBIM nanoparticles to more than 10 wt%, the
Cs;Hg permeability and selectivity were decreased,
which is due to the gradually aggregation of ZIF-8-
DMBIM nanoparticles.

Long-term operation test

The pure PDMS membrane was reported to show a
relatively low separation factor after a long operation
test.®! It is generally due to the excessive membrane
swelling caused by the continuous uptake of gas. We
conducted a continuous gas permeation for more than
5000 min for ZIF-8-DMBIM membrane with loading
of 10 wt% to investigate the long-term operation
stability (Fig. 11). It turns out that no defects were
found in ZIF-8-DMBIM-PDMS membrane after the
long-term operation, suggesting a good membrane
structural stability. It can be expected that the prepared
membrane is feasible and promising for practical
application in future.

CONCLUSIONS

In this work, ZIF-8-DMBIM-PDMS MMMs have been
firstly developed for hydrocarbon separation. ZIF-8-
DMBIM nanoparticles were synthesized with more
organic ligands by hydrophobically functionalization
(SLE reaction), meanwhile maintaining the original
crystal structure and physicochemical properties of
ZIF-8. The as-prepared ZIF-8§-DMBIM-PDMS MMMs
showed better dispersion of MOFs particles than that of
ZIF-8-PDMS membranes. By incorporating 10 wt%

Asia-Pac. J. Chem. Eng. (2016)
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ZIF-8-DMBIM, the PDMS MMMs exhibited high
C;Hg permeability of 2.10 x 10* Barrer (91% higher
than that of pure PDMS membrane) and the C53Hg/N,
selectivity of 99.5 (116% higher than that of pure
PDMS membrane). Our work demonstrated that the
ZIF-8-DMBIM-PDMS MMMs is a promising
candidate for the application of hydrocarbons recovery.
Moreover, this new strategy of interfacial
functionalization of MOFs nanoparticles is believed
to be useful for developing high performance MMMs
with broad applications such as gas separation and
water purification.
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