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ABSTRACT: A new hierarchical micro/mesoporous compo-
site is synthesized via direct growth of microporous zeolitic
imidazolate framework-8 (ZIF-8) on siliceous mesocellular
foams (MCF). Depending on different synthetic conditions,
ZIE-8 with two different particle sizes, i.e., ZIF-8 microparticles
and ZIF-8 nanoparticles, were successfully formed on the
external surface of amine-functionalized MCF (denoted as
microZIF-8@MCF and nanoZIF-8@MCF, respectively). The
synthesized hierarchical micro/mesoporous ZIF-8@MCF
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structures were characterized with several spectroscopic techniques including X-ray diffraction (XRD), solid-state NMR, and
FT-IR and electron microscopic techniques (scanning electron microscope, SEM, and transmission electron microscopy, TEM).
In addition, the pervaporation measurements of the liquid water/ethanol mixture show that nanoZIF-8@MCF/PVA (poly(vinyl
alcohol) mixed-matrix membrane exhibits enhanced performance both on the permeability and separation factor. Compared to
conventional routes for chemical etching, this study demonstrates a promising and simple strategy for synthesizing novel
hierarchical porous composites exhibiting both advantages of mesoporous materials and microporous materials, which is expected

to be useful for gas adsorption, separation, and catalysis.
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1. INTRODUCTION

Porous materials' are being used in a wide range of industrial
and biological processes such as catalysis” * and adsorption/
separation® owing to their high surface area and unique pore
size, which when coupled with their distinctive surface
chemistry offer the possibility of size and shape selective
reactions. Porous materials are typically classified according to
their pore sizes.® In general, three categories have been defined:
pores in the size range of 2 nm and below are called
micropores; those in the size range of 2—50 nm are denoted as
mesopores; and those above 50 nm are categorized as
macropores. The distribution of size, shape, and volume of
the void spaces in porous materials could be directly related to
their ability to perform the desired function in a particular
application.”® For example, a material with uniform micro-

pores, such as a zeolitic imidazolate framework (zIF),~*2

can
separate molecules on the basis of their size by selectively
adsorbing molecules smaller than its pores from a mixture
predominantly containing molecules larger to enter its pores.
Thus, the pore size distribution in the material clearly limits the

ability of a solid to separate molecules of different sizes.
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Very recently, ZIF-based mixed matrix membranes have been
demonstrated to be promising for pervaporation technology.
For example, the Chung group has reported the synthesis of
ZIF-8/polybenzimidazole (PBI) mixed-matrix membranes for
pervaporation dehydration of alcohols."> The Yang group
reports the ZIF-8/polymethylphenylsiloxane (PMPS) for both
pervaporation and vapor permeation of furfural.'* Another
hydrophobic ZIF material (ZIF-71) was incorporated into
polyether-block-amide (PEBA) polymer for recovery of
biobutanol."> We also previously synthesized ZIF-7/chitosan
mixed-matrix membranes for separation of water/ethanol
mixtures.'® These pioneering studies all demonstrated that
the introduction of microporous and inorganic ZIF materials
into organic polymers could greatly improve the permeability,
mechanical toughness, and selectivity of the fabricated ZIF-
based mixed-matrix membranes.

In many cases, however, a combination of two materials with
different pore sizes can exhibit properties superior to those of
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the individual constituents.'” Such a combination of pore sizes
spanning different length scales is referred to as hierarchical
structuring. Recently, hierarchical structuring'®™® of zeolitic
materials has emerged as an area of significant scientific interest
because of its potential technological impact in adsorption/
separation, catalysis, microelectronics, biomolecular separation,
and chromatographic applications.”” > This type of structuring
combines the benefits of each pore-size regime in addition to
providing inherent advantages such as different length scales
and superior mass/heat transfer characteristics, irrespective of
whether the constituent networks are ordered or disordered.*

In this study, we have synthesized novel hybridized particles
with hierarchical structure through direct coating of micro-
porous ZIF-8 particles onto siliceous mesocellular foams
(MCF), as shown in Scheme 1. MCF was first synthesized

Scheme 1. Schematic Illustration of the Synthetic Process for
Hierarchical Micro/Mesoporous ZIF-8@MCF Materials
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through a phase transition of a highly ordered mesoporous
silica SBA-15. The surface of MCF was then functionalized with
amine groups (denoted as NH,-MCF). After that, imidazole-2-
carboxaldehyde (ICA) was added and reacted with NH,-MCF
through imide condensation (denoted as ICA-MCF). Finally,
Zn(NO;), and 2-methylimidazole (mIm) were added and
resulted in the formation of ZIF-8 on the surface of ICA-MCF
through direct growth (denoted as ZIF-8@MCF). Compared
to the type of mesoporous silica SBA-15, MCF possessed
remarkable mesostructured cellular foams composed of
uniformly sized and large spherical cells,*' so they are more
appropriate for direct growth of microporous materials.

2. MATERIALS AND METHODS

2.1. Chemicals. The templating agent Pluronic P123, zinc nitrate
hexahydrate, PVA (poly(vinyl alcohol) average MW 146,000—186,000,
99+% hydrolyzed), and glutaraldehyde (GA, SO wt % aqueous
solution) were purchased from Sigma-Aldrich. 3-Aminopropyl-
triethoxysilane (APTS) and 2-methylimidazole (mIm) were obtained
from ACROS. Tetraethoxysilane (TEOS) and 1,3,5-trimethylbenzene
(TMB) were acquired from Fluka and Grand, respectively. Sulfuric
acid (H,SO,) was purchased from Merck. Hydrochloric acid (HCI)
and ammonium fluoride (NH,F) were purchased from Riedel-Dehean
and SHOWA, respectively. Imidazole-2-carboxaldehyde (ICA) and
N,N-dimethyl-formamide (DMF) were purchased from Alfa Aesar and
EMPARTA, respectively. All chemicals were used without further
purification.

2.2. Synthesis of ZIF-8@MCF. The MCF sample was initially
prepared by the method described in the literature.>*™>* For
functionalization of MCF with NH, groups, 0.60 g of MCF was
added to 2.5 mL (0.01 mmol) of 3-aminopropyl-triethoxysilane
prepared in ethanol (10 mL). The reaction mixture was stirred for 40
h. Precipitates thus obtained were filtered, washed with excess ethanol,
and vacuum-dried at 100 °C overnight (denoted hereafter as NH,-
MCEF). Subsequently, 85 mg (0.89 mmol) of imidazolate-2-
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carboxyaldehyde (ICA) was added to 100 mg of NH,-MCF to link
ICA to the NH, groups of NH,-MCF, and the resulting sample was
designated as ICA-MCF.*® Then, 100 mg of dried ICA-MCF was
mixed with 146 mg (1.78 mmol) of 2-methyl-imidazolate (mIm) in
DMF (30 mL). This reaction mixture was stirred for 24 h, added with
582 mg (1.95 mmol) zinc nitrate hexahydrate (Zn(NO,),-6H,0), and
again stirred for at least 5 min at room temperature to get a
homogeneous solution. The mixed solution was then placed in an
oven and maintained at 140 °C for 24 h. The incubated solution was
cooled down to ambient conditions and filtered to separate the
precipitate from DMF. To obtain the final product, the filtered
precipitate was added with chloroform (10 mL) and centrifuged for
suspending the particles of ZIF-8 in the mixture on account of the
difference in density;*® the same process was repeated at least three
times. The precipitant thus obtained was filtered, washed with excess
methanol, and vacuum-dried at 100 °C overnight (represented as
microZIF-8@MCF). To synthesize nanoscale ZIF-8, we modified a
previous report where the mole ratio of mIm/zinc salt was maintained
at 70.>” Typically, 100 mg of dried ICA-MCF was mixed with 11.35 g
(138.5 mmol) of mIm in 40 g of DI water and then stirred for 1 h
(solution A). Then, 585 mg (1.96 mmol) of zinc nitrate hexahydrate
was prepared in 4 g of DI water and used as a triggered solution
(solution B). After mixing of solutions A and B at room temperature
for 30 min, a powder appeared and was collected by centrifugation. In
order to obtain the final product, powdered resultants was added with
chloroform (10 mL) and centrifuged for suspending the particles of
ZIF-8 in the mixture on account of the difference in density.>® The
precipitant thus obtained was vacuum-dried at 60 °C overnight
(represented as nanoZIF-8@MCF).

2.3. Preparation of ZIF-8@MCF/PVA Mixed-Matrix Mem-
branes. PVA powders were first dissolved in deionized water to form
a PVA solution with concentration of 5 wt %. The solution was
subsequently separated using a filter paper (pore size of 6 um) to
remove impurities. Then, nanoZIF-8@MCEF particles were added into
the PVA solution under ultrasonication for 1 min. The ratio of
nanoZIF-8@MCF to PVA was fixed at 0.05 (in weight). The whole
solution (i.e., casting solution) was then reacted with glutaraldehyde
for 30 min in order to cross-link PVA polymer. Finally, this casting
solution was carefully poured onto the glass plate and was cast to form
a film (ie., mixed-matrix membrane). The nanoZIF-8@MCF/PVA
membrane was slowly dried in an oven at 45 °C overnight and then
could be peeled from the glass plate. A pristine PVA membrane was
also prepared using the same process for comparison.

2.4. Pervaporation Measurements. The mixture of ethanol (90
wt %) and water was separated through the ZIF-83@MCF/PVA
membranes using a gublished pervaporation process at a feed
temperature of 25 °C.>® The pressure of the permeate was controlled
at 3—5 mmHg, and the temperature was controlled at 25 °C by using a
thermostatic water bath. The flux and composition of permeate were
analyzed by measuring the permeate weight with a gas chromatog-
raphy (GC-4000, GL Sciences, Japan). The separation factor (ie.,
Qater/pron) Was calculated according to the following equation:

Ywater/YEtOH

a =
water/BIOH Xwater/XEtOH

where X, and Xg,oy are the weight fractions of water and ethanol,
respectively, in the feed solution, and Y., and Yy, are the weight
fractions of water and ethanol, respectively, in the permeate.

2.5. Characterization. Powder X-ray diffraction (XRD) patterns
were collected by PANalytical X'Pert PRO. N, adsorption/desorption
isotherms were measured at 77 K on a Micromeritics ASAP 2020
analyzer. The samples were degassed at 95 °C for 24 h before the
measurements. Specific surface areas were calculated by using the
Brunauer—Emmett—Teller (BET) method in the relative pressure
range of P/P, = 0.05—0.30. Pore volumes were obtained from the
volumes of N, adsorbed at P/P, = 0.95 or in the vicinity. Fourier
transform infrared (FTIR) spectra of the samples were recorded at
room temperature on a JASCO FT/IR-4100. Each sample was
scanned 20 times at 4 cm™' resolution over the range of 4000—400
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cm™". Solid-state *C CP/MAS NMR spectra were recorded by using a
contact time of 3 ms on a Varian Infinityplus-500 NMR spectrometer,
equipped with a 5.0 mm Chemagnetics probe. The Larmor frequency
for the ®C nucleus was 125.7 MHz. The "*C chemical shift was
externally referenced to tetramethylsilane (TMS) at 0 ppm. Field-
emission scanning electron microscope (FESEM) images were taken
by using a JEOL JSM-7000, and the acceleration voltage was 15 kV.
High resolution scanning transmission electron microscopy (HR-
STEM) images was taken with JEM-2100 equipped with an Oxford
inca energy 250-dispersive X-ray spectroscopy system. Thermal
gravimetric analysis (TGA) measurements were performed on a
METTLER SDTAS851. Samples (approximately 2 mg) were filled into
an alumina crucible and heated in a continuous-flow of nitrogen gas
with a ramp rate of 10 °C min™" from 25 up to 1000 °C.

3. RESULTS AND DISCUSSION

The structural properties of the as-synthesized ZIF-8@MCF
materials were analyzed using X-ray powder diffraction (XRD).
As shown in Figure la, the diffraction pattern of the parent
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Figure 1. (a) Small-angle and (b) large-angle XRD patterns for MCF,
microZIF-8@MCF, nanoZIF-8@MCEF, and ZIF-8 materials.

MCF material showed three weak shoulder-like peaks in the
region 26 = 0.7-2.0° that could be associated with the
characteristic peaks of 3D mesostructured cellular foams
exhibiting uniform and large spherical pores (around 15
nm).>' These structural features remained well for ZIF-8@
MCEF, indicating that the ZIF-8 materials did not occupy the
mesopores of MCF and were indeed produced from the
external surface of MCF through in situ growth. In addition to
small-angle XRD patterns, the large-angle XRD patterns in
Figure 1b showed that the final ZIF-8@MCF composites (i.e.,
microZIF-8@MCF and nanoZIF-8@MCF) exhibited charac-
teristic crystalline peaks of conventional ZIF-8.>**” These XRD
patterns confirm the coexistence of hierarchical structures (i..,
mesostructure from MCF and microstructure from ZIF-8) in
the synthesized ZIF-8@MCF composites. Remarkably, three
peaks appearing at the high 20 angle region of 31.5° 34°, and
36° in microZIF-8@MCEF patterns could be contributed by side
products of ZnO particles.*

To investigate the in situ formation of ZIF-8 on MCEF, 3¢
cross-polarization magic-angle spinning (CP/MAS) NMR
spectroscopy was employed to monitor the status of the
imidazolate carbons before and after ZIF-8 formation (Figure 2
and Figure S1 (Supporting Information)). According to the *C
NMR patterns, a peak corresponding to imidazolate carbon in
the ICA linkage (i.e., peaks attributable to imine bond at 166.3
ppm (C4)) was observed for the ICA-MCF sample, and this
peak shifted downfield after the formation of ZIF-8@MCEF. In
addition, the *C NMR pattern of the ICA-MCF sample
showed several imidazolate carbon atom resonances between
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Figure 2. 3C CP/MAS NMR spectra of NH,-functionalized MCF,
ICA-functionalized MCF, and microZIF-8@MCF samples.

100 and 150 ppm, and these peaks remained well for the ZIF-
8@MCEF sample, indicating a successful linkage of ICA and Zn
ion upon ZIF-8 formation. In addition to NMR results, we also
used Fourier transform infrared (FT-IR) spectroscopy to
investigate the in situ formation of ZIF-8 on MCF. As shown
in Figure S2 (Supporting Information), a peak at ~1650 cm™"
appeared for the ICA-MCF sample, which represents the C=N
bond of the imine group in ICA. After the formation of ZIF-8
on MCF, this peak became broad and its intensity decreased,
indicating the electron environment on ICA changed when ICA
molecules were reacted with Zn(NO,), and mIm to form ZIF-
8. Furthermore, a comparison of the IR spectra in the
fingerprint region (i.e,, S00—1500 cm™") revealed the similarity
in the spectra of ZIF-8@MCF and ZIF-8. The FT-IR spectra
again confirm the growth of ZIF-8 on the parental MCF
materials.

The porous properties of the synthesized materials were
analyzed with nitrogen adsorption/desorption isotherms, and
the results were displaced in Figure 3 and summarized in Table
1. As shown in Figure 3, the synthesized ICA-MCF and ZIF-
8@MCF (microZIF-8@MCF) samples showed typical type-IV
isotherms that are similar to that of its parent MCF
material.*>*' However, upon the functionalization of NH,
and ICA molecules, both specific surface area and pore volume
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Figure 3. (a) N, adsorption—desorption isotherms of MCF (triangle
A), ICA-MCF (circle @), and microZIF-8@MCEF (kite 4#). (b) TGA
profile of ZIF-8, microZIF-8@MCF, and MCF.
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Table 1. Summary of Materials Synthesized in This Study

nitrogen adsorption

window cell
sample Sper/m’g™'%  V/em’g™'®  diameter/nm®  diameter/nm?

ZIF-8¢ 1630 0.63 3.40 11.60
MCEFE 592 2.80 14.70 19.88
NH,-MCF 282 1.58 13.70 20.36
ICA-MCF 243 1.45 13.50 21.37
microZIF-8@ 279 0.9 133 18.58

MCEF
nanoZIF-8@ 935 0.64 15.30 18.07

MCEFE

“BET surface area.
from desorption branch.
branch.*!

bTotal ;ore volume. “Window diameter calculated
Cell diameter calculated from adsorption

decreased, indicating the occupation of NH,-containing
organosilanes and ICA molecules. After the formation of ZIF-
8, the isotherm of the ZIF-8@MCF sample exhibited a small
step-like feature with a flattened hysteresis and narrow loop
originated at high relative pressure. This could be attributed to
mesoporous properties of MCF material. It is worth noting
that, in all samples, the pore diameter did not alter too much.
This result confirmed that the mesoporous structure of the
parent MCF remained well upon functionalization and growth
of ZIF-8 (see Figures S3 and S4 in the Supporting
Information).

The thermal properties of the samples were also investigated
using thermogravimetric analysis (TGA). As shown in Figures
3b and Figure S5 (Supporting Information), the decomposition
of ZIF-8 and the removal of guest molecules from the cavities
in the microZIF-8@MCF sample proceeded gradually with a
weight-loss step between approximately 25 and 340 °C
corresponding to a loss of guest species and, above
approximately 530 °C, the decomposition of ZIF-8 took
place. Thus, it also indicates the percentage of ZIF-8 in the
composite of microZIF-8@MCF is approximately 15% (w/w).
Furthermore, the Figure S5 (Supporting Information) showed
the TGA profile of nanoZIF-8@MCF with a deep drop curve
below 180 °C due to guest species of water solvent. Because the
TGA curve of the parent MCF sample did not show
appreciable weight losses below 500 °C, similarly consistent
with a previous report,* the weight loss was supposed to be the
result from the postgrown ZIF-8 nanoparticles.

Depending on different synthetic conditions, ZIF-8 with two
different sizes (i.e., microparticles and nanoparticles) could be
successfully produced. As shown in Figure 4, the SEM images
with different magnifications show that ZIF-8 synthesized in
DMF system exhibited a plate-like morphology and a
micrometer-scale particle size (Figure 4a-1, a-2), while another
kind of ZIF-8 with a sphere-like morphology and a nanoscale
particle size could be obtained at water-based synthetic
conditions (Figure 4b-1,b-2).>" Figure 4c illustrates the
formation of ZIF-8 with different particle size on the parent
MCEF materials. In either case, it is remarkable to notice that
MCF is seemingly to have been partially coated with a
crystalline layer of ZIF-8. Analogously, XRD patterns shown in
Figure la indicated that the structural integrity of parental
MCF is maintained after the formation of a ZIF-8 layer. In
addition, the formation of nanoZIF-8 on MCEF increases the
surface area, which was contributed by high-surface-area ZIF-8
particles (Table 1). It is consistent with the observation in *C
NMR spectra of nanoZIF-8@MCF and ZIF-8 sharing with
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Figure 4. SEM images of ZIF-8 with (a) large and (b) small particle
sizes synthesized in DMF and water systems, respectively. (a-1 and b-1
are low magnification; a-2 and b-2 are high magnification) (c) An
illustration presumably expressing the synthetic processes for ZIF-8@
MCEF with two different kinds of ZIF-8 (plate-like microparticles and
sphere-like nanoparticles). Nucleation and nuclear growth steps not
snapped in SEM images.

mostly identical patterns (see Figure S1 in the Supporting
Information).

The existence of the ZIF-8 layer that was indeed grown on
the external surface of MCF was confirmed by transmission
electron microscopy (TEM) (Figure Sa) and energy dispersive

Figure 5. (a) A TEM image of microZIF-8@MCF and (b) its
corresponding EDX line scanning for both Si and Zn elements.

X-ray (EDX) spectroscopy (Figure Sb). It is clear to see that Si
and Zn elements that are contributed by MCF and ZIF-8
materials, respectively, appeared in Figure Sb. The EDX line
scanning for the Zn and Si taken diameter lines confirms that
Zn element is one of the constituents of the hybrid materials.
Remarkably, the consequence of EDX line scanning also
indicates that the presence of Zn across the whole diameter
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clearly demonstrates that the shell of hybrid particle is likely
composed of Zn-based material. This is once again in
agreement with ZIF-8 materials grown on the surface of
MCF materials, resulting in a hierarchical porous structure.

In order to demonstrate the advantage of the hierarchical
structure of the synthesized ZIF-8@MCF composites, the
pervaporation for the separation of ethanol and water was
measured with the presence of three kinds of membranes:
pristine PVA membrane, MCF/PVA mixed-matrix membrane,
and nanoZIF-8@MCF/PVA mixed-matrix membrane. As
compared with the result of the pristine PVA membrane, the
MCEF-doped mixed matrix membrane showed increased flux
but decreased separation factor, as shown in Figure 6. This is

10°g
E A Mixed matrix membranes (literatures)
C (W] PVAbased membranes (literatures)
1 05 L * nanoZIF-8@MCF/PVA membrane
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Figure 6. The pervaporation performance of nanoZIF-8@MCF-doped
PVA membranes compared with results from the literature, where
other PVA-based mixed-matrix membranes were used. The line is a
general trend.

because MCF provides large pore volume (2.8 cm’g™") in the
MCF/PVA mixed-matrix membrane. Although the flux
increased, the large pore of MCF in the membrane also
reduces the performance of separation. In contrast, the
nanoZIF-8@MCF-doped mixed-matrix membrane exhibited
great performance both on the increased flux and separation
factor. We suggest that the enhanced separation factor was the
result of the presence of nanoZIF-8 because nanoZIF-8
provides a suitable pore size (i.e.,, 3.4 A) that can allow smaller
molecules such as water (size is 2.96 A) to pass through but
block larger molecules such as ethanol (size is 4.3 A). In
addition, the presence of MCF in the membrane can provide
large pore volume, thus increasing the flux. The nanoZIF-8@
MCF/PVA mixed-matrix membrane prepared in this study is
superior to most PVA-based membranes,** ™' which clearly
indicates the advantage of hierarchically porous structure in the
synthesized nanoZIF-8@MCF composites.

4. CONCLUSION

We have developed a novel strategy for the synthesis of
hierarchical microporous ZIF-8/mesoporous MCF composites.
XRD, ®C NMR, N, sorption analysis, SEM, and TEM
observation provided evidence for the successful formation of
such a hierarchical structure, and the TGA measurements
confirmed the good thermal stability of the hybrids. The
methodology proposed in this study could be extended to grow
various zeolitic imidazolate frameworks, e.g, variety in pore
sizes or in functionalities, on the surface on mesoporous silica
or nonsiliceous materials exhibiting amino groups. For practical
applications, the pervaporation of the nanoZIF-8@MCEF/PVA
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mixed-matrix membrane for the liquid mixture of water/ethanol
showed greater separation factor and flux than most PVA-based
membranes, indicating the superior properties of the
synthesized nanoZIF-8/MCF composite with a hierarchical
porous structure. We expect that the micro/mesoporous ZIF-
8/MCEF composites can potentially be further applied in many
fields such as molecular sorption, separation, and catalysis of
large organic molecules.
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