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Zeolites as solid acid materials have played important roles in industrial catalysis. The attempts to
obtain new zeolite framework structures and related chemical compositions have never stopped, and
may expand the application thereof. Using renewable bioderived molecules as starting feedstocks
would be of great help in building a more circular carbon cycle. However, zeolites have only shown
limited efficiency in the conversion or production of bioderived chemicals. In this work, we report on
the synthesis of a new aluminosilicate zeolite named SCM-36 (Sinopec Composite Material No. 36)
using tetramethylammonium hydroxide (TMAOH) with the presence of hexadecylpyridinium bromide
hydrate (Ci6PyBr) or octyltrimethylammonium chloride (OTMAC). The pore opening of this new
zeolite material is about 0.6 nm, which is consistent with the size of 10 to 12 membered ring chan-
nel SCM-36 possesses a nanoflower-like morphology with a thickness of ~20 nm. The SiO2/Al20s3
molar ratio of the SCM-36 material is ranging from 21.2 to 36.6, with most Al incorporated into the
zeolite framework structure. The acid strength of SCM-36 is not strong, as confirmed by various
techniques, including NH3-TPD, pyridine FT-IR, ex-situ confocal fluorescence microscopy and in-situ
UV-Vis micro-spectroscopy. In the catalytic conversion of bio-derived 2,5-dimethylfuran (DMF) and
ethylene into para-xylene (PX), H-SCM-36 zeolite showed better performance than the more tradi-
tional zeolites. The highest selectivity towards PX reached a value of ~93%. Besides, SCM-36 zeolite
showed remarkable recyclability in the reaction.
© 2023, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved

1. Introduction

neering work of Barrer in the 1940s, the synthesis of new zeo-
lites has been a constant interest in zeolite research [4]. To

Zeolite materials are an essential class of crystalline mi- date, 247 different zeolite framework structures have been
croporous materials with industrial applications in separation, approved by the structure commission of the international
catalysis, ion exchange and adsorption [1-3]. Since the pio- zeolite association (IZA-SC) [5]. When used as catalytic materi-
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als, zeolites with nanoparticles, nanoneedles, nanosheets mor-
phology and zeolites with hollow structures, have attracted
great attention due to their improved diffusion properties
compared with conventional ones of (sub-) micrometer size
[6-10].

The syntheses of zeolites usually require the use of struc-
ture-directing agents (SDAs). Using inorganic cations, includ-
ing alkali or alkaline-earth cations, as inorganic SDAs (ISDAs)
enabled the formation of the first generation synthetic alumi-
nosilicates with low Si/Al ratios [11]. Subsequently, the intro-
duction of organic SDAs (OSDAs), such as quaternary ammo-
nium cations or amines, favored the crystallization of
high-silica zeolites. These N-containing amines or ammonium
species acted as (1) SDAs, (2) local pH changers, and (3) pore
fillers. The use of quaternary and diquaternary OSDAs, phos-
phorus-containing OSDAs, metal complexes and imidazolium
derivatives resulted in the discoveries of many novel zeolites,
and some of them possessed special channel systems like odd
numbered-rings (11-, 15-rings), extra-large pores (16-, 18-, 20-,
28-, and 30-rings), and chiral pores [4,12].

There are examples of zeolite syntheses using two different
organic SDAs [9,13-16], a combination of an OSDA and an ISDA
[17], and a combination of an OSDA and zeolite seed [18-20]. It
is capable to control structure formation [17], adjust morphol-
ogy and compositions of framework atoms and crystalline
phases [21,22]. In the cases of zeolite syntheses employing two
0SDAs, the sizes of them are usually different, so that zeolites
with complex channel systems and cavities were obtained
[23-25]. The smaller SDA promoted the formation of small
cages, while the larger one directed the formation of larger
zeolite channels. Previous works have shown the critical roles
of the SDAs in discovering new zeolites, modifying zeolite acid
properties and modulating morphology [26]. The charge den-
sity mismatch (CDM) method is one such method using differ-
ent SDAs that resulted in the syntheses of UZM-4, UZM-5 and
UZM-9 [14,16]. Perez-Pariente and coworkers [27] synthesized
nano-FER zeolite by employing a mixture of tetrame-
thylammonium cation and benzylmethylpyrrolidinium.
Cu-SSZ-13  zeolites were prepared by combining
Cu-tetraethylenepentamine complex and N,N,N-trimethyl-
1-adamantammonium [28]. High-silica ZSM-5 (MFI), ZSM-35
(FER), and ZSM-39 (MTN) zeolites were successfully synthe-
sized by combing etramethylammonium and pyrrolidine as
composite OSDA [29]. MFI zeolites with the different numbers
of paired Al sites were synthesized in the presences of one
OSDA and Na* [30].

Synthetic zeolites played important roles in the productions
of many bulk chemicals. Para-xylene (PX) is one of them, which
is mainly obtained from oil resource and used for the produc-
tion of polyethylene terephthalate (PET) [31-35]. To address
both economic and environmental concerns, the development
of synthetic routes for renewable PX from biomass resources is
highly desirable [36,37]. Great efforts have been devoted and
synthetic pathways from bio-based reactants have been devel-
oped [31-35,37-40]. Noble metal-based catalysts were em-
ployed to synthesize PX from biomass-derived 4-methyl-
3-cyclohexene-1-carboxaldehyde (4-MCHCA) [33,35]. A new

procedure from bio-derived 2,5-dimethylfuran (DMF) and eth-
ylene via Diels-Alder cycloaddition, followed by dehydration of
the oxanorbornene intermediate, has recently been adopted
(DMF-to-PX route) [31,40]. However, the reported selectivities
towards PX from DMF achieved previously over Y zeolite and
mesoporous MFI zeolite were about 75% [40,41]. Later, PX
selectivity up to 90% was realized by using BEA [31], Zr-BEA
[32], and phosphorous-containing zeolite [38]. Yet, complicated
modification or post-treatment syntheses were needed. There-
fore, it is still of great value to synthesize a new zeolite with
high PX selectivity.

In this present work, we constructed a new synthetic system
by using tetramethylammonium (TMAOH) as one OSDA, to-
gether with the presence of either hexadecylpyridinium bro-
mide hydrate (Ci6PyBr) or octyltrimethylammonium chloride
(OTMAC). A new aluminosilicate zeolite, which we have coined
as SCM-36 (Sinopec Composite Material No. 36), was synthe-
sized. The X-ray powder diffraction pattern (XRD) of SCM-36 is,
to the best of our knowledge, different from all reported ones
and possessed a nanoflower morphology. The structure of
SCM-36 is currently not determined yet, due to the lack of dif-
fraction data. But the new material showed great potential in
the production of bio-PX from DMF and ethylene.

2. Experimental
2.1. Materials

Ludox (HS-40 colloidal silica, 40 wt%, Sigma-Aldrich), So-
dium aluminate (NaAlOz, 45% Al;03 and 35% Na20, TCI
(Shanghai)), sodium hydroxide (NaOH, 99 wt%, TCI (Shang-
hai)), OTMAC (99.0 wt%, TCI (Shanghai)), TMAOH (25 wt% in
water, TCI (Shanghai)), Hexadecylpyridinium bromide hydrate
(C16PyBr, 98 wt%, TCI (Shanghai)), Tetraethylammonium hy-
droxide (TEAOH, 20% aq. Solution, TCI (Shanghai)),
Tetrapropylammonium hydroxide (TPAOH, 20% agq. Solution,
TCI (Shanghai)), DMF (Alfa Aesar or Acros Organics, 98 wt%)
and n-heptane (Alfa Aesar, 99 wt%), dicyclohexylamine (DCHA,
98 wt%, China Medicine (Group) Shanghai Chemical Reagent
Co., Ltd.), hexamethyleneimine (HMI, 99wt%, TCI (Shanghai)),
4-fluorostyrene (99 wt%, Sigma-Aidrich), 4-methoxystyrene
(97 wt%, Sigma-Aidrich) and the deionized water prepared in
our laboratory were used as starting materials without any
further purification.

2.2. Synthesis of SCM-36 zeolite

The new zeolite SCM-36 materials were synthesized as fol-
lows. When TMAOH and C16PyBr were used as co-OSDAs, the
gel molar composition was 1.0 Si02:0.04 Al203:0.30 NaOH:0.15
C16PyBr:0.15 TMAOH:25 H:0. In a typical run, 0.635 g aqueous
NaOH solution (30% in water) was added into 8.18 g deionized
water, followed by the addition of 0.218 g NaAlOz. After stirring
for 10 min at room temperature, 1.32 g of aqueous TMAOH
solution and 1.02 g of C16PyBr were added, and the mixture
was stirred for 20 min. When TMAOH and OTMAC were used
as co-OSDAs, starting gel with the composition of 1.0 SiOa:
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(0.0167-0.028) Alz03: 0.30 NaOH: 0.15 OTMAC: 0.15 TMAOH:
25 H20 was used. The resulting mixture was transferred to a
25-mL Teflon-lined autoclave within a conviction rotation oven
and maintained at 160 °C for 5 d. After the autoclave was
cooled to about 25 °C, the zeolite solid material was separated
by filtration, washed for 3 times with deionized water, and
dried overnight at 100 °C wunder air. Calcination of
as-synthesized SCM-36 zeolite was carried out in air at 550 °C
for 6 h resulting in removing the OSDA occluded in the pores.
The obtained samples were designated as SCM-36(n), where
“n” stands for the SiO2/Al203 molar ratio of the synthesis gel if
there is no special description.

The protonated forms of SCM-36 zeolites materials were
obtained via ion exchange by adding 1.0 g of calcined zeolite
into 25 mL of 0.5 mol/L NH4ClI solution. The ion exchange pro-
cess was repeated three times while being stirred at 80 °C for 2
h. The resulting samples were then separated, dried, and cal-
cined at 550 °C for 6 h before being denoted as H-SCM-36.

2.3. Other catalyst preparation

Beta zeolite (Si02/A1203=20) was synthesized with synthetic
gel composition of 1.0 Si02:0.05 Al203:0.1 NaOH:0.35 TEAOH:
0.15 NH4F:12 H20. In a typical run, 0.29 g NaAlOz and 7.05 g
tetraethylammonium hydroxide solution (20% in water) were
added into 3.40 g deionized water and followed by the addition
of 0.154 g NH4F. After thorough stirring, 4.11 g of HS-40 colloi-
dal silica was added dropwise. Finally, the mixture was encap-
sulated into a 50-mL Teflon-lined autoclave within a conviction
rotation oven for dynamic crystallization at 170 °C for 3 d.

ZSM-5 zeolite (Si02/Al203 = 40) was synthesized with gel
composition 1.0 Si02:0.025 Al203:0.20 NaOH:0.20 TPAOH:25
H20. In a typical run, 0.118 g NaOH and 4.20 g tetraprop-
ylammonium hydroxide solution (20% in water) were added
into 7.44 g deionized water and followed by the addition of
0.11 g NaAlO2. After thorough stirring, 3.10 g of HS-40 colloidal
silica was added dropwise. Finally, the mixture was encapsu-
lated into a 50-mL Teflon-lined autoclave within a rotation
oven (20 r/min) for dynamic crystallization at 160 °C for 5 d.

SCM-1 (MWW type zeolite) (SiOz/Al203 = 15) was prepared
according to our published work [42]. In a typical run, NaOH,
NaAlOz, dicyclohexylamine (DCHA) and hexamethyleneimine
(HMI) were added to deionized water in turn under stirring.
And then the HS-40 was added dropwise. The resulting gel with
compositions of 1.0 Si02:1/30 Al203:0.10 NaOH:0.30 HMI:0.4
DCHA:18 H20 were transferred into the Teflon-lined stain-
less-steel autoclaves for dynamic crystallization (20 r/min) at
150 °C for 5 d.

A commercial USY zeolite (SiO2/Al203 = 23) and SAPO-34
(P/Al = 1.8) were purchased from TOSOH Corporation.

The protonated catalysts were obtained via ion exchange.
Before catalytic test, the catalysts were heated at 550 °C for 6 h
under dried airflow with an online drierite tube to remove
moisture present in the gas.

2.4. Characterization

2.4.1. Chemical composition, structural and textural properties

In-situ XRD patterns were recorded on a D8 Advance X-ray
diffractometer using Cu K« radiation (A = 1.54 A) operated at 40
kV and 40 mA. Samples (SCM-36) were packed in air under
ambient pressure in a rotating borosilicate glass tube with an
outer diameter of 0.5 mm and heated from 30 to 700 °C. The
data were collected every 50 °C from 30 to 700 °C. Ex-situ XRD
patterns were recorded on a on a PANalytical X'Pert PRO dif-
fractometer. The heights of zeolite nanosheets were acquired
by Atomic Force Microscopy (AFM) with a NT-MDT NTEGRA
Spectra upright instrument working in tapping mode under
ambient conditions. AFM images were acquired using a dia-
mond tip (DP14/SCD/AIBS, F = 5.7 N/m, MikroMash, reso-
nance frequency = 160 kHz) at a scan rate of 0.6 Hz and 512
lines/scan. The data were post-processed and analyzed with
Gwyddion. Statistical distribution of thickness of zeolite mate-
rials by the AFM measurements from a total of 62 valid
nanosheet thickness data in Fig. 3(d). Scanning electron mi-
croscopy (SEM) measurements were performed on a Hitachi
S-4800 field-emission scanning electron microscope (Hitachi,
Japan) with an acceleration voltage of 3.0 kV. The
High-resolution transmission electron microscopy (HRTEM)
images and Transmission Electron Microscopy (TEM) images
and fast Fourier transform (FFT) diffractogram images were
obtained by a FEI Titan Cubed Themis G2 300 electron micro-
scope operated at 300 KV, with a DCOR+ probe corrector. Ele-
mental analyses of the samples were performed on an induc-
tively coupled plasma-atomic emission spectroscopy (ICP-AES)
on a Varian 725-ES instrument after dissolving the samples in
HF solution. Thermogravimetric analysis (TGA) data was col-
lected in the temperature range of 30-800 °C on a thermogra-
vimeter (STA 449F3, Netzsch) under Nz (40 mL/min) at a
heating rate of 10 °C/min, and the effluent was monitored by
the mass spectrometer (QMS403). The mass range of m/z
16-166 was scanned. N2 and Ar adsorption-desorption iso-
therms were measured at 77 K on an ASAP2020 M TriStar
3000 instrument after the sample was degassed at 300 °C for 4
h. The Brunauer-Emmet-Teller (BET) area was calculated from
the adsorption data obtained in the relative pressure (p/po)
range of 0.01-0.1, and the total pore volume was calculated
from the amounts adsorbed at a relative pressure of approxi-
mately 0.99. Surface, external surface area and micropore
volume were collected using t-plot method (p/po = 0.41-0.60).
The pore size distribution of the samples was calculated by the
Horvath-Kawazoe (H-K) method.

2.4.2. Nuclear magnetic resonance (NMR)

The liquid 13C NMR spectrum was recorded on a Bruker
AV-400 spectrometer. 13C,29Si and 27Al solid-state magic angle
spinning nuclear magnetic resonance (MAS NMR) measure-
ments were performed on a JNM-ECZ500R/S1 (JEOL) spec-
trometer under one-pulse condition. The 13C MAS NMR spectra
were recorded at a 13C frequency of 125.765 MHz and a spin-
ning rate of 18.0 kHz with a 1/2 rad pulse length of 5.0 ps, 13C
chemical shifts were reported relative to adamantane (ADA).
The 29Si MAS NMR spectra were obtained with a 29Si frequency
of 99.367 MHz and a spinning rate of 6.0 kHz with a m/2 rad
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pulse length of 7.6 ps, the 29Si chemical shifts were reported
relative to a 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS)
solution. The 27Al MAS NMR spectra were recorded at a 27Al
frequency of 130.322 MHz and a spinning rate of 18.0 kHz with
a m/2 rad pulse length of 1.4 ps, the 27Al chemical shifts were
referenced to an AI(NOs)s solution (1 mol/L).

2.4.3. Acid sites characterization

NHs-temperature programmed desorption (NH3-TPD). The
amount of acid sites were determined by NH3-TPD on an Alta-
mira AMI-3300 chemisorption instrument with a thermal con-
ductivity detector (TCD). Around 10 mg catalyst was tested,
and the temperature-programmed desorption/decomposition
of isopropyl amine was carried out with a rate of 10 °C/min to
600 °C.

In-situ pyridine FT-IR spectroscopy. The number of Lewis
and Bronsted acid sites was measured by Fourier trans-
form-infrared (FT-IR) spectroscopy on a Nicolet 5700 FT-IR
spectrometer. The samples preparation was performed using
the self-supporting wafer technique. Determination of the
Bronsted/Lewis acid site ratio by integrating the absorbance
bands corresponding to the Bronsted acid site (~1545 cm-1)
and Lewis acid site (~1454 cm-1) and applying molar extinc-
tion coefficients (1.67 and 2.22 cm pmol-, respectively) [43].
The weight of wafer was about 15.0 mg.

In-situ CO FT-IR spectroscopy. When using CO as a probe
molecule, in-situ FT-IR spectra was obtained by using a Jasco
FT-IR 7000 spectrometer equipped with an MCT detector at a 4
cm-1 resolution. Approximately 30 mg sample was pressed into
a 20 mm diameter self-supporting disk and placed in a quartz
cell connected to a conventional closed gas circulation system.
The sample disk was evacuated and pretreated at 500 °C for 1
h. The temperature was then decreased to -120 °C in the evac-
uated state. Before adsorption experiments, the FT-IR spectra
of blank samples were measured by evacuation at -120 °C and
were used as background spectra. Then, 0.85 mmol of CO was
introduced to the sample. FT-IR spectra were measured with
the CO dosage increased to 24 mmol; the CO pressure was
changed from 0.001 to 10 mbar. Unless otherwise mentioned,
the shown IR spectra were resulted from subtraction of back-
ground.

In-situ UV-Vis micro-spectroscopy. The microscope set-up is
based on an Olympus BX41 upright microscope with a 50 x 0.5
NA-high working distance microscope objective (NA: numerical
aperture). The light source was a 75 W tungsten bulb. A CCD
video camera (ColorView Illu, Soft Imaging System GmbH) and
an optical fiber mount were mounted on the microscope's
50/50 double-viewport tube. The microscope and the CCD
UV/Vis spectrometer were connected by a 200 mm-core fiber
(AvaSpec-2048TEC, Avantes). All experiments were performed
at ambient pressure in a in-situ cell (FTIR600, Linkam Scientific
Instruments) with a temperature controller (Linkam TMS 94).
The 10 mg of zeolite was compressed into a pellet and was
heated up to 100 °C at a rate of 10 °C/min and Kkept at this
temperature for 1 h under an inert atmosphere with nitrogen.
Then 15 ml of 4-fluorostyrene or 4-methoxystrene was added.
After waiting for 5 min, UV-Vis spectra were taken every 10 s

with an integration time of one hundred milliseconds.

Confocal fluorescence microscopy setup. The ex-situ confo-
cal fluorescence microscopy (CFM) studies of the spent samples
after styrene derivatives oligomerization were performed on a
confocal fluorescence microscopy set-up. A Nikon Eclipse 90i
microscope, equipped with a pin hole to block out-of-focus
light, was utilized for imaging, and dichroic mirrors with the
appropriate laser line wavelength were also used. The micro-
scope had a Nikon A1 scan head that could accommodate the
optics, which connected the microscope to fiber optics for exci-
tation and emission light. The Nikon A1 system was equipped
with an A1-DUS spectral detector unit, with 32 channels and a
wavelength resolution of 10 nm designed to collect emission
light in the wavelength detection range of 430-750 nm, and a
Nikon 60/0.30 objective. The 3-D volumes were created by 3D
reconstructing the individual photographed slices and were
displayed as top-view images. In order to prevent channel
overlap, the emission was detected using three photomultiplier
tubes in the wavelength ranges of 425-475, 510-550, and
575-635 nm.

2.4.4. Catalytic testing

The catalytic conversion of DMF and ethylene was conduct-
ed in a 100 mL Teflon-lined stainless-steel autoclaves. In a typ-
ical run, ~1.2 + 0.1 mol/L of DMF (1.0 g), n-heptane (20 mL)
and H-form zeolite (1.0 g) were enclosed in the reactor, which
was then sealed and purged three times with ethylene and
charged to an initial pressure of 2.0 MPa with ethylene. The
reactor was then stirred at 600 r/min, heated to 250 °C and
held for 24 h under vigorous mixing. When the reaction was
finished, the reactor was rapidly cooled down and the used
zeolite was removed by filtration. The reaction product was
analyzed using GC-MS (Agilent 7890A) and GC (Agilent 7890B),
both columns equipped with HP-INNOWAX columns. The used
zeolite was regenerated by calcination in air and then tested
again under the same condition. Decane was used as an inter-
nal standard.

The conversion of DMF and selectivity and yield to the
products are defined as follows:

Xomr (%)= (Comr,0 — Comr.) x 100%/Comr o
Selectivityproduct (%) = Ci x 100%/(Comr 0 — Comr,)

where t is the duration of time after ethylene was added to the
reactor, and C; is the concentration of the products, i.

p-Xylene  (PX), over alkylated products (OAB),
2-5-hexanedione (HDO) and methyl cyclopentenone (MCP)
were the main products in the reaction system and the
by-products were named as oligomers as many literatures re-
ported before, therefore the reaction imbalance belongs to the
formation of oligomers.

The solid yield was calculated by the following formula:

Y(%) = calcined zeolite powder x100%/(SiO2 + NaAlO:z +
NaOH)gel

3. Results and discussion

3.1. Structural characterization
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Fig. 1 shows the XRD and in-situ XRD patterns of as-made
and calcined/heated SCM-36(35) (35 stands for the Si02/Alz203
molar ratio). The as-synthesized SCM-36 zeolite material shows
six prominent characteristic diffraction peaks, and five of them
maintained during calcination treatment (Fig. 1(a)) except for
the peak at 26 = 17° (Fig. 1(a), top). After calcination at 550 °C,
the first diffraction peak shifted from 8.90° to 9.70°, indicating
a decrease of the unit-cell (UC) parameter due to the condensa-
tion of silica layers by removal of the OSDAs [44]. It seems the
framework of SCM-36 is constructed by layered structure.
When SCM-36 zeolite was heated from 30 to 700 °C, the first
diffraction peak gradually shifted to higher angle and reached
10.1° at 700 °C (Fig. 1(b)). The diffraction peaks centered at
around 19.2° and 26° also shifted slightly to higher values. In-
tensities of most diffraction peaks decreased significantly at
450 °C, which is likely due to the condensation of Si-OH groups
and the removal of organic species (Fig. 1(c)). Interestingly, the
TG and DTA curves show that the decomposition of organics
first took place at around 450 °C. We have searched the Data-
base of all Framework Type Codes and Disordered Zeolite
Structures, but found no XRD patterns of all known zeolites that
match the XRD pattern of SCM-36 [5].

The syntheses of SCM-36 zeolites were optimized for both
co-0OSDAs systems (Table S1 and Fig. S1). When TMAOH and
C16PyBr were used, pure SCM-36 zeolites were obtained with
Si02/Al203ratio ranging from 25 to 30 (Fig. S1(A)). Omega zeo-
lite and quartz appeared as impurities for synthetic runs with
Si02/Al203 ratios below 25 and above 30, respectively. Inter-
estingly, when TMAOH and OTMAC were used, SOD zeolite,
SCM-36, and RUT zeolite were observed with the increase of
Si02/Al203ratio from 15 to 70 (Fig. S1).

All the SCM-36 samples show nanosheet morphology re-
gardless of whether the second OSDA is CisPyBr or OTMAC

Intensity (a.u.)

25
260(°)

35 40 45 50

Intensity (a.u.)
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(Fig. S2). Figs. 2(a) and (b) show the SEM images of
as-synthesized and calcined SCM-36(35) materials, both exhibit
aggregates of nanosheets with flower-like morphology.
TEM-EDX mapping confirms the homogeneous distribution of
Al, Na and Si elements and no Al enriched zone was observed
(Figs. 2(c) and (d)). TEM images of the SCM-36(35) sample
again showed the nanosheet morphology (Fig. 2(e)). The
thickness of one nanosheet is about 18.24 nm, and the crystal
was constructed by stacking of 12 layers (Fig. 2(f)). HRTEM
image and FFT diffractogram image (Figs. 2(g) and (h)) con-
firmed the blurry lattice fringes and arrangement of crystal
structures. Attempts to improve the quality did not pay back.
Three-dimensional rotation electron diffraction (3D-RED) was
also carried out, hoping to realize data collection and pro-
cessing to determine the structure of SCM-36. However, only
limited information could be extracted due to the sensitivity of
the nanosheet crystals to electron beam. The layered structure
of SCM-36 zeolite might be similar with that of FER zeolite. But
obvious differences in XRD patterns of SCM-36, conventional
FER (c-FER) and nanosheet FER (NS-FER) zeolites were ob-
served (Fig. S3). Three-dimensional electron diffraction (3D
ED), an important characterization technique used for under-
standing zeolite crystals, was adopted to investigate the crystal
structure of SCM-36. However, it ended in failure due to elec-
tron beam damage to SCM-36 and not enough diffraction data
were collected. We also collected SCM-36 sample after crystal-
lization for 30 d. Still, it is beam sensitive due to the ultra-thin
nanosheet crystals. To solve the structure of SCM-36 may take
quite a long time. More efforts would be devoted in the future
to obtain better sample and more diffraction data.

The solution of the exfoliated layers obtained by the exper-
imental part of the procedure was diluted 100 times and used
for AFM measurements. A 3D-AFM mountain map with a step

Temperature
700°C

Intensity

1000
1250
2000
2500
3000
4000
4500

‘ 20
20(°)

25

Fig. 1. (a) XRD patterns of as-made SCM-36 (bottom) and calcined SCM-36 at 550 °C (top); In-situ XRD patterns were recorded while heating the syn-
thesized material from 30 to 700 °C (b) and its corresponding ‘heatmap’ (c). The patterns were recorded with Cu Ks-radiation.
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EDS layered image ( d)

2.0 um
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Fig. 2. SEM images of as-synthesized (a) and calcined (b) SCM-36(35) zeolite. TEM-EDX mapping of all chemical elements (c) and its Al element (d).

HRTEM images of calcined SCM-36(35) (e-g) and its FFT pattern (h).

gradient reveals the approximate thickness of each layer of
SCM-36(35). The heights of the cross-section in Fig. 3(a) and
(b) along the red dashed lines show layer thickness in the range
of 6.9-14.9 nm (Fig. 3(c)). This indicates that the thickness of
the SCM-36 nanosheet is relatively uniform, and the 14.9 nm
thickness layer is most likely the result of stacking of two piec-
es of nanosheets. Statistical distribution gives the thickness of
nanosheets centered ~10.0-12.0 nm (Fig. 3(d)), as derived
from 62 times AFM measurements for selected nanosheet
samples. The thickness of the SCM-36(25) nanosheets which
directed by TMAOH and Ci6PyBr also fell within this interval
(Fig. S4).

0.0um 0.2 0.4 0.6 0.8

The microporous nature of SCM-36(35) was confirmed by
Nzand Ar adsorption-desorption, with micropore size centers
at 0.59 and 0.67 nm, corresponding to 10-12 membered ring
openings (Fig. 4(a) and (b)) [5,45]. SCM-36 possesses relatively
large specific surface area of 348 m2/g and mesopores with
pore volume up to 0.48 (cm3/g) (Table 1). Samples obtained
from gels with different SiO2/Al203 ratios show similar adsorp-
tion-desorption isotherms (Fig. S5), and small differences in
micropore areas and pore volumes (Table 1). The bulk
SiO2/Al203 molar ratios of SCM-36 zeolites were different from
those in the corresponding starting gels. The bulk Si02/Al203
ratios increased with the increase of starting SiO2/Al203 ratios

Hight (nm)

T T T T
0.0 0.1 0.2 03 0.4 0.5 0.6
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Fig. 3. AFM topography image of the layers deposited from ethanol solution of calcined SCM-36(35) zeolite (a) and its corresponding 3D AFM moun-
tain image (b), cross-section profiles extracted from (a) or (b) marked by the dashed red line (c). Statistical distribution of thickness of SCM-36(35) by
the AFM measurements from a total of 62 valid nanosheet thickness data (d).
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Table 1

Structural features of SCM-36(n) zeolites 2.

Sample Si02/Al203 Yield Aggre Aext.® Anmicro.® Viowl ! Vinicro.f
Gel Bulk ¢ (%) (m?/g) (m?/g) (em?/g) (cm’/g) (em3/g)

SCM-36(25) b 25 21.2 85 355 121 234 0.62 0.10

SCM-36(35) ¢ 35 27.3 80 348 138 210 0.57 0.09

SCM-36(45) « 45 29.1 76 319 105 214 0.49 0.093

SCM-36(60) ¢ 60 36.6 64 296 92 204 0.45 0.089

aAll samples were synthesized using the gels with molar compositions of TMAOH/SiOz = 0.15, NaOH/SiOz = 0.30, H20/SiOz= 25. The second OSDA is
b C16PyBr/SiOz2= 0.15 and <OTMAC = 0.15. 4Determined by ICP-AES. ¢ Determined by the Brunauer-Emmett-Teller (BET) method. fDetermined by

t-plot method.

in gels, and the increase rate in solid products (k = 5) was much
lower than that in the gel (k = 11) (Fig. 4(c)). For sample
SCM-36(35), the bulk SiO2/Al203ratio determined by ICP-AES
was 27.3 (Table 1), and those given by TEM-EDX mapping (Fig.
2(c)) and 29Si NMR spectrum (Fig. 4(d)) were 24.4 and 23.8,
respectively. The product yield gradually decreased with the
increase of SiO2/Al203 ratio in gel (Table 1). The differences
indicated that only part of the Si species was involved in the
zeolite product, while the rest existed in the solution.

The 29Si NMR spectrum of the calcined SCM-36(35) material
shows a distinct peak centered at -112 ppm, which is con-
sistent with the four-connected Si environment characteristics
of typical zeolite materials (Fig. 4(d)) [46-49]. The incorpora-
tion of Al into the zeolite framework is confirmed by the clear
resonance at ~53 ppm corresponding to the tetrahedrally co-
ordinated framework Al species (Fig. 4(e)). The signal at 0 ppm
attributed to the characteristic of octahedral non-framework Al
species was also observed. While zeolites obtained in the start-
ing gels with higher SiO2/Al203 ratios (45 and 60) possessed
few non-framework Al species (Fig. S6).

As shown in Figs. 5(a) and (c), TMA* was occluded in the
pores of the as-synthesized zeolite. A small amount of C16PyBr
and OTMAC were impeded in SCM-36(25) and SCM-36(35)
zeolite channels, respectively. Organic species decomposition
behavior was investigated in TG/DTA (Fig. 5(b) and (d)). The
weight loss in the low-temperature region (25-200 °C) is
mainly attributed to the desorption of physically adsorbed wa-
ter. In the medium-temperature region (200-480 °C), the
weight loss of SCM-36(25) and SCM-36(35) is 8.5% and 4.1%,
respectively. It is worth noting that the relative molecular mass
of C16Py* (304.44) is almost twice the mass of OTMA* (172.28).
The weight loss in the high-temperature region of 480-750 °C
is originated from the removal of the occluded TMA* species
[50]. TMA* is essential for the crystallization of SCM-36, while
C16Py* and OTMA* seems to act as pore filler, and regulate the
Si/Al of the zeolite framework as well.

3.2. Estimation of the amount of acid sites by NHs-TPD

Two NHs-desorption peaks in the TPD experiments corre-
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sponding to weak and medium-strong acid sites were observed
at ~180 and 380 °C, respectively (Fig. 6(a)). The NH3-TPD
curve is not adequately resolved in two different temperature
domains, which is characteristic of the overlap of several com-
ponents over a relatively wide temperature range. This means
that the strengths of Bronsted acid sites are heterogeneous in
nature [51]. SCM-36 is a weak acid-dominated material, the
proportion of weak acid sites exceeds 75% of the total acid

sites (Table 2). With the decrease of Al content, both weak acid
and total acid site decreased, except for that of SCM-36(25) that
possesses the most acid sites, the acid amounts of the other
samples are comparable due to their similar bulk SiO2/Al203
(Table 2 and Fig. S7).

3.3.  Evaluation of acid properties by in-situ Fourier transform
infrared spectroscopy using pyridine and CO as probe molecules
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Table 2
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Acidic properties of SCM-36 given by NH3-TPD and pyridine adsorbed FT-IR spectroscopy.

Sample NH;-TPD? (umol/g) Bronsted acid® (pmol/g) Lewis acid® (umol/g)
Weak+Medium Total 150 °C 250°C 350 °C 150 °C 250 °C 350 °C
SCM-36(25) 657 872 40 19 5 36 19 6
SCM-36(35) 512 674 85 73 44 24 15 9
SCM-36(45) 495 635 89 46 17 19 9 7
SCM-36(60) 477 605 97 58 19 15 13 8

aMeasured using NH3-TPD; b Measured using pyridine adsorbed FT-IR spectroscopy.

FT-IR spectra of pyridine-adsorbed SCM-36 zeolites are
presented in Fig. 6(b), and the calculated amounts of Bronsted
and Lewis acid sites are listed in Table 2. The peaks at 1540
and 1445 cm-! are representative of Bronsted and Lewis acid
sites, respectively, and the peak at 1490 cm-! represents both
Lewis and Bronsted acid sites [43,52]. The amount of Bronsted
acid sites increases significantly with increasing Si02/Al203
ratio, while the amount of Lewis acid sites decreases (Fig. S8).
The Bronsted/Lewis ratio of SCM-36(25) was 0.82, while those
of SCM-36(35), SCM-36(45) and SCM-36(60) were much higher
up to 3.61, 4.55 and 4.90, respectively (Fig. 6(b)).

The acid strength of SCM-36 zeolite material was further
investigated by in-situ FT-IR  spectroscopy after
low-temperature CO adsorption. The number and strength of
Bronsted acid sites can be assessed by the OH-stretching region
[53]. All protonic sites are saturated with CO at -130 °C, thus
resulting to a downshift in the FT-IR band of the acidic Si(OH)AI
hydroxyls due to their hydrogen bonding with the CO mole-
cules. Therefore, the Au(CO-:-OH) can be used as a measure of
the acid strength. Four distinct peaks are visible in the
OH-region of the FT-IR spectrum (Fig. 6(c)). The peak at 3730
cm-1 was attributed to isolated Si-OH groups, and the broad
peak at around 3440 cm-! was corresponding to silanol nets
[54,55]. Upon the adsorption of CO, the peak at 3613 cm-!
which is assigned to an OH-group corresponding to Bronsted
acid shifted to 3300 cm-! with Ay(CO---OH) = 313 cm-l.
SCM-36(45) showed a wavenumber shift of Au(CO---OH) = 313
cm-1 (Fig. S9(a)). The strength of Bronsted acid of SCM-36 zeo-
lite is comparable to that of ZSM-5 (SiO2/Al203= 108, Av = 340
cm-1) [56] and slightly higher than those of MOR (SiOz/Al.03=
26, Av = 294 cm-1) [57], beta (SiO2/Al203= 38, Av = 309 cm™1)
[58] and Y (SiO2/Al203= 5.8, Av = 296 cm-1) [59] zeolites.

The CO-stretch region can be used to assess the presence of
both Bronsted and Lewis acid sites since it can provide the

information on how the C-0 bond is perturbed upon adsorp-
tion of CO (gas phase absorbance at 2143 cm-1) [54,55]. For
zeolite H-SCM-36(35) (Fig. 6(d)), three distinct peaks in the CO
region, i.e, at 2170, 2159, and 2137 cm-1 were observed. These
peaks were attributed to CO interacted with Bronsted acid
sites, silanol groups, and physiosorbed CO, respectively. While
the peak at 2230 cm-! is attributed to Lewis acid sites. These
peaks indicated the existences of both Bronsted acid sites and
Lewis acid sites in SCM-36(35), and in SCM-36(45) as well (Fig.
S9(B)).

3.4. Brénsted acidity and reactivity studied by in-situ UV-Vis
microscopy and ex-situ confocal fluorescence microscopy

The oligomerization of 4-methoxystyrene can be catalyzed
by all acid sites present in the zeolite material, resulting in the
formation of fluorescent oligomer products. However,
4-fluorostyrene is more electronegative, and hence is a less
reactive compound and its oligomerization would occur only
over strong(er) Bronsted acid sites [60,61]. The rate constants
for the oligomerization of 4-methoxystyrene and
4-fluorostyrene over ZSM-5 zeolites were 0.05 and 0.007
k[mol-1 s-1], respectively, further indicating the difference in
their sensitivity towards the strength of Bronsted acid sites

[62].
Potential reaction species and mechanisms have been pos-
tulated for the acid-catalyzed oligomerization of

4-methoxystyrene and 4-fluorostyrene (Fig. S10) [60,61].
When 4-methoxystyrene was used as a probe molecule, both
SCM-36(35) and ZSM-5 (SiO2/Alz203 = 40) zeolites were highly
active. The UV-Vis spectra of SCM-36 show the appearance of
absorption bands at 585 nm (Fig. 7(a)), which are attributed to
the presence of linear allylic carbocations. The corresponding
CFM image shows the orange-yellow fluorescence of the mac-

Table 3
Catalytic performances of some conventional zeolites and the newly synthesized SCM-36 zeolite in conversion of DMF and ethylene to produce PX.
—

Catalyst $i0,/AL,0s»  DMF conversion (%) X o Sebcg‘;g’ (%) o Slmomers
SCM-1 (MWW) 15 >99 63 18 4 4 11
Beta 20 >99 75 9 5 3 8
usy 23 >99 81 5 3 2 9
ZSM-5 40 93 72 11 3 2 12
SAPO-34 0.5b >99 56 6 23 7 8
SCM-36(25) 21.2 >99 86 3 3 2 6
SCM-36(35) 27.3 95 91 1 2 1 5
SCM-36(45) 29.1 >99 89 2 3 2 4
SCM-36(60) 36.6 98 93 1 2 0 4

aMeasured using ICP-AES, SAR is SiO2/Al:0s ratio in the solid sample. ' SAPO-34: P/Al=1.0. Reaction: ~1.2+0.1 mol/L of DMF (1.0 g), n-heptane (20
mL) and zeolite (1.0 g) enclosed in the reactor and then heated to 250 °C for 24 h at 2.0 MPa with ethylene.
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Fig. 7. In-situ UV-Vis time-resolved absorption spectra measured during the oligomerization of styrene derivatives over SCM-36(35) and ZSM-5 at
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tive staining approach. (k) Real cross-sectional slice CFM image of SCM-36 zeolite nanospheres. (1) CFM Image of 3D stacked cross-sectional slices of
SCM-36. The probe molecules were excited at 488, 561 and 638 nm and the detection wavelength range was between 480-720 nm.

romolecular oligomerization product (Fig. 7(b)). Similarly, the
appearance of absorption bands at 585 and 670 nm for ZSM-5
zeolite could be attributed to cyclic dimeric carbocations and
higher oligomers (Fig. 7(e)). The crystals of ZSM-5 show a
darker fluorescence distribution due to formation of multiple
oligomerized products (Fig. 7(f)). However, when
4-fluorostyrene was used as the probe molecule, SCM-36 and
ZSM-5 behaved completely different. The UV-Vis spectrum of
SCM-36 exhibited a very faint absorption band at ~520 nm,
while the CFM images of the spent catalyst showed a green
fluorescence due to the unconverted small molecule and almost
no red-orange fluorescence (Figs. 7(c) and (d)). The absorption

bands at 515, 555, 605 and 640 nm for the highly active ZSM-5
zeolite were attributed to the presence of cyclic and liner di-
meric carbocations and lager trimeric products (Fig. 7(g)). The
strong orange-yellow fluorescence in the CFM images repre-
sented the presence of oligomers (Fig. 7(h)). The above results
indicate that SCM-36 zeolite does not have sufficient Bronsted
acid sites compared to the conventional ZSM-5 zeolite.

As fluorescent products are formed on all acid sites, their
fluorescence can be used for 3D construction of zeolite SCM-36
crystal (Figs. 7(i)-(1)). Orange-yellow fluorescence spread
throughout SCM-36 nanospheres after the oligomerization of
4-methoxystyrene (Figs. 7(i) and (j)). Each cross-sectional slice
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of the nanosphere is clearly visible and can be seen as a dense
network like a "cut orange" (Fig. 7(k)). Recording fluorescence
movies (Movie S1) allow reconstructing of a high-resolution 3D
image based on multiple cross-sectional slices at different time.
The 3D stacked image is fully displayed by Movie S2 and is
shown in Fig. 7(1). The above fluorescence microscopy meas-
urements indicate that SCM-36 zeolite crystals are aggregates
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of nanoflowers with highly accessible hollow internal spatial
networks. The brightly colored lines in the picture are the
cross-sections of the nanosheets, and the black ones are the
spaces between the nanosheets.

3.5.  Catalytic performance of SCM-36 zeolite

Generally, the conversion of DMF and ethylene to produce
PX takes place via two tandem steps: (1) the Diels-Alder cy-
cloaddition of ethylene and DMF to form the cycloadduct in-
termediate, which does not depend on an active site, but is
promoted primarily by confinement within zeolites [41]. (2)
the subsequent dehydration of the cycloadduct to PX. The reac-
tion pathways of this process are shown in Scheme 1. The side
reactions include (a) the hydrolysis of DMF to form HDO and
subsequent dehydration MCP; (b) multiple additions of eth-
ylene feedstock resulting in formation of OAB; (c) dimerization
of the aromatic products and furan feedstock to form oligomers
[38,39,63].

All catalyst materials under study showed high DMF con-
version after reaction for 24 h (Table 3). The proportion of
weak and medium-strong acid follows the order: SCM-36
(79%) > USY (71%) > Beta (62%)> SAPO-34 (58%)> ZSM-5
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Fig. 8. (a) Acid distribution of zeolites with different structures as a function of PX selectivity. (b) Weak and strong acid ratios of different zeolite ma-
terials as demonstrated by the NH3-TPD profile deconvolution procedure. PX selectivity (left axis) and DMF conversion (right axis) over various cata-
lysts (c) and over SCM-36 zeolites with different bulk SiO2/Al:03 molar ratios (d). Reaction conditions: ~1.2+0.1 mol/L of DMF (1.0 g), n-heptane (20
ml) and zeolite (1.0 g) enclosed in the reactor and then heated to 250 °C for 24 h at 2.0 MPa with ethylene.
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(55%)> MWW (51%), as shown in Figs. 8(a) and (b). Under the
approximately equal conversion of DMF, the PX selectivity over
different catalysts decreases in the order: SCM-36 (90%~93%)
> USY (81%) > Beta (75%) > ZSM-5 (72%) > MWW (63%) >
SAPO-34 (56%), which corresponds to the proportion of weak
acid sites (Table 3, Figs. 8(a) and (c)). The by-products selectiv-
ity over our newly prepared SCM-36 zeolite material was lower
than those over other zeolites. Alkylation and isomerization
reactions that are catalyzed by strong Bronsted acid would not
only reduce the para-xylene selectivity, but also cause rapid
deactivation [38]. Using SCM-36 as catalyst greatly decreased
the formation of OAB and oligomers, which mainly attributed
to the fewer Bronsted acid sites of SCM-36 than other zeolites.

Besides, Lewis acid sites can coordinate with ethylene to
promote the Diels-Alder reaction to form the cycloadduct in-
termediate oxanorbornene, thus accelerating the rate of step 1
[64]. Over weak and medium-strong acid sites, HDO is likely to
convert into DMF (reversible reaction) and subsequently into
PX. Strong acid sites turn out to be active in the condensation of
HDO, resulting in the unwanted MCP condensation and carbon
loss. Thus, the HDO and MCP by-products formed over SCM-36
catalysts were less than those formed over other zeolites. This
is consistent with the conclusions of previous research works
[31,39].

Calcined SCM-36 zeolites were used directly as catalysts in
the reaction without any post-treatment procedures like ac-
id/base treatment and noble metal ion exchange. All samples
showed high selectivity to PX (Fig. 8(d)), up to 93%. Moreover,
SCM-36 zeolite displayed good recyclability in the reaction. The
catalytic activity of spent catalyst could be fully recovered after
calcination in air (Fig. S11). The following factors may affect the
performance of the catalyst in the biomass-derived DMF to PX
reaction. (1) The pore structure and morphology of zeolite ma-
terials. A suitable pore system favors the production of PX
while inhibiting the formation of other benzene homologues.
Although the structure of SCM-36 zeolite was not solved, its
channel system with pore openings concentrated at around 0.6

nm favored the production of PX. Furthermore, the
two-dimensional layered structure of SCM-36 zeolite offered
larger external surface and more accessible active sites than
conventional zeolites with 3D structures [65,66], thus SCM-36
exhibited the most excellent performance in all herein tested
zeolites. (2) The acidic properties of SCM-36 zeolite. Previous
studies have indicated that to obtain catalyst with high selec-
tivity to PX, strong acid should be avoided to reduce the for-
mation of by-products (MCP, oligomers and so on). Besides,
suitable B/L acid ratio is needed to enhance the main reaction
[39]. The outstanding catalytic performance of SCM-36 could
be ascribed to the above mentioned two aspects: the improved
mass transfer and suitable acidic properties.

4. Conclusions

A new aluminosilicate zeolite, SCM-36, was synthesized in a
composite system using TMAOH as one OSDA, together with
the presence of either CicPyBr or OTMAC. The obtained
SCM-36 zeolite possessed a nanoflower-like morphology with a
stacking manner and high surface area. This material contained
a large number of weak acid sites and a small amount of strong
Bronsted acid sites. The zeolite showed comparable activity
and higher selectivity in the conversion of biomass-derived
reactant (DMF) into PX than several other important zeolites,
such as ZSM-5. The excellent catalytic performance and good
recyclability of the SCM-36 zeolite would endow the new mate-
rial with potential applications in a wide variety of catalytic
conversion processes.
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SCM-36 3 F ik B BT 2 n2,5- — FRE R IEE I AT BE X —BxE

o %4 23 2° x| 7% Caroline Versluis , #+3 &°, F 4k 4>, Eelco T. C. Vogt ©,
Bert M. Weckhuysen ©*, # % E**
MERB I RFALF¥ B, £i§200237, #E
PREAN LG E R IAER, REMT STV RAEREALRE, £i5201208, F
BRI AFEANKMHBEARN, THRESHEFMFHART, TN FSEAD, 5/, 72

WE: o1 —REZERL S Z MR Tz R T Tk TR HT B T iR R RE AR R 28 70 10, — B 1% A
FIRIT TR . 0 T AR I 1S — AR A R S S, BRI L) &R 5 T AR EHLE & 7, A UK s 3= 5
ARG A W LA B o395 St b SR P P B DA b G5 46 3 ) 700 B 401 0 6 BRSREM, ELAT IR 40 T 0B 4R 1L A TR 30N
2= 20 IR L, ST R8T 4 70 A 3T B, X R (PX) A2 A O 2K W R 4 I BR(PET) M B 22 J5ik}, PX EERJE
THMGHIR, ST AR R A = PX IR I T S H ™ 08 [ PRSI BE VR fE L.

AR F WA LA A8 5 ) 7], DADY FR SR A (TMAOH) A HLEE #4 T ) 711, [RIE a4 & b InoN 7S e B v Arntt g
(C1PyBr) B IE 3 3 = H AL F A (OTMAC), &k 7 — M RUERREER £k 70 T0fi, 7 %N SCM-36(Sinopec Composite Material
No.36). SCM-36 4T FL A SRR X S 2by R AT HE I (XRD)YRIGEK AR IES. TR AL XRD 25 3R B, SCM-36 73 F i fER5 b
TR A T i A T T BT S R RS . A T R ABR(SEM) 5T 7 AR DA S SR AR O AR R R AE 45 R,
ST IRAAK T TGS, JEEH 6.9-14.9 nm. N, AT Ar W EE -l i 25 42 B, SCM-36 4379 (f) BET Il 355 m™/g, LA
£ 0.59 nm A1 0.67 nm Ze A5 FLRGF IIRALALIE. IR LA SR FIEHEN T 70 705 ALIE, RPN T- AN R R B2 DX 1) A A o3
fift. JEAL CO i BLHAR 2T 4 45 B 1, SCM-36 (1) Bronsted R (Av(CO-+-OH) = 313 cm ') 5 ZSM-5 #124. R JE 7%
AR TR SO TS I 4-H A SR 2T 4-3000K 0 IR SRR [ RO R, LIESE T SCM-36 431 [A) I BAT 5 R AN S5 R, HL
PASSER A IR .

FEMEAL DMF FI Z 7] % PX [ S8iHh, SCM-36 73 T MR 5165870 TIH(ZSM-5, Beta)H1 4 [ s 4L, T H3&
I H B K PX B R (93%). HLBF AL B VA A T2 2010 R A I8 BUME B A& B RRME . B SCM-36 73 1 A 2
PR, W RAE A, ZR b, R RO HLASHE T R0 ) 1 03102 TR T 4017 IR A ORI, SR R SRS 5 1) SCM-36 401K
310 BAT L IR S P B
XHEE): TR EEEIREL; SCM-36; JEAGIE, X K, AW
Yo H #: 2022-10-24. % B #1: 2022-11-25. - ] B [d]: 2023-03-20.

*i M OB R A . B F 5 4 : wangzdsshy@sinopec.com ( I #k % ), B.M.Weckhuysen@uu.nl (B. Weckhuysen),
yangwm.sshy@sinopec.com (# 4 &).
e RIE: BHEK B A FIEE(21972168, 21802168); E K § 24 Z(CSC); + & A i fb T Bt A R .
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