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Experimental

Materials
Cé-6-12-0Bra[ CsH13-N(CH3)2-CsH12-N"(CH3)2-(CH2) 12-O-(p-CsH4)2-O-(CH2) 12
N*(CH3)2-C¢H12-N"(CH3)2-CsHi3]-4[Br] was synthesized following previous
literatures [1,[2]. Sodium Silicate (34% wt) was obtained from Shandong Yousuo
Chemical Technology Co.LTD. Tetraethyl orthosilicate (TEOS, 98%, Damao Chemical
Reagent Factory), tetrapropylammonium hydroxide (TPAOH, 40%, Energy Chemical),
sodium aluminate (AR, Aladdin), aluminum sulfate octadecahydrate (AR, Aladdin),
ammonium chloride (AR, Macklin), methanol (99.5%, Macklin), sulfuric acid (98% wt,
Guangzhou Chemical reagent Factory), toluene (AR, Guangzhou Chemical reagent
Factory) were used without further purification, and the water was deionized (DI) water.
Synthesis of pillared 2D MFI zeolites

The ZSM-5 zeolite nanosheets were synthesized by using TEOS as silicon source
and sodium aluminate as aluminum source, the Ce..12-0Brs as organic template. In a
typical synthesis, a gel composition of 2 Ces.12.0 : 100 SiO2: 1 ALOs3: 30.30 NaxO :
6000 H>O was used [3]. Firstly, the organic template was dissolved in deionized water

and vigorously stirred for 60 min, and then sodium silicate was added under stirring
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conditions and vigorously stirred for 60 min to obtain the mixed solution. The
aluminum sulfate octadecahydrate was dissolved in an appropriate amount of deionized
water, the aluminum sulfate solution was slowly added into the above mixture under
stirring conditions, and then dilute sulfuric was immediately added and stirred
vigorously. Finally, the mixture was further stirred at 333 K for 6 h to obtain a gel
mixture. The final gel mixture was transferred into a Teflon-lined stainless-steel
autoclave for heat treatment at 423 K and 15 rpm for 5 days. The product was filtered,
washed and dried at 393 K for 10 h to obtain raw 2D MFI zeolite.

The vapor phase pillarization strategy was employed to fabricate the pillared 2D
MFI zeolite [4]. In a typical experiment, 0.1 g raw 2D MFI zeolite was added into a
small PTFE bottle (10 ml), then it was transferred into a 100 mL PTFE liner, and 0.05
g TEOS was added into the 100 mL PTFE liner, and then this system was transferred
to a stainless-steel autoclave, which was maintained at 423 K for 24 h. After that, the
autoclave was cooled to room temperature, then 1.0 g water was added into the 100 mL
PTFE liner again, and this system was treated at 353 K for 24 h to obtain the pillared
2D MFI zeolite. Afterwards, the raw pillared 2D MFI zeolite was calcinated at 723 K
under N2 flow for 6 h and finally at 823 K under air flow for 12 h in a furnace to produce
P-MFI zeolite.
Synthesis of surface passivated 2D pillared MFI zeolites

The surface passivated 2D pillared MFI zeolite was fabrication following two
steps [5]. In the first step, 0.8854 g of TEOS and 1.7794 g of TPAOH were added into
41.68 g of deionized water to form a growth solution with a molar ratio of 17 TEOS :
14 TPAOH : 9500 H>O, and stirred at room temperature overnight. Subsequently, the
above raw pillared 2D MFI zeolite (1 wt% of the mixture) was added into the above
growth solution and stirred evenly. Finally, the obtained mixture was transferred into a
Teflon-lined stainless-steel autoclave and crystallized for 24 h at 373 K with 20 rmp.
The product was filtered, washed and dried at 393 K for 10 h, which was named as P-
MFI-S.

In the second step, The TEOS and TPAOH were firstly added into a certain amount
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of deionized water to form a growth solution with a molar ratio of x TEOS : 14 TPAOH :
9500 H>O (x = 23, 26 and 30) and this mixture was stirred overnight at room
temperature. Secondly, the P-MFI-S (1 wt% of the mixture) was added into the above
mixture and stirred evenly. Finally, the obtained mixture was transferred into a Teflon-
lined stainless-steel autoclave and crystallized at 443 K with 20 rmp for 7 days. Then
the obtained product was filtered, washed, and dried at 393 K for 10 h, which were
calcined at 823 K for 5 h to remove the organic templates. These samples were donated
as P-MFI-x according to the value of x. Before reaction and acid test, all MFI zeolites
were exchanged to H' form in 1 mol/L NH4Cl1 solution.
Characterization

The Bruker D8 ADVANCE diffractometer system was used to examine X-ray
powder diffraction (XRD) patterns of samples by using Cu-Ka (wavelength of k =
0.015418 nm) radiation. Micromeritics ASAP2020 physical adsorption instrument was
used to determine the pore parameters of the catalysts. Nitrogen adsorption-desorption
isotherms were performed at 77 K, and all samples were degassed at 473 K for 6 h
before the test. FEI Talos F200X field emission transmission electron microscope was
used to observe the skeleton structure of zeolite samples. The Si/Al ratio of the sample
was analyzed by OPTIMA 7000DV inductively coupled plasma emission spectrometer.
The zeolite samples were analyzed by STA449F5 thermogravimetric analyzer of
Netsch GMBH. The pyridine and 2, 6-di-tert-butylpyridine were employed as probe
molecules to determine the total Brensted acid sites and the external surface Bronsted
acid sites of samples through the Fourier transform infrared spectroscopy using Bruker
VERTEX 70 spectrometer. A multi-station gravimetric steam adsorption apparatus
(BSD-VVS) was used to obtain the adsorption kinetic curves. Before test, all sample
were degassed in a vacuum at 373 K for 3 h, and then the adsorption experiment of
toluene was carried out at 303 K and P/Pp= 0.3 condition.
Catalytic tests

The alkylation between toluene with methanol was carried out in a continuous

flow fixed bed reactor. Before the reaction, 0.2 g of 20-40 mesh ZSM-5 zeolite particles
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were mixed with quartz sand, which was loaded into a fixed-bed reactor with an inner
diameter of 10 mm, the mixture was-treated for 2 h under 723 K and 40 ml/min nitrogen
flow to active the catalysts, and then the catalytic test was carried out at 673 K and 0.1
MPa. During the alkylation, the molar ratio of toluene to methanol was 1 : 1 and the
WHSYV was 39 h'!. The reaction mixture was collected periodically and quantitatively
analyzed using a gas chromatograph (GC 7920) equipped with an organosiloxane
capillary column (HP-INNOWAX, 60 m, 0.320 mm, 0.50 pm). The conversion of
toluene and selectivity of para-xylene were calculated based on the following equation:

[6]
Conversion of Toluene: Cr = (1 - —) x 100% (Eq.S1)

Selective of para — xylene: Spy = ==X x 100% (Eq.S2)

n4 and nr were the molar amount of toluene in the mixture before and after the
reaction, ny was the molar amount of xylene in the product, and npx was the molar

amount of para-xylene in the product.
Calculation of Diffusion coefficients

The diffusion coefficients of toluene on investigated MFI zeolites are evaluated
by adsorption kinetic curves. According to Fick's law, the diffusion equation is defined

as below [7]:

D (a_C n 20_6) _ o (Eq.S3)

ar? ror at

where D is diffusion coefficients, C is diffusion concentration, r is radial
coordinates, t is the diffusion time.

When zeolite particles are considered as plate-like particles, the mathematical
solution of the transient diffusion equation can be defined as follows [8]:

Q:—Qo . 8 _ Depr(2n+1)’m?t
oo = 1= St e (-~ ) (Eq.S4)
When the time is short, the transient fraction can be described by the following

equation [9]:

Qt Qo ~8 Deff
= Vit (Eq.S5)
Where Dey is the effectlve d1ffus10n coefﬁc1ent (m2-s-1), r is the thickness of

ZSM-5 nanosheets (m), Qo is the initial weight of the adsorbent (g), Q. and Q: (g) are
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the amount of adsorbent at equilibrium and time t (s), respectively. When gt ZO is
e

0
plotted versus Vt, a straight line with a slope ( = ef L \/t) can be obtained. As a result,

6’ff (S

the diffusion time constant —2£ (s'') can be found from the slope of the line.

When zeolite particles are assumed as the spherical particles, the mathematical

solution of the transient diffusion equation (Eq.S3) can be defined as follows:

2B 1 - ST ew (-2 D) (Eq.S6)

When the time is short, the transient fraction can be described by the following

equation:

Q=0 ¢ Deff L\t (Eq.S7)
Qe—Qo

Where D,y is the effective diffusion coefficient (m?-s™!), r is the particle radius

(m), Qo is the initial weight of the adsorbent (g), Q. and Q; (g) are the amount of

Qt—0Qo

adsorbent at equilibrium and time t (s), respectively. When —— P is plotted versus Vt,
e

a straight line with a slope (6 ef L \/_ t) can be obtained. As a result, the diffusion time

D .
constant re—gf (s™)) can be found from the slope of the line.

Figures and Tables
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Fig. S1 TEM images of P-MFI (a) and (b) with different magnitudes
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Fig. S2 Toluene transient absorption fraction (a) and toluene fitting adsorption curve (b) of

different zeolite samples
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Fig. S3 FT-IR spectra for pyridine adsorbed on fresh and spent zeolites
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Fig. S4 XRD patterns of fresh and regenerated zeolites
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Fig. S5 FT-IR spectra for (a) pyridine and (b) 2,6-di-tert-butylpyridine adsorbed on fresh and

regenerated zeolites

Table S1 Diffusion time constant of toluene on zeolites

Catalysts P-MFI P-MFI-30

Deplr® I(s™) 1.77x10* 8.33x10°

Table S2 Acidity of fresh and regenerated zeolites

Catalysts Total Brensted acid External Brensted £/ (mmol-¢”)

sites?/(mmol-g™") acid sites®/(mmol-g)

P-MFI 0.074 0.059 80 %
R-P-MFI 0.036 0.028 78 %
P-MFI-30 0.035 — _

R-P-MFI-30 0.020 — —

a) measured by FT-IR spectra of adsorbed pyridine; b) measured by FT-IR spectra of adsorbed 2,6-di-
tert-butyl pyridine; c) the percentage of external Brensted acid sites over total Brensted acid.

References

Chen Z P, Huang J J, Mu Q W, Chen HY, Xu F, Fang Y X, Liu B Y. Modification of pillared
MFTI zeolite nanosheets by nitridation with tailored activity in benzylation of mesitylene and
benzyl alcohol. Chinese Journal of Chemical Engineering, 2019, 27(8): 1981-1987

LiuBY, Chen Z P, Huang J J, Chen HY, Fang Y X. Direct synthesis of hierarchically structured
MFTI zeolite nanosheet assemblies with tailored activity in benzylation reaction. Microporous
and Mesoporous Materials, 2019, 273: 235-242

KimY, Kim K, Ryoo R. Cooperative structure direction of diammonium surfactants and sodium
Ions to generate MFI zeolite nanocrystals of controlled thickness. Chemistry of Materials, 2017,
29(4): 1752-1757

Wei L, Song K C, Wu W, Holdren S, Zhu G H, Shulman E, Shang W J, Chen H'Y, Zachariah M
R, Liu D X. Vapor-phase strategy to pillaring of two-dimensional zeolite. Journal of the

S7



American Chemical Society, 2019, 141(22): 8712-8716

Ghorbanpour A, Gumidyala A, Grabow L C, Crossley S P, Rimer J D. Epitaxial growth of ZSM-
S@Silicalite-1: a core-shell zeolite designed with passivated surface acidity. ACS Nano, 2015,
9(4): 4006-4016

Han H, Zhang AF, Ren L M, Nie X W, Liu M, Liu Y, Shi C, Yang H, Song C S, Guo X W. Coke-
resistant (Pt + Ni)/ZSM-5 catalyst for shape-selective alkylation of toluene with methanol to
para-xylene. Chemical Engineering Science, 2022, 252: 117529

GouJ S, Wang Z P, Li C, Qi X D, Vattipalli V, Cheng Y T, Huber G, Conner W C, Dauenhauer
P J, Mountziaris T J, et al. The effects of ZSM-5 mesoporosity and morphology on the catalytic
fast pyrolysis of furan. Green Chemistry, 2017, 19(15): 3549-3557

Zhao H, Song L J, Qin Y C, Duan L H, Sun Z L. Adsorption thermodynamics and diffusion
kinetics of PX over NaY zeolite synthesized by in-situ crystallization from kaolin microsphere.
China Petroleum Processing & Petrochemical Technology, 2014, 16(4): 47-54

Xu F, Xian S K, Xia Q B, Li Y W, Li Z. Effect of textural properties on the adsorption and
desorption of toluene on the metal-organic frameworks HKUST-1 and MIL-101. Adsorption
Science & Technology, 2013, 31(4): 325-339

S8



