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Urea-induced platelike ZSM-5 zeolites with Si
zoning for efficient alkylation of toluene with
ethanol to para-ethyltoluenet

+°€ Yang Liu,® Shujing Chen,? Zhe Hong,
® Fangtao Huang*® and Zhirong Zhu*®

Jialin Tan,t® Lei Miao,
Qun Yang,? Xianlong Gao,

*® Lihua Deng,?

Platelike zeolites with a short diffusion pathway are promising catalysts due to mass transfer advantages.
Herein, platelike ZSM-5 with a reduced b-axis thickness (~90 nm) was synthesized using a urea-assisted
crystallization strategy. We disclose the significant application of this platelike catalyst in the toluene alkyl-
ation reaction with ethanol to produce para-ethyltoluene (p-ET). The reaction results demonstrate that
this platelike ZSM-5 exhibits a higher toluene conversion (58.3%) and ET selectivity (88.7%) than conven-
tional ZSM-5. This improvement is primarily due to the shortened straight channels of platelike ZSM-5,
which facilitate mass transport and increase the accessibility to acid sites. Nevertheless, the shortened
b-axis of platelike ZSM-5 seems to have no significant positive impact on para-selectivity for p-ET. Hence,
we constructed a Si-zoned external surface on the platelike ZSM-5 by means of the surface modification
strategy to accurately passivate the surface acid sites, thereby inhibiting the isomerization reaction, and
achieving higher selectivity for p-ET (>95%) and extended catalytic stability (>100 h) in the reaction of

rsc.li/frontiers-inorganic toluene alkylation with ethanol.

1 Introduction

para-Ethyltoluene (p-ET) is an important chemical used in the
production of commercial polymers, agriculture, and other
materials with significant applications.”” In recent years, the
excessive capacity of toluene in the petrochemical industry has
made the alkylation of toluene with inexpensive and easily avail-
able ethanol to produce p-ET very significant, promoting the
high value-added utilization of aromatic hydrocarbons. ZSM-5
zeolites, with tunable acidity, characteristic pore structures, and
excellent hydrothermal stability, are commonly used as catalysts
for the alkylation of toluene with ethanol.** However, the ethylto-
luene (ET) isomers in the alkylation product were distributed
according to thermodynamic equilibrium (p-ET (25.9%), meta-
ethyltoluene (m-ET, 59.3%), and ortho-ethyltoluene (0-ET, 14.8%))
on the conventional ZSM-5,> which necessitates a costly and
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energy-intensive process to separate p-ET from the isomers with
close boiling points. The acid properties of ZSM-5 play an indis-
pensable role in determining the catalytic performance.
However, the non-shape selective acid sites present on the exter-
nal surface of zeolites are accountable for the low p-ET
selectivity.”” Due to the absence of spatial confinement, the
external surface acid sites readily catalyze the isomerization of
Pp-ET to form m-ET and o-ET. To realize higher shape selectivity,
it is essential to passivate the surface acid sites using modifiers.
These modifiers, such as phosphorus, MgO, boron, and SiO,,
serve as acid-site neutralizing reagents that chemisorb to the
hydroxyl groups on zeolite surfaces.®

Besides the effects of acidity, the structural properties of
the zeolites also play an indispensable role in determining the
catalytic activity. ZSM-5 features a distinct framework with two
sets of intersecting 10-membered ring (10MR) channels, ie.
one set of straight channels (0.52 x 0.58 nm) parallel to the
b-axis and the other set of sinusoidal channels (0.51 x
0.55 nm) parallel to the g-axis."""* The long channels would
lead to the enrichment of ethanol, which favors side reactions
such as ethanol dehydration or ethanol deep decomposition.
These lead to low ethanol utilization efficiency and p-ET
selectivity, as well as rapid catalyst deactivation."*'* This
problem can be partially circumvented by reducing the path
length through the zeolite crystal. Recently, the b-axis-oriented
ZSM-5 crystals have attracted extensive attention owing to their
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advantages of the shortened b-axis, thereby providing a short
diffusion path along the straight channels. It provides excel-
lent catalytic performance in a wide range of relevant catalytic
processes, including the methanol-to-hydrocarbon (MTH),">"®
methanol to propylene (MTP),"” ring alkylation of benzene
with methanol,'®'® catalytic cracking,”® and other diffusion-
restricted reactions.””** These inspiring findings have pro-
vided guidelines to solve the diffusion limitations of conven-
tional ZSM-5 by shortening the diffusion path. Despite great
promise, its application in the alkylation of toluene with
ethanol has been rarely studied. It has been reported that
adding synthesis modifiers to the starting gel could substan-
tially change the zeolite crystal morphology.*® In particular,
urea can be spontaneously dispersed on the (010) MFI surface
owing to favorable energetic factors, thereby controlling the
growth of the zeolite along the b-axis.**

Herein, we report a urea-assisted crystallization strategy to fab-
ricate a series of platelike ZSM-5 crystals with a controllable
b-axis thickness (90-300 nm) by adjusting the dosage of urea.
The toluene alkylation performances of these catalysts with
different b-axis thicknesses are systematically compared, as the
thinner platelike ZSM-5 (Z5-0.18) exhibits higher activity, which
is primarily attributed to the shortened straight channels and
decreased diffusion resistance. Interestingly, N species seems to
be unexpectedly introduced into Z5-0.18 due to the presence of
urea, thereby modulating the acid properties. Moreover, the
surface modification strategy was developed to passivate the
external acid sites via constructing a Si-zoned external surface on
platelike ZSM-5, enabling long-term stable operation with over
95% p-ET selectivity.

2 Experimental
2.1 Catalyst preparation

Synthesis of platelike ZSM-5. Platelike ZSM-5 samples were
prepared via a hydrothermal crystallization process.”*** Typically,
sodium aluminate (NaAlO,) was dissolved in distilled water, fol-
lowed by the addition of 25% tetrapropylammonium hydroxide
(TPAOH), tetraethyl orthosilicate (TEOS), and urea under vigorous
stirring. The molar composition of the precursor gel was
SiO, : Al,03: TPAOH: H,0:urea = 1:0.01:1.8:12:x, (x = 0, 0.09,
and 0.18). Subsequently, the precursor gel was loaded into a
Teflon-lined autoclave and heated at 180 °C for 48 h under stir-
ring. The solid product was obtained by filtration, washing, and
drying, and then it was calcined at 550 °C for 6 h to remove the
template. The NH,-type zeolites were prepared by ion-exchange
with an aqueous solution of ammonium nitrate (four times) at
95 °C for 4 h, followed by calcining at 550 °C for 2 h to obtain the
H-type ZSM-5 zeolite. The resulting H-type ZSM-5 samples were
denoted as “Z5-x”, where x represents the molar ratio of urea.

2.2 Surface modification

Synthesis of SiO, modified ZSM-5 (y-Si-Z5). SiO, surface
modified ZSM-5 catalysts were prepared by the chemical liquid
phase deposition (CLD) method.”®> Typically, 10 g of the
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75-0.18 catalyst was added to the mixture solution of 100 g
hexane and 10.42 g TEOS, and then stirred for 4 h. The
obtained product was dried at 110 °C overnight and calcined
at 550 °C for 2 h. One cycle of CLD modification is effective at
coating ~4.0% SiO, on the zeolite. The surface modification
procedure was conducted 1-3 times to obtain samples with
different SiO, loadings. The final catalysts were denoted as “y-
Z5-0.18”, where y is the number of SiO,-CLD modification
times.

A detailed description of the catalyst characterization and
catalytic testing conducted on the prepared samples is shown
in the ESL T

3 Results and discussion
3.1 Structural properties

The ZSM-5 samples with different b-axis thicknesses were syn-
thesized via a hydrothermal process in urea medium by adjust-
ing the urea amount. Detailed synthesis conditions are
reported in the “Catalyst preparation” section. Scanning elec-
tron microscopy (SEM) images show that the samples of Z5-0,
Z5-0.09 and Z5-0.18 exhibit evidently diverse morphology
(Fig. 1a—c). The Z5-0.18 sample exhibits a well-formed platelike
morphology, whereas the Z5-0 sample exhibits a typical
rounded-boat morphology. This might be caused by the
adsorption of urea and its interaction with the (010) planes in
aqueous systems, thereby inhibiting the crystal growth along
the b-axis.>®?” Atomic force microscopy (AFM) images also
demonstrate that the platelike crystals of Z5-0.18 exhibit a
smaller b-axis thickness (~90 nm) than the Z5-0 sample
(Fig. 1h and i), which is in accordance with the SEM results.
The platelike morphology of Z5-0.18 can also be confirmed by
transmission electron microscopy (TEM) images (Fig. 1d).
Moreover, the selected area electron diffraction (SAED) pattern
and atomic-resolution high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images of
Z5-0.18 clearly demonstrate a typical MFI straight channel
along the b-axis, which proves that the platelike surfaces are
parallel to the (010) planes (Fig. 1e and f). In addition, HADDF
and EDS mapping images of Z5-0.18 reveal that Si and O
elements are homogeneously distributed on the entire surface
of zeolite (Fig. 1g). Interestingly, there are discriminable N
signals in elemental mappings (pink). We speculate that the N
species might be doped into the zeolite after the hydrothermal
and calcination process in the presence of urea as the nitrogen
source.

Concerned about the introduction of N via a hydrothermal
process in the presence of urea, the chemical nature of the N
species is analyzed by XPS N 1s spectra (Fig. 2). As for the Z5-0
sample (without urea), there are only very weak signals of N
species at around 401.8 eV, which can be assigned to the che-
misorbed nitrogen. Whereas the other two samples of Z5-0.09
and Z5-0.18 (urea present) exhibit prominent N signals at
around 402.8 eV, which belongs to Si-N bonding (such as Si-
NH-Si, Si-NH-Al or Si-NH2 groups).** To further identify the N
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Fig. 1 General structural features of ZSM-5 catalysts with different b-axis thicknesses. (a—c) SEM images of (a) Z5-0; (b) Z5-0.09; and (c) Z5-0.18.
(d) TEM images, (e) SAED pattern and (f) AC-HAADF-STEM images of the Z5-0.18 sample. (g) HADDF and EDS mapping images of Z5-0.18: Si
(orange), O (blue) and N (pink). AFM images and the corresponding height profiles of (h) Z5-0.18 sample and (i) Z5-0 sample.

location, the crystal of Z5-0.18 is chopped out using a focused
ion beam (FIB) along the b-axis orientation (Fig. 3). The two
cutting positions are marked, and the corresponding EDS
mapping images of Z5-0.18 are also displayed in Fig. 3. It
seems that the Z5-0.18 sample exhibits homogeneous N
elemental distribution from the surface to the core of the
zeolite. The above results imply that the N species introduced
into zeolite mainly come from urea and the N species in Z5-
0.18 seems to be introduced into both surface and inner cavity
of the Z5-0.18 zeolite. The N species doping may restructure
the surface Lewis acid-base pairs on zeolites and then boost
the catalytic performance, as reported in our previous work.”*!

4274 | Inorg. Chem. Front., 2025, 12, 4272-4283

For further illustrating the morphological change among
these catalysts, the length along the three axes and the aspect
ratio between different faces on zeolites are investigated. With
the increase of urea content, the ZSM-5 crystals grow from
~620 to ~1900 nm along the c-axis, whereas the thickness of
the b-axis significantly decreases from ~300 to ~90 nm (Fig. 4a
and Table 1). The ratio between the c-axis and b-axis (L./Lp)
was used to evaluate the changes in the (100) and (010) faces,
where the pore mouths of sinusoidal and straight channels
were located, respectively. As shown in Fig. 4b, the L./L;, aspect
ratio increased from ~2.1 to ~21.2, with the increase of the
molar ratio of urea in the gel from 0 to 0.18, implying that the

This journal is © the Partner Organisations 2025
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Fig. 2 N 1s XPS spectra of Z5-0, Z5-0.09 and Z5-0.18 catalysts.

growth in the b direction was greatly suppressed by the intro-
duction of urea.

The XRD patterns of samples prepared with varying urea
contents during hydrothermal synthesis, as shown in Fig. 4c,
demonstrate the typical characteristic peaks of highly crystal-
line ZSM-5 (26 = 7.9, 8.9, 23.2, 23.7, and 24.0°). Interestingly,
the intensity ratio between 8.9° (010) and 7.9° (101) in the Z5-
0.18 sample increased compared with that of the Z5-0 sample,
indicating the enhanced diffraction along the (010) planes
compared to the (101) planes in the zeolite crystals with the

View Article Online

Research Article

increase of the urea content. This effect is a consequence of
the shortened b-axis thicknesses and a larger c-axis, as shown
in Fig. 4a, b and Table 1. Combining the results of XRD and
L /Ly, we considered that in the Z5-0.18 sample, the region per-
pendicular to the (010) crystal face along the b-axis becomes
thinner, resulting in enhanced diffraction of the (010) crystal
face. Moreover, a longer c-axis also results in a higher exposure
degree of the (010) face.

Besides, the N, adsorption-desorption isotherms in Fig. 4d
display typical type-I isotherms for all samples, revealing the
microporous structures of the samples.”® Different from the
Z5-0 sample, both Z5-0.09 and Z5-0.18 show a noticeable capil-
lary condensation step at a relative pressure of P/P, = 0.1-0.2.
This should be attributed to a fluid-to-crystalline-like phase
transition of the adsorbed phase in the micropore of ZSM-5
zeolites with a high Si/Al ratio.””*® Notably, the microporous
surface area (Smicro) and volume (Viicro) Of these samples are
closely similar. It indicates that the introduction of urea
during the hydrothermal process did not alter the intrinsic
microporous structure of ZSM-5, although the morphology did
change. Nevertheless, the external specific surface area (Sex:)
and total pore volume (Vioa) Of the Z5-0.18 sample slightly
decreased compared with the Z5-0 sample, which may be
brought by the larger size of the crystals synthesized in the
urea-containing medium.

It has been reported that the surface Si-zoned ZSM-5 with a
siliceous exterior could promote shape selectivity due to the
decrease of acid sites on the external surface, where a non-

Fig. 3 Cross-section cuts of Z5-0.18 catalysts along the b-axis orientation (two cutting positions, marked with a white circle) constructed by FIB,
and the corresponding EDS mapping images of Z5-0.18 are displayed on the right: N (green), Al (blue), and Si (pink).
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Fig. 4 (a) The length along the three axes and (b) L./L;, aspect ratios of ZSM-5 with different b-axis thicknesses. (c) XRD patterns and (d) N, adsorp-
tion—desorption isotherms of ZSM-5 with different b-axis thicknesses. (e) XRD patterns and (f) N, adsorption—desorption isotherms of platelike

ZSM-5 after different SiO,-CLD modification times.

Table 1 Textural properties of ZSM-5 with different b-axis thicknesses

Average axis length? (nm) Specific surface area® (m* g™") Pore volume? (cm® g™)
Sample Si/Al* a b c SpeT Smicro Sext Viotal Vimicro Vineso
Z5-0 53.7 490 300 620 414 363 51 0.236 0.173 0.092
75-0.09 54.4 500 180 900 403 358 45 0.230 0.169 0.095
75-0.18 52.9 510 90 1900 391 355 36 0.225 0.167 0.088

“ Determined by the XRF results. ” Determined by statistics of 100 specimens in SEM images displayed in Fig. 1. ¢ Calculated by the BET method

and t-plot method. ¢ Calculated by the ¢-plot method.

shape-selective catalytic process occurs.**® Thus, the SiO,
surface modified ZSM-5 catalysts were prepared by a chemical
liquid phase deposition (CLD) method, and the yield of ZSM-5
zeolite products after each cycle of SiO, modification, as

4276 | Inorg. Chem. Front,, 2025, 12, 4272-4283

shown in Table S1.1 Detailed synthesis conditions are reported
in the Experimental section. In the XRD results, all SiO, modi-
fied samples exhibit typical characteristic peaks of the MFI
phase with a sound crystallinity (Fig. 4e). Meanwhile, all SiO,

This journal is © the Partner Organisations 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qi00100e

Open Access Article. Published on 25 March 2025. Downloaded on 4/21/2026 12:27:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

a

View Article Online

Research Article

/ 9
Si-rich surface ™%

Fig. 5 TEM images of (a) Z5-0.18, (b) 3Si-Z5-0.18 samples and (c) the SEM-EDS mapping images of 3Si-Z5-0.18.

modified samples show type-I isotherms with fast uptake at
low relative pressure in the N, adsorption-desorption iso-
therms, which is similar to those of ZSM-5 before SiO, modifi-
cation (Fig. 4f). These results imply that the CLD modification
does not damage the zeolite framework and the inherent
microporous structure. In addition, the BET surface area (Sggr)
gradually declined from 1Si-Z5-0.18 to 3Si-Z5-0.18 (Table S27),
caused by the intensive Si coating. Notably, the 3Si-Z5-0.18
sample after 3 times SiO,-CLD modification shows a distinct
siliceous shell compared to that of the parent Z5-0.18 sample,
as shown in Fig. 5a and b. Furthermore, the SEM-EDS elemen-
tal mapping images are shown in Fig. 5c. Evidently, the abun-
dant Si elements in the 3Si-Z5-0.18 sample intuitively demon-
strate the Si-rich surface of 3Si-Z5-0.18, which is in good agree-
ment with the TEM results.

3.2 Acid properties

To establish the structure-property relationship, the acidity of
ZSM-5 catalysts with different b-axis thicknesses is investigated
by means of NH;-TPD and Py-IR. As shown in Fig. 6a, all the
samples show two distinct NH; desorption peaks, inferring the
existence of two kinds of acid sites on these catalysts. The de-
sorption peak at temperatures lower than 300 °C was associ-
ated with weakly acidic silanol groups and weak Lewis (or
Bronsted) acid sites, while the other peak ranging from 300 to
600 °C was associated with stronger acid sites.>® The concen-
trations of total acid sites are nearly identical in these samples
due to their similar Si/Al ratios (Table 1). Notably, the strength
of weak acid slightly increased from Z5-0 to Z5-0.18, whereas
the strength of strong acid diminished to some extent. These
minor differences between the ZSM-5 with different b-axis

This journal is © the Partner Organisations 2025

thicknesses suggest that the partial nature of acid and base
sites may be changed from Z5-0 to Z5-0.18.

Then, the FTIR spectra using pyridines (Py) as probe mole-
cules are recorded for gaining a deeper understanding of the
nature of acid sites. The bands at 1455 cm™" could be ascribed
to pyridines-Lewis acid site (LAS) interaction, while the band
at around 1545 cm™" could be assigned to pyridines-Brgnsted
acid site (BAS) interaction.>® As shown in Fig. 6b, the concen-
tration of LASs mildly increased from Z5-0 to Z5-0.18 at the
evacuation temperature of both 100 °C and 300 °C, while the
BAS concentrations among these catalysts are nearly the same.
Moreover, the LASs/BASs ratios (L/B) were obviously increased
as the b-axis thickness became smaller. For example, the L/B
ratios were 0.45 and 0.07 for Z5-0.18 and Z5-0 at 300 °C,
respectively (Table 2). We reasonably suppose that the differ-
ence in acidic nature among these catalysts might be attribu-
ted to the introduction of N species over the Z5-0.18 catalyst,
which is in agreement with our previous work.>' Additionally,
solid-state MAS®”Al spectra are used to investigate the local Al
coordination environments of these catalysts, which are
closely related to Lewis acid-base sites. As shown in Fig. 7, all
samples show one dominant peak at around 52-57 ppm,
which can be attributed to tetrahedral Al species. A new weak
peak at ~0 ppm is observed for Z5-0.09 and Z5-0.18 catalysts,
assigned to octahedral Al (i.e., extra-framework species acting
as surface LASs). It seems that the transformation of tetra-
hedral Al to octahedral Al implies the reconstruction of surface
Lewis acid sites on the platelike zeolites.

On the other hand, the acid properties of Z5-0.18 samples
after 1-3 times SiO,-CLD modification were further investi-
gated. NH3-TPD results show that both the weak and strong

Inorg. Chem. Front., 2025, 12, 4272-4283 | 4277
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Fig. 6 The characterization of acid properties of platelike ZSM-5 samples before and after SiO,-CLD modification. (a) NHs-TPD profiles and (b) Py
adsorbed FTIR spectra of the platelike ZSM-5 samples before SiO, modification. (c) NHz-TPD profiles and (d) Py adsorbed FTIR spectra of platelike

ZSM-5 after different SiO,-CLD modification times.

Table 2 Acid properties of the platelike ZSM-5 samples before and
after SiO,-CLD modification

Acidity determined by Acidity determined by Py-

NH;-TPD (mmol g™ ) IR
Samples Total Weak Strong  L/B(100°C) L/B (300 °C)
7Z5-0 0.33 0.21 0.12 0.15 0.07
75-0.09 0.31 0.20 0.11 0.25 0.21
75-0.18 0.29 0.18 0.11 0.27 0.45
1Si-Z5-0.18 0.22 0.13 0.09 0.26 0.11
2Si-75-0.18 0.20 0.17 0.03 0.17 0.14
3Si-Z5-0.18 0.14 0.13 0.01 0.13 —

acid sites decreased with increasing SiO, modification times
(Fig. 6¢). In particular, for 3Si-Z5-0.18, the NH; desorption
peak representing strong acid sites (>300 °C) even disappeared.
This might be attributed to the weakening or even absence of
external acidity of Z5-0.18 via SiO,-CLD surface modification.
Moreover, the Py-IR results indicate that both the concen-
tration of BASs and LASs decreased in the order of 1Si-Z5-0.18
> 28i-Z5-0.18 > 3Si-Z5-0.18 after desorption at 100 °C (Fig. 6d).
The number of acid sites on these prepared ySi-Z5-0.18 cata-
lysts are summarized in Table 2 and Table S3.1 The 3Si-Z5-0.18
sample shows a smaller number of BASs (0.08 mmol g~*) com-
pared to the parent Z5-0.18 of 0.17 mmol g™, 1Si-Z5-0.18 of
0.15 mmol g™* and 2Si-Z5-0.18 of 0.12 mmol g~ '. Meanwhile,
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Fig. 7 Solid-state?” Al MAS NMR spectra of Z5-0, Z5-0.09 and Z5-0.18
catalysts.

the amount of LASs in 3Si-Z5-0.18 of 0.01 mmol g~ is also
lower than that of parent Z5-0.18, 1Si-Z5-0.18 and 2Si-Z5-0.18.
In addition, as the evacuation temperature increases, the
intensity of all peaks decreases obviously at 300 °C, and
almost disappears for the 3Si-Z5-0.18 sample (dashed line in
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Fig. 6d). This result matches well with the NH;-TPD results in
Fig. 6¢c, implying the predominant presence of weak acid sites
in 3Si-Z5-0.18. Differently, the parent Z5-0.18 has much more
strong BASs than 3Si-Z5-0.18 (0.11 mmol g~ vs. 0.02 mmol
g™

The catalytic cracking of bulky triisopropylbenzene (TIPB)
is an effective method to evaluate the external surface acidic
properties of ZSM-5 since TIPB has a kinetic diameter of
0.85 nm and will not enter the ZSM-5 pores.>’*° Fig. S17}
shows a dramatic reduction in the TIPB conversion from
parent Z5-0.18 to 3Si-Z5-0.18 (40.2% vs. 5.2%), implying that
3Si-Z5-0.18 features less external surface acid sites. This can be
attributed to the fact that 3Si-Z5-0.18 exhibits a Si-rich surface
compared to that of parent Z5-0.18.

3.3 Catalytic performance

The reaction of toluene alkylation with ethanol is conducted
over ZSM-5 samples with different b-axis thicknesses, aiming
to gain insight into the intrinsic effect of b-axis lengths on the
catalytic performance. Toluene conversion, ethyltoluene (ET)
selectivity and para-ethyltoluene (p-ET) selectivity as a function
of time are shown in Fig. 8a-c, respectively. It seems that
differences in catalytic activity are obvious over these three cat-
alysts. As the b-axis thickness decreases, an inspiring catalytic
behavior is observed, involving the gradual increase of toluene
conversion and ethyltoluene selectivity. Typically, the Z5-0.18
catalyst showed superior catalytic performance in comparison
with the Z5-0 catalyst, in terms of toluene conversion (58.3%
vs. 37.8%) and ethyltoluene selectivity (88.7% vs. 57.1%) under
identical reaction conditions (400 °C, TOS = 8 h). Meanwhile,
the reaction results at TOS of 8 h are summarized in more
detail in Table 3 and Fig. S2.7 Clearly, ET is the primary
product over all the samples, whereas benzene, xylene and
other Co" aromatics are major by-products. Besides, the distri-
bution of gaseous products is provided in Table S4.f It is
evident that C,H, is the primary gaseous product, and other
gaseous products including CH,, C,Hs, C3Hg as well as C4-Cs
are also detected.

The variations in catalytic performance can be attributed to
the different structural and acidic properties of these zeolite
catalysts. First, the conceivable introduction of N species into
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Table 3 Catalytic performances over different ZSM-5 zeolites for the
reaction of toluene alkylation with ethanol

Sample 75-0  75-0.09 Z5-0.18

Products distribution® (%) Non-aromatic  0.96  1.03 0.78
Benzene 2.91 1.17 0.44
Toluene 62.20 50.82 41.72
Ethylbenzene 2.32 2.03 1.37
Xylene 5.80  4.02 1.74
p-ET 5.79 10.94 15.56
m-ET 12.78 23.76 35.63
0-ET 3.00 2.81 0.52
Others 4.24 3.42 2.24

Calculated data (%) Cr (%) 37.8  49.2 58.3
Ser (%) 571  76.2 88.7
S,er (%) 271 29.4 29.8

Reaction conditions: 400 °C, toluene/ethanol ratio = 1.0, WHSV =
2.0 h™. “Determined at 8 h time-on-stream.

platelike ZSM-5, which modulates the Lewis acid sites (as con-
firmed by the results in Fig. 6 and Table 2), should be one of
the reasons for the superior activity of the Z5-0.18 catalyst.
More importantly, the large aromatic molecules preferentially
diffuse through the straight channels rather than sinusoidal
channels, as proposed by previous studies.**** That is to say,
the difference in the lengths of ZSM-5 along the b-axes and
c-axes could alter the diffusion rates of guest molecules,
thereby affecting catalytic performances. For example, the
much higher L./L,, aspect ratios of Z5-0.18 (21.2) compared to
Z5-0 (2.1) would contribute to enhanced mass transfer, thus
improving the accessibility of active sites and toluene conver-
sion. Moreover, the shortened h-axes could hinder the enrich-
ment of ethanol molecules, which benefits from the utilization
of ethanol in alkylation, thereby leading to a higher ET selecti-
vity on Z5-0.18.

We monitor the quantity of coke species during the alkylation
reaction by using TG analysis. As shown in Fig. S3, the weight
loss due to carbon combustion and decomposition on the spent
75-0.18 catalyst after the reaction is lower than spent Z5-0.09 and
Z5-0 catalysts (Fig. S3at). Meanwhile, the calculated amount of
coke deposited on spent Z5-0.18 is 8.1 mgcoke gcata]yst_l
(Fig. S3b¥), which is also lower than the spent Z5-0.09 (17.4) and

a 60 b 9% c 50
85|
451
g _sof =
Q 40 +
.g sol é 75k W o; s
4 M 2 3 >
5] = 0l = a5l —o—75-0.09
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Fig. 8 Catalytic performance of ZSM-5 catalysts with different lengths of the b-axis. (a) Toluene conversion. (b) Selectivity of ethyltoluene. (c)
Selectivity of para-ethyltoluene. Reaction conditions: 400 °C, toluene/ethanol ratio = 1.0, WHSV = 2.0 h™2,
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spent Z5-0 (30.7), indicating the superior anti-carbon deposition
ability of Z5-0.18. This may also be attributed to the shortened
b-axis and fast diffusion of our platelike structure, thus suppres-
sing the formation of coke precursors such as ethylene and large
polycyclic aromatic hydrocarbons. It is worth noting that the
shortened b-axis of Z5-0.18 seems to have no significant positive
impact on para-selectivity, as the p-ET selectivity on all three cat-

Table 4 The summary of toluene alkylation with ethanol over the pre-
pared ySi-Z5-0.18 catalysts

1Si-Z5- 28i-Z5- 3Si-Z5-
Sample 0.18 0.18 0.18
Product Non- 0.42 0.16 0.08
distribution® (%) aromatic
Benzene 0.64 0.59 0.21
Toluene 52.34 64.81 82.07
Ethylbenzene  0.54 0.51 0.39
Xylene 1.68 1.18 0.81
p-ET 21.06 26.99 15.27
m-ET 20.66 4.03 0.51
o0-ET 1.27 0.68 0.09
Others 1.39 1.05 0.57
Calculated data Cr (%) 47.6 35.19 17.9
Ser (%) 90.3 90.1 88.7
Sper (%) 49.0 85.1 96.2

Reaction conditions: 400 °C, toluene/ethanol ratio = 1.0, WHSV =
2.0 h™. “ Determined at 8 h time-on-stream.
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alysts remains at thermodynamic equilibrium levels, approxi-
mately 27% to 30% (Fig. 8c). The shape-selective capability of
the platelike ZSM-5 zeolite still needs to be further exploited.
Therefore, the catalytic performance for the alkylation of
toluene with ethanol over the silicate-passivated ZSM-5 catalyst
are investigated to verify the effect of the Si-rich external
surface on ZSM-5’s shape-selective capability. As listed in
Table 4, ET is the primary product over all the catalysts,
whereas benzene, xylene, ethylbenzene, non-aromatic and
other Co" aromatics are major byproducts. This product distri-
bution aligns with that of the parent Z5-0.18 catalyst. To our
delight, with the increase of SiO,-CLD modification times, the
selectivity of para-ethyltoluene gradually increased while the
total ethyltoluene selectivity among these three catalysts
showed no obvious change (Fig. 9b and c). Notably, the 3Si-Z5-
0.18 catalyst exhibited significantly better shape-selective per-
formance in comparison with the parent Z5-0.18 catalyst, in
terms of para-ethyltoluene selectivity (96.2% vs. 29.8%, TOS =
8 h), as well as other catalysts reported in the literature
(Table S5%). The alkylation performance of toluene with
ethanol over different catalysts in the literature was studied.
Nevertheless, the toluene conversion gradually decreased with
the increasing Si modification times (Fig. 9a). The primary
reason, for the higher toluene conversion of parent Z5-0.18
than the silicate-passivated ZSM-5 (ex., 3Si-Z5-0.18), a prevail-
ing view is the occurrence of non-shape-selective reactions over

b 100
95 -
N +—9 —2—0o o—o—0——0

S CEENN

o<}
o
T

—o—18i-Z5-0.18
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3
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Fig. 9 Catalytic performance of platelike ZSM-5 with different SiO,-CLD modification times. (a) Toluene conversion. (b) Selectivity of ethyltoluene.
(c) Selectivity of para-ethyltoluene. (d) Catalytic stability test for the reaction of toluene alkylation with ethanol over the 3Si-Z5-0.18 catalyst
(>100 h). Reaction conditions: 400 °C, toluene/ethanol ratio = 1.0, WHSV = 2.0 h™%.
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Fig. 10 Time-dependent in situ DRIFTS during the alkylation reaction on (a) Z5-0.18 and (b) 3Si-Z5-0.18. The spectra were collected from 1 min to

60 min at 400 °C.

the crystals’ external acid sites of parent Z5-0.18.*”*' Another
observation is the excellent catalytic stability of the 3Si-Z5-0.18
catalyst in the long-time test. As shown in Fig. 9d, the toluene
conversion, ET selectivity and p-ET selectivity of 3Si-Z5-0.18
exhibit almost no drop after 100 h reaction, indicating a better
potential for practical applications.

In addition, the time-dependent in situ DRIFTS studies are
performed to gain insights into the variation of organic
species reaction intermediates on the surface of the platelike
ZSM-5 before and after 3 times SiO,-CLD modification (Z5-0.18
vs. 3Si-25-0.18) for the alkylation of toluene with ethanol at
400 °C (Fig. 10). For both Z5-0.18 and 3Si-Z5-0.18 catalysts
under study, the peaks at around 1448, 1628 and 1654 cm™*
are observed, which are assigned to the C-H stretching
vibrations, skeletal C=C vibrations of aromatics and bending
vibrations of the C-H bond.** These peaks observed for Z5-
0.18 are significantly stronger than those of 3Si-Z5-0.18, imply-
ing the relatively retarded desorption of hydrocarbons from
the Z5-0.18 due to its stronger BASs than 3Si-Z5-0.18, thereby
making it more susceptible to further isomerization leading to
a low p-ET selectivity and deep alkylation leading to heavy aro-
matics. Furthermore, the Z5-0.18 catalyst exhibits another two
peaks at 1394 and 1706 cm™". These peaks are indicative of C-
H stretching vibrations that are characteristic of carbon atoms
with double bonds, such as olefins and dienes.*® However,
these peaks are not observed in the 3Si-Z5-0.18 catalyst.
Previous studies have reported that the polymerization of
olefins is more likely to occur on BASs; thus, the accumulation
of light olefins within the pores of Z5-0.18 may accelerate the
formation of oligomerization species (ex., coke-inducing aro-
matics), leading to the deactivation of the catalyst.*®

4 Conclusion

In summary, the b-axis-oriented ZSM-5 catalysts with different
thicknesses (90, 180, and 300 nm) are successfully prepared

This journal is © the Partner Organisations 2025

via a urea-assisted crystallization strategy. Subsequently, the
performances of these ZSM-5 catalysts in the toluene alkyl-
ation reaction with ethanol are investigated. Among them, the
thinnest Z5-0.18 catalyst exhibited both higher toluene conver-
sion (58.3%) and styrene selectivity (88.7%). This is primarily
ascribed to the shortened straight channels of plate-like
ZSM-5, which facilitate mass transport and increase the acces-
sibility to acid sites. Meanwhile, the unexpected N doping
seems to modulate the surface Lewis acid sites on Z5-0.18 due
to its ability to donate electrons. Moreover, we constructed a
Si-zoned external surface on the plate-like ZSM-5 by means of
the surface modification strategy to accurately passivate the
surface acid sites, thereby inhibiting the isomerization reac-
tion, and achieving higher selectivity for p-ET (>95%),
accompanied by extended catalytic stability (>100 h) in the
reaction of toluene alkylation with ethanol. We posit that this
fundamental work could provide new opportunities for the
design of highly efficient catalysts for toluene alkylation with
ethanol and other catalytic reactions controlled by acid sites
and diffusion, synergistically. It is reasonable to believe that
the b-axis oriented platelike zeolites are promising candidates
for further industrial applications.
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