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ABSTRACT: External surface modification is an effective means of achieving N {:H
selective production in the acid-catalyzed process over the zeolite. However, catalyst Sl / 3%
modification, including external surface modification, often fails to break the seesaw (CR:100%) (CR:43%)
effect between the reaction activity and selectivity. In the present work, an acid site- Rl sckd iee.

targeted chemical adsorption deposition (acid site-chemical adsorption—deposition Banned ek 1 s
(ASCAD)) method is applied to precisely control the deposition of silica. The s i‘-'..::,-.'-::"“' TR0
modified ZSM-5 (ZSM-5-ASCAD) shows notable improvements in shape selectivity zsusascap D

and catalytic activity in methanol—toluene coconversion. The total selectivity of light 2 :

olefins and paraxylene (PX) reaches 94%, and the proportion of PX among xylene r{ F S  / L
isomers is 99.5%. Meanwhile, toluene conversion is maintained at 43%, which is o 594 (S:15%)
much higher than that over ZSM-5 modified by the conventional chemical liquid ;ar;:;;ene

deposition (CLD) method (18%). Applying multiple techniques, including time of e

flight secondary ion mass spectrometry for depth profiling, the zero length column

method combined with infrared microscopy (IRM) for diffusion evaluations and isotope labeling technology to reveal the
mechanism and reaction pathway, we confirm that the ASCAD method achieves a minimized silica deposition that precisely shields
the acid sites on the external surface while introducing only a slight impact on the diffusion compared to the severe diffusion
depression of the CLD method. ASCAD modification effectively suppresses unwanted and uncontrollable side reactions and
maintains high reactant conversion simultaneously. This unique modification method minimizes the disparity in mass transfer
capability between the reactant methanol and toluene, which has not been achieved with other modification methods before, leading
to enhanced methanol—toluene coconversion within the ZSM-$ crystal and exhibiting promoted ethene production and super high
PX selectivity at the same time. Targeted modification of the zeolite surface provides an effective approach to simultaneously
enhancing the activity and shape selectivity of zeolite-catalyzed reactions.

KEYWORDS: heterogeneous catalysis, shape-selective catalysis, zeolites, catalyst modification, methanol—toluene coconversion

Bl INTRODUCTION production by introducing additional aromatic hydrocarbon
pools, besides PX production.’

The unique acidic and cavity/channel structure of the zeolite
brings about excellent catalytic performance. Cavity-type zeolite
with small pore openings, such as the 8-membered ring,
possesses an outstanding shape-selective effect on olefin
products.” ZSM-5 with intersectional straight and sinusoidal
10-membered ring channels has acidity, hydrothermal stability,

Paraxylene (PX) is a cornerstone raw material with a pivotal role
in the industrial landscape and is often used as a monomer in the
synthesis of purified terephthalic acid and further in the
synthesis of industrial polymers such as polyethylene tereph-
thalate (PET)." The current industrial production of PX is
mainly based on petroleum as a raw material, obtained through

the catalytic reforming of petroleum-based naphtha.” In and suitable pore sizes close to the benzene ring diameter,’
contrast, applying methanol as an alternative carbon source which makes it an ideal catalyst for the methanol—toluene
from nonpetroleum resources in the coreaction with toluene is a

reaction route with potential cost advantages and higher atomic Received: December 17, 2024

utilization. Highly efficient coconversion of methanol with Revised:  January 24, 2025

toluene for selective coproduction of PX and light olefins can be Accepted: February 17, 2025

achieved via the adjustment of feed conditions and the
modification of the catalyst, and it has been proved that toluene
in the coreaction system leads the improved pathways for ethene
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Scheme 1. Deposition Process of TEOS with Different Adsorption Types and Comparison of Two Deposition Methods in the
Present Study; (a) Physical Adsorption of TEOS and Thick Layer Deposition; (b) Chemical Adsorption of TEOS and Target
Deposition; Here Take the Bronsted Acid Site as an Example; (c) Process of Conventional CLD Method. (d) Process of ASCAD
Method Developed in the Present Study
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coreaction and a more promising catalyst for industrial deposition process of TEOS with different adsorption types is
applications. The critical issue for this reaction system is to given in Scheme 1a,b. For physically adsorbed TEOS, under the
suppress the reactions occurring on the external surface of ZSM- promotion of water, silanol groups are formed by the self-
S so that the coreaction can take place within the grain interior, hydrolysis of TEOS and create siloxane bridges through
thereby facilitating the shape-selective catalysis based on the condensation reactions. Silica is generated by the dehydration
topology and porosity of ZSM-S. Silica deposition, particularly condensation reaction in the oxidation process and further
through simple and inexpensive techniques, such as chemical growth to form a silica layer in repeated cycles (see Scheme
vapor deposition (CVD) and chemical liquid deposition 1a)."® On the external surface of zeolite, TEOS molecules
(CLD), is an effective strategy for shielding external acid preferentially interact with accessible acid sites, e.g,, the bridging
sites.”” Although there were many reports on the silica hydroxyl groups (see Scheme 1b). Hydroxyl groups partially
deposition method,*™"* compared to some other means of condense with vicinal silanol groups to form Si—O-—Si bonds
zeolite modification and preparation, e.g,, the epitaxial growth of during the calcination process.  Both physical adsorption and
asilicalite-1 layer over ZSM-5 crystal,” and selective exposure of chemical adsorption of TEOS would take place in the CLD and
the sinusoidal channel of the ZSM-5,'® the current results of CVD processes. The difference between the two processes is
silica deposition method have not achieved ultrahigh PX that, in the context of the CLD process, due to the sufficient
selectivity (over 99%) and high reactant conversion activity as water supply in the atmosphere air, a large amount of TEOS
the methods mentioned above. It is imperative to develop more forms silicon-based compounds through self-hydrolysis and
precise and efficient silicon oxide deposition approaches to condensation. The silicon-based polymers grow and further
innovate catalyst modification strategies for a more eflicient and condense with the hydroxyl groups on the external surface of the
shape-selective process. zeolite to form a thick silica deposition layer (see Scheme 1c). In
The deposition process of silica using tetraethyl orthosilicate the context of the CVD process, TEOS is carried by inert gas
(TEOS) as the silicon source goes through adsorg)tion, with a significantly reduced water content and preferentially
hydrolysis, condensation, calcination, and other steps.l The chemically adsorbed at the acid sites. Even so, the generated
4148 https://doi.org/10.1021/acscatal.4c07812
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Figure 1. Different deposition effects exhibited in the CLD method and the ASCAD method. (a) Online mass spectrometry of multiple ASCAD cycles.
(b) Sketch map of the CLD and the ASCAD deposition processes. (c—e) Depth profiles of Si and Al secondary-ion fragments contained in the
sputtered volume at the upper surface layer measured by TOF-SIMS. Note that the obtained ratio is not an atomic Si/Al ratio but merely the Si*/Al*
secondary ion ratio. (f—~h) TOF-SIMS 3D visualization of the spital distribution of Si secondary-ion fragments as a function of sputter time. (i—k)
TOF-SIMS 3D visualization of the spital distribution of Al secondary-ion fragments as a function of sputter time.

water in the chemical adsorption process also drives the self-
hydrolysis of a fraction of physically adsorbed TEOS to form
silicon-based compounds, which cannot be completely removed
by purging and would further form undesired nontarget silica

4149

deposition. Essentially, the CVD and CLD methods share
similarities, as they are modification processes in which physical
and chemical adsorption deposition coexist. The difference lies
in the amount of silica deposition.

https://doi.org/10.1021/acscatal.4c07812
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In this study, an acid site-chemical adsorption—deposition
(ASCAD) method (see Scheme 1d) is employed in the zeolite
modification, by applying ultralow concentration of TEOS
feeding gas in the adsorption process, and a following vacuum
desorption process to remove the physical-adsorbed TEOS to
prevent the formation of self-hydrolyzed silicon-based polymers.
The ASCAD method developed in this paper can effectively
remove physically adsorbed silicon sources and their hydrolysis
products, achieving a separate chemical adsorption deposition
process and targeted deposition on the external surface acid sites
of the zeolite. To provide a more differentiated presentation of
physical adsorption deposition versus separate chemical
adsorption deposition, we conducted a comparative study on
ZSM-5-CLD and ZSM-5-ASCAD catalysts. Compared with
catalysts with other modification methods, the modified ZSM-5-
ASCAD shows exceptional shape selectivity and catalytic activity
in methanol—toluene coconversion, realizing highly efficient
coproduction of PX and light olefins in a single catalysis process.
Furthermore, the coupling of diffusion and reaction is a typical
feature of zeolite catalysis, and diffusion behavior in zeolites is a
key factor in determining the catalytic performance. In this
study, multiple techniques are applied to investigate the
diffusion properties and reaction pathway changes before and
after modification, and to reveal how the modification with the
ASCAD method leads to excellent catalytic performance.

B METHODS

Catalyst Preparation. ZSM-S (Si/Al = 67) was purchased
from the Catalyst Plant of Nankai University and was calcined in
flowing air at 823 K for 4 h to remove the template, and then was
extruded and sieved into small particles in 40—60 meshes.
Modification of ZSM-5 by the CLD method was carried out with
tetraethyl orthosilicate (TEOS) as a silicon source. TEOS
solution in cyclohexane with a concentration of 0.5 mol/L was
prepared. 500 mg of catalyst to be treated was placed in a
crucible and dried at 393 K for 12 h. After being cooled to 303 K,
0.5 mL of TEOS solution was added with a pipet gun. The
impregnation process was continued for 12 h and repeated one
time. The treated catalyst was calcined in a tube furnace in flow
air at 823 K for 4 h. The obtained catalyst was named ZSM-5-
CLD.

Modification of ZSM-S by the ASCAD method also used
TEOS as the silicon source. The ASCAD method was performed
in a tube furnace. The loaded catalyst was pretreated at 773 Kin
flowing argon gas for 4 h to remove impurities. After cooling to
473 K, the TEOS saturated at 287 K (114 Pa) was carried into
the tubular with a constant flow rate (20 mL/min) of argon gas
for 30 min. The vacuum desorption process was then carried out
by closing the inlet valve and turning the outlet to a Pfaff
diaphragm pump. The vacuum process was maintained for 10
min to remove the excess physisorbed TEOS. The effluents of
the TEOS adsorption process and vacuum desorption process
were collected and detected by mass spectrometry. Finally, the
catalyst was calcined at 823 K under flowing air (100 mL/min)
for 30 min to remove the organic residues adsorbed on the
catalyst and to deposit silica on the external surface of the zeolite.
The above operation was repeated five times, and the treated
catalyst was named ZSM-5-ASCAD.

Catalyst Test. Coreaction of methanol with toluene was
performed in a fixed-bed quartz tubular reactor (inner diameter
4 mm) under atmospheric pressure. SO mg of catalyst was loaded
into the reactor and activated in argon flow at 823 K and then
adjusted to the reaction temperature (733 K). The reactants
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were fed by passing the carrier gas (Ar) through the saturators
maintained at 287 K. Molar ratios of methanol to toluene (M/T
= 2) were obtained by adjusting the flow rates of the carrier gas.
The total weight hourly space velocity (WHSV) of the reactants
was maintained at 2 h™" for different feed ratios. The effluent
with a time on stream (TOS) of 20 min was collected and
analyzed by gas chromatography (Agilent 7890B with flame
ionization detector).

The calculation method of methanol—toluene coreaction was
similar to our previous study.” The definitions of the molar
conversion of methanol (Cy) and toluene (Cy) were as follows

MMeOH + MDME
r
r+7

Cy (%) =1 — X 100

(1)

MT
7
r+7

Cr (%) =|1- X 100

)

where r represents the feed molar ratio of methanol to
toluene; My.or, Mpy, and My correspond to the carbon molar
proportion of methanol, dimethyl ether, and toluene in the
effluent, respectively; and M represents the sum of the carbon
molar proportion of all the effluents.

And the conversion of the carbon resource was defined by

M, + M + M
C (%) = (1 _ Mmeon DME T) % 100
M 3)
The selectivity of product I was defined by
M,
S, (%) = L X 100
= Myeon = Mpyve — My (4)

And the carbon resource utilization efficiency was defined by
U (%) = C (%) X (Spx + Scu, + Scm, + Sc,u) (%)

+ 100 (%)

B RESULTS AND DISCUSSION

Catalyst Characterization. The online mass spectrometry
of multiple ASCAD cycles (see Figure 1a) shows that, for the
first ASCAD cycle, there is no TEOS signal (selected m/z = 193,
TEOS fragment with the highest relative intensity) in the
adsorption stage, which indicates that TEOS is completely
adsorbed. A TEOS signal is detected after 1200 s in cycle 2 and
appears earlier as cycle times increase, and also the signal
intensity of ethene (selected m/z = 26) and H,O (selected m/z
= 18) becomes lower, both of which indicate that the acid sites
are covered gradually. The tailed peak of TEOS at about 2100 s
in the vacuuming desorption stage indicates that the
physisorbed TEOS is effectively removed, which ensures that
there is no excess silica deposition. The sketch map of the two
deposition processes is given in Figure 1b based on the SEM
images of the catalyst samples (see Figure S1). The structural
properties of ZSM-S and surface-modified ZSM-S are listed in
Table S1. After the silica deposition on the external surface, the
Si/Al ratio of the samples increases, while the decrease in the
specific surface area and micropore volume depends on the
modification method. It is worth noting that the ASCAD
method only causes a slight variation in the Si/Al ratio and
surface area, implying a low Si deposition amount and the
surface area and pore volume of the zeolite being well-kept. In

https://doi.org/10.1021/acscatal.4c07812
ACS Catal. 2025, 15, 4147—4159
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Figure 2. Catalytic performance of ZSM-5 and surface-modified ZSM-S. (a) Product selectivity of coreaction of methanol and toluene over the three
catalysts. Feed ratio: M/T = 2, catalysts weight: 50 mg, WHSV: 2 h™!, reaction temperature: 733 K, atmosphere pressure, TOS: 20 min. (b) Crucial
performance indicators: toluene conversion and target product selectivity. (c) Carbon resource utilization efficiency of the coreaction: conversion
efficiency of methanol and toluene into target products of PX and light olefins. (d) Comparison of PX selectivity and toluene conversion of ZSM-S-

ASCAD with the catalysts in the literature and our previous study.

addition, all of the samples possess good crystallinity (see Figure
S2) and low acid density (see Table S2). Compared with ZSM-
5-CLD, the thickness of the silica deposition layer is greatly
reduced over ZSM-5-ASCAD, which can be further confirmed
by depth profiling of the zeolite external surface.

Time of flight secondary ion mass spectrometry (TOF-SIMS)
sputter depth profiling of zeolite crystals can yield valuable
surface specific chemical information based on the detected
fragment ion composition.'”*’ Here, the TOF-SIMS sputter
depth profiling of the catalyst surface layer complements the
direct evidence of the presumed above sketch map. For ZSM-5-
CLD, the intensity of the surface Si secondary-ion fragments is
significantly higher than that of ZSM-S, and there is an
aluminum-free layer over the external surface (see Figure
1c,d). However, for ZSM-5-ASCAD, depth profiles of Si and Al
secondary-ion fragments contained in the sputtered volume at
the upper surface layer are similar to that of ZSM-5 but with a
lower Al content, implying that the targeted silica deposition
over acid sites has been successfully achieved (see Figure 1c,e).
TOEF-SIMS 3D visualizations of the spital distribution of Si and
Al secondary-ion fragments give a more intuitive display of the
surface sputtering layers of the three zeolites (see Figure 1f—h
for Si*, and Figure li—k for Al*). Comparing the surface
sputtering layers of ZSM-5 and ZSM-5-CLD, it indicates that a
thicker silica deposition layer is formed on the external surface of
ZSM-S zeolite after modification by the CLD method, and the
thickness of the silica deposition layer is recorded by scanning
transmission electron microscopy (STEM) images of the cross-
section of ZSM-5-CLD obtained by the focused ion beam (FIB)
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(see Figure S3). The amorphous silica layer on the external
surface of ZSM-5-CLD is significantly different from the bulk
phase MFI structure, which may seriously affect the diffusion of
reactants and products, and even cause the complete blockage of
zeolite pores. In contrast, silica is preferentially deposited
around the external surface acid sites of the zeolite after
modification by the ASCAD method, retaining the original
external surface of the zeolite to the greatest extent. This precise
control of silica deposition may avoid the strong diffusion
restriction for the reactant toluene.

Methanol—-Toluene Co-Conversion Test. Due to the
precise control of the deposition amount of silica and effective
removal of physical adsorption deposition, the selectivity of PX
in xylene increases significantly with the increase of ASCAD
cycles (see Figure S4 and Table S3). At the same time, the loss of
toluene conversion is significantly reduced (see Figure S4 and
Table S4, and a comparison with the CVD method is also
provided). What is more, the difference in the surface structure
and composition of the three catalysts (ZSM-S, ZSM-5-CLD,
and ZSM-S-ASCAD) is directly reflected in the catalytic
performance. Olefins and aromatics are the main products in
the coreaction of methanol with toluene. Surface modification of
the zeolite contributes to combined strategies of reaction
pathway guidance and zeolite shape-selective catalysis, which
ensure high selective production of target products including PX
and light olefins.® As shown in Figure 2a and Table S§, the total
selectivity of PX and light olefins has been increased from less
than 50% to more than 90% after external surface modification,
which indicates that both the two external surface modification
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Figure 3. Acidity and diffusion properties. (a) Infrared spectra of the ZSM-S and ZSM-S-ASCAD before and after 2,6-dimethylpyridine (DMPy)
adsorption. Adsorption temperature: 373 K, desorption temperature: 423 K. (b) PX diffusion time constants (D/R*) with ASCAD cycles studied by
the ZLC method. (c) Integral uptake curves of the reactant on ZSM-5-CLD and ZSM-5-ASCAD measured using IRM. (d) Surface permeability () of
the reactant on ZSM-5-CLD and ZSM-5-ASCAD obtained from fitting the surface-barrier-limited equation on uptake curves.

methods effectively inhibit the formation of byproducts and
realize the adjustment of the product distribution, making light
olefins and PX the main products of the methanol—toluene
coreaction system. The difference is that ZSM-5-ASCAD has the
advantage in PX selectivity among all products (65 vs 50%) and
also in the total selectivity of light olefins and PX (93.6 vs 91.9%)
compared with ZSM-5-CLD (see Figure 2a).

The ethene selectivity among C, to Cg chain hydrocarbons is
slightly different with the order of ZSM-5-ASCAD (46.6%) >
ZSM-S (45.4%) > ZSM-5-CLD (44.2%) (see Figure 2b). The
advantage in the selectivity of PX (65%) and ethene (46.6%
among C,; to C¢) over ZSM-5-ASCAD indicates that more
toluene may participate in methanol—toluene coconversion for
optimized PX and ethene production.”’ Another significant
superiority of ZSM-5-ASCAD is its stronger shape-selectivity on
xylene isomers (Spx = 99.5% among xylene isomers, see Figure
2b). Due to the close boiling points of the xylene isomer, it is
unpractical to separate them through distillation.” The
separation process used in industry such as crystallization
needs massive energy consumption for deep cooling.”* Thus, the
increase in the selectivity of PX among xylene isomers (99.5%
over ZSM-5-ASCAD vs 98.7% over ZSM-5-CLD) means a
significant cost reduction. More importantly, ZSM-5-ASCAD
also has a notable advantage over ZSM-5-CLD in toluene
conversion (42.6 vs 17.7%, see Figure 2b). Generally, it is
difficult to achieve both high PX selectivity and a high toluene
conversion rate through surface modification. The increase in
the catalytic activity of the reactant toluene and selective
production of PX and light olefins would remarkably improve
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the process economy. Thus, compared with the conventional
silica deposition method of CLD, by the precise control of silica
deposition with the ASCAD method, both selectivity and
activity advantage have been achieved over ZSM-5-ASCAD.
Furthermore, carbon resource utilization efficiency, i.e., the
conversion efficiency of methanol and toluene into target PX
and light olefins, is defined to evaluate the catalytic performance
differences in methanol—toluene coreaction over the three
catalysts (see Figure 2c). The improvement of carbon source
utilization efficiency is more significant after ASCAD
modification compared with the CLD modification (from 29.4
to 51.8% for ASCAD modification and 33.1% for CLD
modification). Although target product selectivity has been
successfully improved by the CLD method, methanol—toluene
coreaction over ZSM-5-CLD with low toluene conversion has
not broken the seesaw effect between selectivity and reaction
activity to achieve high carbon resource utilization efficiency. In
contrast, high reactant conversion and high target product
selectivity jointly lead to significantly improved carbon resource
utilization efficiency over ZSM-5-ASCAD. When comparing
methanol—toluene coreaction results with the works published
in the literature, which utilize various other modification
methods, the ZSM-5-ASCAD developed in our current study
demonstrates outstanding advantages in terms of PX selectivity
and toluene conversion (see Figure 2d and Table
§6).%!#1923737 Begides, the methanol—toluene coreaction
process in the present work, while producing PX, simultaneously
enables the generation of light olefins (particularly enhancing
the production of ethene), offering a new scheme for the
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production of basic chemical raw materials for the manufacture
of PET.*

Catalyst Acidity and Diffusion Properties. Infrared
spectroscopy of adsorbed 2,6-ditertbutylpyridine (DTBPy) is
employed to characterize the external acid properties of
zeolite.””~*' As shown in Figure S5, the intensity reduction of
the IR band of adsorbed DTBPy suggests that the external
surface acid sites are significantly reduced after surface
modification. Another probe molecule, 2,6-dimethylpyridine
(2,6-DMPy), whose molecular size is close to that of meta-
xylene, was also used to study the acidity properties of ZSM-5
and ZSM-5-ASCAD and possible inhibition of the reaction by
external acidic catalysis (see Figure 3a). For ZSM-S, the broad
peak at 3610 cm ™, attributed to the bridging hydroxyl species,
almost disappears after DMPy desorption at 423 K, and
DMPyH", the protonated form of DMPy from the combination
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of DMPy with the Bronsted acid sites, appears at 1648 and 1637
cm™!, which indicates that DMPy, especially some small-sized
isomers of DMPy with para substitution, can enter the ZSM-5
grain and occupy the Bronsted acid sites of both the external
surface and the internal channel.*” In contrast, on ZSM-S-
ASCAD, there is no significant change in the IR absorbances
before and after DMPy adsorption. This indicates that, first, the
ASCAD method has achieved successful coverage of the acidic
sites on the external surface, and second, 2,6-DMPy cannot enter
the ZSM-5-ASCAD grain, since the external surface isomer-
ization reaction is inhibited after ZSM-S is modified by ASCAD
method, and the 2,6-DMPy molecule with a size close to meta-
xylene is difficult to enter the ZSM-5-ASCAD grain, while the
acid sites in the channel of ZSM-S without modification are
accessible for the isomerized DMPy with para substitution
generated with the catalysis from external acidity.
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Further, PX diffusion time constants (D/R*) in ZSM-5
modified by the ASCAD method with 1—5 cycles are measured
by the zero-length column (ZLC) method and given in Figures
3b and S6. Note that the diffusion time constant of PX after
ASCAD modification is slightly increased from the first to fourth
cycle. Therefore, besides shielding the acid sites on the external
surface to avoid the side reactions to produce xylene isomers and
C, aromatics, the ASCAD modification method is beneficial to
the diffusion of the product PX into the gas phase effluent, both
of which directly contribute to the ultrahigh PX selectivity in the
coreaction of methanol with toluene.

The diffusion behavior of reactant molecules imposes
prominent effects on their apparent reactivity.”> For the
methanol—toluene coconversion system, the difference in the
mass transfer efficiency between methanol and toluene
significantly affects the reaction pathways.”* In addition, the
energy barrier difference between the intracrystalline diffusion
and isomerization of xylene isomers directly determines the
para-selectivity of the xylene products.” Infrared microscopy
(IRM) has been developed to monitor the mass transfer of guest
molecules on a particular nanoporous crystal.”® By using the
normalized areas of the IR bands of the adsorbates to quantify
their relative concentrations in the zeolites (see Figure S7), the
molecular uptake curves can be recorded for the investigation of
adsorption kinetics (see Figure S8)."” In the present study, we
use IRM to measure multiple-crystal integral uptake curves of
the reactant methanol and toluene (see Figure 3c), IR bands of
methanol at 2952 cm™ and toluene at 1495 cm™" are used to
plot the uptake curves,***’ and the surface permeability (a) of
the reactants is obtained by fitting surface-barrier-limited
equation on uptake curves.’’ As shown in Figure 3d, the a of
methanol on ZSM-5-CLD is slightly higher than that on ZSM-5-
ASCAD, while the a of toluene on ZSM-5-ASCAD is about two
times higher than that on ZSM-S-CLD. Surface modification of
zeolites allows selectively enhancing or depressing of the mass
transfer of guest molecules depending on their molecular size
and polarity.”" Since the molecular size of methanol is distinctly
smaller than the pore diameter of ZSM-S, the thick silica
deposition layer formed by the CLD method increases the
surface permeability of methanol instead of causing a stronger
diffusion limit. However, for molecules whose critical diameter is
close to or distinctly larger than the ZSM-5 pore size, surface
modification would create a significant entropic surface barrier,
and the large deposition amount for modification will lead to a
higher entropic surface barrier.”’”>> Here the advantage of
toluene surface permeability over ZSM-5-ASCAD suggests that
although the CLD method is already recognized as an effective
external surface modification method, target deposition by the
ASCAD method can realize external surface modification with
minimum silica deposition, which contributes to its excellent
toluene mass transfer and high toluene conversion. Further-
more, the more matching reactant surface permeability over
ZSM-5-ASCAD (1.72 X 107 for methanol and 9.09 x 10~'° for
toluene, see Figure 3d) leads to an actual methanol-to-toluene
ratio in the grain much closer to the feed condition, which
improves methanol—toluene coconversion for PX and light
olefins coproduction.

Reaction Pathway Evolution. There is a complex
interaction between the reaction and diffusion in the zeolite
catalysis system. On one hand, with the progress of the reaction,
the resident species in the zeolite grains gradually accumulate
and eventually form coke species, which causes the evolution of
the diffusion properties of reactant and product molecules.
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Researchers used multiple techniques including pulsed field
gradient nuclear magnetic resonance (PFG-NMR), the gas
chromatography method, and Ab Initio Molecular Dynamics
Simulation (AIMD), to track the evolution of molecular
diffusion properties during the reaction on SAPO-34 molecular
sieve in real-time. It was found that the intracrystalline diffusion
coeflicient of the product molecules decreased with the increase
of the TOS.>>>* On the other hand, the mechanism and reaction
path are strongly determined by the diffusion behaviors of the
reactant and product inside the zeolite-confined pores, different
zeolite topologies,”> and the change of reactant diffusion
properties caused by external surface modification,®>***
which will affect the catalytic performance. In this study, we
tried to correlate the difference in diffusion behavior after
ASCAD modification with the evolution of the reaction path and
catalytic performance by an isotope labeling technique. The
isotope switching experiments of methanol—toluene coreaction
are carried out to investigate the change of the reaction pathways
after surface modification. After feeding '*C-methanol and '*C-
toluene for 20 min, the '>C-methanol is switched to '*C-
methanol, and the '*C-labeled products after switching are
analyzed by the GC—MS. In the initial stage after isotope
switching, the '*C insertion speed of product ethene over
modified ZSM-5-CLD and ZSM-5-ASCAD is slower than that
over unmodified ZSM-5 (see Figure 4a), and even slower than
propene and higher olefins (see Figure S9). This indicates that
the ethene formation pathway on the external surface is
inhibited after the surface modification. The “*C insertion
speed of propene in the initial stage after isotope switching
remains unchanged after surface modification (see Figure 4b),
which is similar to higher olefins (see Figure S10). For the
methanol—toluene coreaction system, a large amount of toluene
is fed and occupies the external surface of ZSM-35, resulting in the
improvement of aromatic-based MTO reaction for ethene
formation; thus, the alkene-based cycle for olefins production,
especially the production of propene and higher alkenes, takes
place inside the ZSM-$ grain, which is not affected by surface
modification.’® Furthermore, the higher 13C contents of ethene
and propene in the equilibrium stage indicate less toluene
participates in light olefin production on ZSM-5-CLD than on
ZSM-5 and ZSM-5-ASCAD.

On unmodified ZSM-5, PX with the '*C-labeled methyl group
can be generated after isotope switching via toluene
methylation, toluene disproportionation, and xylene isomer-
ization. Here, we focus on the equilibrium stage of '*C contents
(see Figure 4c) to investigate the reaction pathway change after
surface modification. External surface reactions leading to
undesired xylene distribution are banned after surface
modification. Therefore, toluene can participate in only the
intracrystalline reaction pathways, which provide opportunities
for the insertion of '*C atoms into the benzene ring, resulting in
a higher *C content of aromatic products including PX (see
Figures 4c and S10). The higher total "*C content of PX on
ZSM-5-CLD can be attributed to the lower toluene conversion
and more methanol participated in PX production than on ZSM-
5-ASCAD. The isotopic distributions of 5 min after *C
switching provide additional evidence for the reaction pathway
change after surface modification (see Figure 4d—f). The
proportion of products with all carbon atoms labeled by "*C
(2-8C labeled ethene in Figure 4d, 3-"*C labeled propene in
Figure 4e, and 8-'>C labeled PX in Figure 4f) over ZSM-5-CLD
is higher than that over ZSM-S and ZSM-5-ASCAD. This
indicates that the MTO reaction over ZSM-5-CLD, in which
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reaction pathways leading to the formation of dominant products.

toluene participation was depressed due to the difficulty of mass
transfer over the CLD method modified ZSM-S, will account for
a noticeable proportion for PX and ethene production from only
methanol conversion. In contrast, for ZSM-5-ASCAD, the
higher proportion of ethene with fewer '*C labeled (0-"*C and
1-3C labeled ethene in Figure 4d) over ZSM-5-ASCAD
indicates that more toluene participates in the formation of
ethene. In addition, the PX isotopic distribution over ZSM-5-
ASCAD is similar to that over unmodified ZSM-S except for the
reduction of 1-"*C labeled PX and corresponding increase of the
other C-labeled PX (see Figure 4f). This suggests that the
ASCAD modification has not caused significant effects on the
intracrystalline PX production pathway. The proportion of
2-13C to 6-3C labeled PX over ZSM-5-ASCAD is higher than
that over ZSM-S-CLD, which indicates an improved toluene
utilization efficiency for PX production over ZSM-5-ASCAD.
In general, as shown in Figure 4g, surface modification by the
ASCAD method effectively suppresses unwanted and uncontrol-
lable external surface toluene methylation, toluene disproportio-
nation, and xylene isomerization. Therefore, the methylation,
disproportionation, and isomerization reactions are now only
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carried out inside the zeolite crystals, resulting in a tendency to
generate para-isomers with diffusion advantages. The precise
control of silica deposition has been achieved over ZSM-S-
ASCAD with minimal effects on the diffusion properties of
reactants and target products. The excellent toluene mass
transfer ensures the occurrence of intracrystalline reaction and
high toluene utilization efficiency while the more matching
reactant surface permeabilities contribute to an enhanced
methanol—toluene coconversion for PX and light olefins
coproduction.

In situ FTIR results of '*C-switching experiments of
methanol—toluene coreaction further reveal the difference in
dominant reaction pathways varied with surface modification of
ZSM-5 (see Figures S and S11). Heat maps of the low
wavenumber region (¢(C—C) and §(C—H) region at 1650—
1300 cm™') are given in Figure Sa—c. The absorbances at
approximately 1590 cm™' corresponding to the ring C—C
stretching vibrations of aromatics with low substitution
(including toluene, xylene, trimethylbenzene, etc.59’60) are
slightly affected by the different aromatic distributions over
the three catalysts, while the band intensity of ZSM-5-CLD is
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quite low compared to that of other catalysts, indicating the low
aromatic introduction into this catalyst during coreaction. The
maxima of the bands are fixed within 20 min on stream but red-
shifted after switching to the '*C-methanol and '*C-toluene
cofeed. This is caused by the insertion of *C atoms into the
aromatic ring, and the larger shift over ZSM-5-CLD (13 cm™}
see Figure Sb) than that over ZSM-S and ZSM-S-ASCAD (S
cm™l see Figure Sa,c) indicates that more 13C-atoms from
methanol participates in the formation of aromatic species over
ZSM-5-CLD. This provides additional evidence for the higher
proportion of the MTO reaction pathway over ZSM-5-CLD.
The band centered at 1365 cm™" is due to the C—H bendin
vibrations of the substituent group of aromatic species.’”
Here, a more remarkable redshift (5 cm™) of this band after
isotope switching is observed on ZSM-S but only 1 cm™" shift on
ZSM-S-CLD and 2 cm ™" shift on ZSM-5-ASCAD, respectively.
This indicates a more predominant occurrence of the alkylation
reaction of aromatic compounds over the external surface of
ZSM-5 without surface modification. Moreover, it is worth
noting that the IR absorbance intensity of the low wavenumber
region on ZSM-S is significantly higher than that on ZSM-$-
CLD but close to that on ZSM-5-ASCAD. This suggests that
compared with ZSM-5-CLD, there are more aromatic species
introduction or generation on the other two catalysts, ZSM-5
and ZSM-5-ASCAD, indicating that more toluene diffuses into
the zeolite grains and reacts with methanol. The concentration
of toluene within the ZSM-5-CLD grains is much lower than
that of the feed, while the intracrystalline methanol to toluene
molar ratio (M/T) of ZSM-5-ASCAD is similar to that of ZSM-
S, facilitating the production of xylene and other aromatics. This
shows that the ASCAD method has a very slight effect on
molecular diffusion. This is the reason toluene can maintain high
conversion over ZSM-5-ASCAD.

Based on the analysis of the difference in reaction pathways
and the possibility of toluene participation in the methanol—
toluene coreaction over the three catalysts, a schematic figure of
the dominant reaction pathways after catalyst surface
modification is given in Figure 5d. For methanol—toluene
coreaction over ZSM-5, the toluene methylation pathway for
xylene production and the toluene-promoted MTO pathway are
dominated, while the formation of xylene isomers and some C,*
aromatics cannot be avoided due to the external acid catalysis.
After surface modification, the external surface reactions are
inhibited, and the intracrystalline toluene methylation pathway
mainly produces PX under the shape-selective effect of the
zeolite. Methanol—toluene coconversion on zeolite modified by
the two deposition methods is different in the dominant reaction
pathways. The thick silica deposition layer of ZSM-5-CLD leads
to a strong diffusion restriction on reactant toluene and a low
toluene concentration within the grain, which further results in
an MTO reaction pathway with low toluene participation. In
contrast, the ASCAD method achieves a targeted deposition of
silica at the external surface acid sites and more matching
reactant diffusion properties leading to a similar intracrystalline
M/T ratio to the ZSM-5, which further results in an enhanced
toluene-promoted MTO pathway for PX and ethene copro-
duction dominating over ZSM-5-ASCAD. The excellent
catalytic performance presented by ZSM-5-ASCAD can be
summarized in combination with the above analysis of the acid
properties and the diffusion properties of reactants and products
after modification. First, the effective coverage of the external
surface acidic sites and the enhancement of the PX diffusion lead
to the ultrahigh product selectivity of PX. Second, the excellent
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toluene mass transfer ensures high toluene utilization efficiency.
Third, the more matching reactant (methanol and toluene)
diffusion properties lead to enhanced methanol—toluene
coconversion for PX and light olefins coproduction.

B CONCLUSIONS

In conclusion, ZSM-5 is modified by the ASCAD method, which
precisely controls the deposition of silica over the external
surface of ZSM-S. The ZSM-5-ASCAD achieves targeted
coverage of the external surface acid sites and presents a high
performance in methanol—toluene coconversion. After catalyst
modification, the unrestricted methylation, disproportionation,
and isomerization of aromatics, which are dominant on the
external surface of unmodified ZSM-5, have been inhibited, and
the coreaction of methanol—toluene in the internal channel for
the coproduction of PX and ethene has been enhanced. The
improvement of mass transfer of reactant toluene and target
product PX, and more matching reactant diffusion properties for
methanol—toluene coconversion over ZSM-5-ASCAD, together
contribute to the excellent catalytic performance. As a result, at
atmospheric pressure, 733 K, WHSV = 2 h™!, and methanol/
toluene = 2 (molar ratio), the ZSM-5-ASCAD catalyst exhibits
an ultrahigh PX selectivity (among xylenes, 99.5%) and
outstanding toluene conversion (43%), together with an
excellent target product selectivity in methanol—toluene
coreaction (94% for PX and light olefins among all hydrocarbon
products). This work provides a precise and efficient
modification approach to prepare catalysts with high selectivity
and high reactivity at the same time. The application of this
target modification strategy for ZSM-5 and the coreaction
reaction system enables the joint production of value-added
aromatic products and light olefins. By suppressing the acidity
on the external surface and confining the reaction within the
channel of zeolite with shape-selective properties, highly shape-
selective zeolite acid catalysis has been achieved, which provides
an effective strategy for further improving the catalytic
performance of the zeolite-catalyzed process.
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