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urface passivation modification of
two mordenite zeolites and their application on the
isomerisation of o-ethyltoluene†
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and Fang Wang*abc

During the isomerisation of o-ethyltoluene (O-ET) to produce m-ethyltoluene (M-ET) and p-ethyltoluene

(P-ET), it is crucial to improve the isomerisation selectivity and reduce side reactions, such as

disproportionation, alkyl transfer, and splitting. In this study, in order to improve the selectivities toward

M-ET and P-ET during O-ET isomerisation, both the commercial micropore mordenite (HM) and the

prepared micro–mesoporous mordenite (HM–M) were treated through chemical liquid deposition using

tetraethyl orthosilicate (TEOS) and 3,5-dimethylphenylmagnesium bromide (DPB), respectively.

Thereafter, their structure, porosity, and acidity were characterized via X-ray diffraction, transmission

electron microscopy, inductively coupled plasma, N2 sorption, temperature-programmed desorption of

ammonia, Fourier-transform infrared spectroscopy of pyridine and 2,6-di-tert-butylpyridine, and thermal

analysis. The deposition mechanism of DPB was also discussed. The results showed that TEOS could

shrink and block the micropores of mordenite. By contrast, DPB passivated the external surface acidity

and did not affect the micropore structure. Moreover, HM modified using DPB significantly shortened

the self-coking process, improved the product selectivities for M-PT and P-ET as well as their stability,

and prolonged the catalytic life. When the amount of magnesium oxide (MgO) deposited on the HM

zeolite was 4%, the product selectivities toward M-ET and P-ET increased from 67.27% to 77.54%, and

the yields of M-ET and P-ET increased from 47.57% to 52.98%. However, the performance of the catalyst

was not significantly enhanced on the HM–M, owing to the passivation of acidic sites in the mesopores

by the TEOS and DPB.
Introduction

Poly(methylstyrene) is an essential raw material for
manufacturing multifunctional materials and is prepared
through dehydrogenation and polymerisation ofm-ethyltoluene
(M-ET) and p-ethyltoluene (P-ET). However, the commercial
application of poly(methylstyrene) in multifunctional materials
is limited by the high market price of M-ET and P-ET.1,2 The
bottom product of the xylene column in oil reneries contains
a variety of C9 aromatic hydrocarbons, including o-ethyltoluene
(O-ET), M-ET, P-ET, trimethylbenzene, and tetramethylbenzene.
The M-ET and P-ET content in this bottom product can be
increased by isomerising O-ET.3,4 Therefore, the development of
catalysts with excellent catalytic performance for improving the
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selectivities towardM-ET and P-ET during O-ET isomerisation is
essential.

Recently, crystalline aluminosilicates, such as hydrogen-type
mordenite (HM), HZSM-5, and Hb, and crystalline heteropoly
acid salts, such as ammonium silicotungstate and ammonium
phosphotungstate, have been widely studied for O-ET
isomerisation.4–7 Among these catalysts, the HM zeolite exhibi-
ted a higher isomerization conversion rate and selectivity,
owing to its suitable acidity and pore structure. However, the
initial structural defects of commercial mordenite result in
underutilised acid sites in the pores,8,9 the conversion of O-ET
was lower at low temperatures. In addition, large-molecule by-
products do not readily diffuse out of the pores because of the
restriction of pore channels, leading to quick coking and
deactivation of the catalyst, thus restricting its industrial
application.10–13 To solve these challenges, low-temperature
micro–mesoporous mordenite (HM–M) was prepared via
alkali-acid post-treatment by our group previously.14 HM–M has
a large specic surface area, high accessibility of acid sites in
the pores, and short diffusion channels, which can achieve
high-efficiency conversion of O-ET at low temperatures and
improve catalyst deactivation. Therefore, hierarchical-pore
© 2022 The Author(s). Published by the Royal Society of Chemistry
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mordenite has broad application prospects in O-ET
isomerisation.

Although commercial and hierarchical mordenites exhibit
good catalytic performance during the isomerization of O-ET,
the acid sites on the outer surface of mordenite are not shape-
selective and can induce secondary reactions of isomerisation
products.15 Therefore, in order to improve the selectivity of
isomerized products and prolong the catalytic life, modication
of the acidic sites on the external surface of the zeolites is
necessary. Recently, the deposition of chemical silicon and
metal oxides on external surfaces of zeolites is oen used to
modify the acid sites.16–22 Several methods have been used, such
as chemical vapour deposition (CVD), chemical liquid deposi-
tion (CLD), electrochemical deposition, and impregnation.23–27

Li et al. investigated the deposition of TEOS by CLD to passivate
the external surface acidity of Hbmolecular sieves with different
grain sizes. Their approach increased the selectivity of the 2-
phenyl isomer (2-LAB) by 13% for Hb with larger grain sizes.28

Zhu et al. deposited TEOS on ZSM-5 zeolites by CVD and CLD
methods and discovered that SiO2-CLD/ZSM-5 had a 2% higher
EB conversion rate than SiO2-CVD/ZSM-5 with the same p-
diethylbenzene (p-DEB) selectivity.22 Consistently, the deposi-
tion modication of TEOS not only passivated the acidic sites
but also reduced the pore size of the zeolites. Additionally, in
the depositionmodication of metal oxides such asmagnesium
oxide (MgO), cerium(IV) oxide (CeO2), and iron(III) oxide (Fe2O3),
the precursor nitrate can usually enter the micropores of the
molecular sieve. Although this modication can improve
selectivity, the catalytic performance also signicantly
decreases.22 Commonly, metal oxides are not used as a single
modier, but act as additives or auxiliaries. Therefore, it is
particularly important to seek a modication that can passivate
the acidic sites on the zeolites external surface without affecting
their pore size. It was reported that Zhang et al.29 signicantly
improve the selectivity of p-DEB and found that 3,5-dimethyl-
phenylmagnesium bromide (DPB) does not change its pore size
when passivating the external surface acidity of the ZSM-5
zeolite. Therefore, we believe that a nucleophilic macromolec-
ular precursor that can remove the external surface acid sites of
mordenite and maintain its pore size may improve the selec-
tivity towards M-ET and P-ET in the O-ET isomerisation process.

In this study, TEOS and DPBmacromolecules were chosen to
passivate the external surface acidity of mordenite, since the 12-
membered ring main channel of mordenite (between 8.2 and
8.6 Å,8) is smaller than that of TEOS and DPB molecules. As
a comparison, we modied mordenite zeolites with micropo-
rous and micro–mesoporous structures (i.e., HM and HM–M)
using TEOS and DPB, respectively, via the CLD method to
illustrate the effects of pore size and external surface acidity on
the isomerisation process. In addition, the effects of the TEOS
and DPB modiers on the structure, porosity, and acidity of the
two mordenite zeolites are discussed in conjunction with their
characterisation. Finally, to the best of our knowledge, this
study is the rst to use the isomerisation reaction of O-ET to
evaluate the catalytic properties of surface passivation modied
mordenites. This study provides a new idea for shortening the
self-coking modication process of mordenites, thus raising the
© 2022 The Author(s). Published by the Royal Society of Chemistry
M-ET and P-ET selectivities in the O-ET isomerisation process
and improving product stability and catalytic life.

Experimental
Materials

Commercial mordenite was purchased from Nankai Chemist
Catalyst Co., Ltd. 3,5-Dimethylphenylmagnesium bromide
(DPB) were purchased from Sa en Chemical Technology Co.,
Ltd. Tetraethyl orthosilicate (TEOS), sodium hydroxide (NaOH),
nitric acid (HNO3, 65%), and oxalic acid (C2H2O4) were
purchased from Sinopharm Chemical Reagent Co., Ltd. All the
chemicals (analytical grade) were used without further
purication.

Preparation of micro–mesoporous mordenite

According to previously reported procedures,14 the commercial
mordenite (labelled as HM) was reuxed in a 0.2 M sodium
hydroxide (NaOH) solution for 1.0 h at 75 °C (25mL solution per
1 gmordenite). Themordenite was ltered, washed to pH 7, and
ion-exchanged with 1.0 M ammonium chloride (NH4Cl).
Subsequently, the obtained solid was treated with a 0.1 mol L−1

solution of mixed nitric acid-oxalic acid (HNO3–C2H2O4)
(C2H2O4/HNO3 = 1 : 1) for 1.0 h at 70 °C (25 mL solution per 1 g
mordenite). Aer that, it was ltered, washed to pH 7, dried for
12 h at 110 °C, and calcined in the air for 5 h at 550 °C. This
sample was labelled HM–M.

Modication of mordenite zeolite with two structures

The HM zeolite was dispersed in n-hexane (25 mL solution per
1 g mordenite) and stirred thoroughly for 30 min at 300 rpm.
Subsequently, TEOS was added to the mixture and stirred for
10 h at 30 °C. Aer that, n-hexane was removed by vacuum
distillation, and the obtained solid was dried for 12 h at 110 °C
and calcined in the air for 5 h at 550 °C. The obtained sample
was labelled x% SiO2/HM (where x is the SiO2 deposition weight
percentage). Similarly, the HM zeolite modied with DPB
instead of TEOS was named x% MgO/HM (where x is the MgO
deposition weight percentage). HM–M zeolite was modied via
the above method to obtain the catalysts x% SiO2/HM–M and
x% MgO/HM –M.

Characterisations

The crystallinity of the samples was determined using X-ray
powder diffraction (XRD) (Rigaku D/Max 2500VL/PC diffrac-
tometer, Rigaku Corporation, Japan) with Cu Ka radiation (l =

0.1541 nm). Transmission electron microscopy (TEM) images
were obtained using a JEM-2100 microscope (JEOL Ltd., Tokyo,
Japan). The specic surface area and porosity were measured by
N2 sorption (ASAP 2460, Micromeritics Instrument Corporation,
USA). The molar ratios of Si/Al and the content of Mg in the
zeolite samples were determined via an inductively coupled
plasma – optical emission spectrometry (ICP-OES) (IRIS
Intrepid II XSP spectrometer, ThermoFisher Scientic Corpo-
ration, USA). The number and strength of the acid sites in the
zeolite samples were determined using an ammonia
RSC Adv., 2022, 12, 31326–31337 | 31327
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temperature-programmed desorption (NH3-TPD) instrument
(AutoChem II 2920, Micromeritics Instrument Corporation,
USA). The Brønsted and Lewis acid sites of the total and external
surfaces were characterised by Fourier-transform infrared
spectroscopy (FTIR) with pyridine/2,6-di-tert-butylpyridine
adsorption, respectively, on a Vertex 70 (Bruker, Germany)
spectrometer. In addition, samples with 2,6-di-tert-butylpyr-
idine adsorption were quantied using Netzsch STA 449F3
thermogravimetric analysis, and samples without 2,6-di-tert-
butylpyridine adsorption were used as controls.
Catalytic tests

The catalyst with a 60–80 mesh particle size was placed in
a xed-bed reactor with an inner diameter of 10 mm. The C9

aromatics (Table 1) were fed into the reactor by a metering
pump for the isomerisation reactions of O-ET. The isomer-
isation products were analysed hourly via ThermoFisher Trace
1300 gas chromatography (GC) with a SE-30 capillary column.
The products were qualitatively analysed using GC-mass spec-
trometry (Varian 3800/2200) equipped with a Varian cp-sil-19
column. The experiment was performed under the following
conditions: WHSV = 1.0 h−1, H2/HC = 5.0 (mol mol−1) and
pressure = 1.5 MPa. According to the preferential isomerisation
mechanism of ET,30 the isomerisation process of O-ET is mainly
discussed in this work. The conversion of O-ET (XO-ET), selec-
tivities toward M-ET and P-ET (SM-ET,P-ET), and yields of M-ET
and P-ET (hM-ET,P-ET) were calculated using eqn (1), (2) and (3),
respectively, where W1,i is the mass of O-ET in the feed, W1,u is
the mass of O-ET in the product, and W2 is the mass of gener-
ated M-ET and P-ET.

XO-ET ¼ W1;i �W1;u

W1;i

� 100% (1)

SM-ET;P-ET ¼ W2

W1;i �W1;u

� 100% (2)

hM-ET;P-ET ¼ W2

W1;i

� 100% (3)
Results and discussion
Catalyst selection

It is common knowledge that during the isomerisation reaction,
the external surface acidity of the molecular sieve is very crucial
for the selectivity of the target product. Therefore, it is vital to
treat the external surface acidity of the molecular sieves. In this
Table 1 Composition of the C9 aromaticsa

Component M-ET P-ET O-ET TMB Others
Content/% 11.7 6.0 12.2 67.0 3.1

a M-ET, P-ET, O-ET, TMB, and others represented m-ethyltoluene, p-
ethyltoluene, o-ethyltpoluene, trimethylbenzene and the other
components, which were obtained via GC analysis, respectively.

31328 | RSC Adv., 2022, 12, 31326–31337
study, the inuence of the modier TEOS and DPB amount on
the isomerisation performance of O-ET was rst evaluated
(Fig. 1). These modied zeolites showed higher selectivities for
M-ET and P-ET than the parent HM and HM–M. Moreover,
increasing the modier content increased the effect on the
conversion rate of O-ET than the selectivities of M-ET and P-ET
signicantly during isomerisation. Besides, it could be found
that the optimal deposition of MgO is 4% for HM and 1% for
HM–M. Similarly, the optimal deposition of SiO2 is 1% for both
HM and HM–M. Therefore, 1% SiO2/HM, 4% MgO/HM, 1%
MgO/HM–M, and 1% SiO2/HM–M were selected as the optimal
catalysts for further investigation.

Characterisation of catalyst
Physicochemical and structural properties

Fig. 2 shows the X-ray diffraction (XRD) patterns of HM, HM–M,
and their modied samples. All modied samples exhibited the
characteristic diffraction peaks of mordenite zeolite, showing
that the CLD treatment with DPB and TEOS did not degrade the
crystal integrity of HM and HM–M. Furthermore, the diffraction
peaks of SiO2 and MgO are not detected, indicating that SiO2

and MgO particles were minute and highly dispersed on the
surface of HM and HM–M zeolites.

Fig. 3 presents the transmission electron microscopy (TEM)
and high-resolution TEM (HR-TEM) images of HM and HM–M.
The intergranular mesopores were prominent in HM (Fig. 3a
and c), and clear intragranular mesopores were evident in HM–

M (Fig. 3b and d). Both the HR-TEM images of HM (Fig. 3c and
c′) and HM-M (Fig. 3d and d′) show lattice fringes of micropo-
rous channels, indicating that HM–M retained the microporous
properties of HM.

Fig. 4 shows the N2 sorption isotherms and PSDs (inset) of
HM, HM–M, and their modied samples. The textural param-
eters of the parent and modied catalysts are listed in Table 2.
From Fig. 4, it can be seen that HM and HM–M both exhibited
compound characteristics of type I and type IV. Compared with
HM, HM–M had larger specic surface areas (SSA) and more
mesopores (Table 2). A small number of intergranular meso-
pores in HM were formed by the aggregation of particles
(Fig. 3a). Many intragranular mesopores in HM–M were formed
via acid-alkali treatment (Fig. 3b). For modied HM, the SSA
and micropore volume of 4% MgO/HM and 1% MgO/HM–M
was almost unchanged, while that of 1% SiO2/HM and 1% SiO2/
HM–M decreased, indicating that TEOS deposition had a more
signicant inuence on SSA and micropore volume than DPB.
According to the literature,28,29 silanization can block micro-
pores, whereas DPB has little effect on the micropore structure.
Consistently, the external specic surface area of all modied
samples was reduced. Notably, for 1% SiO2/HM–M, the decrease
in SSA and micropore volume was less than that of the 1% SiO2/
HM. Moreover, the mesopore volume of the HM-modied
samples was unchanged. In contrast, the mesopore volume of
the HM–M-modied samples decreased signicantly, demon-
strating that modication had little effect on the intergranular
mesopores. The average mesopore size (PSDs diagram, inset) of
HM and its modied samples are almost the same, while those
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Results of O-ET isomerization employing HM, HM–M and their modified zeolites. (a) HM and modified HM samples, and (b) HM–M and
modified HM–M samples. The data were the averages of three experiments, and the maximum standard deviation of each data was <2.0%.
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of 1%MgO/HM–Mand 1% SiO2/HM–Mare both lower than that
of HM–M, which further conrmed the above opinion.

The Si/Al molar ratios and magnesium contents of HM, HM–

M, and their modied samples are displayed in Table 2 via ICP
measurements. For the TEOS-modied samples, the Si/Al molar
ratios increased, which conrmed that SiO2 was effectively
deposited on the parent HM and HM–M. In addition, the Mg
contents in 4% MgO/HM and 1% MgO/HM–M were 2.32% and
0.62%, respectively, which is consistent with the theoretical
deposition of DPB.

Characterisation of acidity. The total acidity and acid
strength of the HM, HM–M, and their modied samples were
analysed via temperature-programmed desorption of ammonia
(NH3-TPD). Peak tting of the NH3-TPD curves was performed
using Gaussian deconvolution (Fig. 5). The desorption peaks in
the ranges of 150–200 °C (T1), 230–260 °C (T2), and 430–470 °C
(T3) are attributed to weak, medium, and strong acid sites,
respectively.31 According to the literature,32,33 medium and
strong acid sites are collectively called strong acid sites. Based
on the peak areas and total acid amounts,32 the amounts of
weak and strong acid sites were calculated (Table 3). The total
acid amount of the micro–mesoporous HM–M sample pro-
cessed via alkali-acid treatment was lower than that of the
commercial HM, consistent with the molar ratio of Si/Al. The
Fig. 2 XRD patterns of HM, HM–M and their modified samples. (a) HM an

© 2022 The Author(s). Published by the Royal Society of Chemistry
total acid amounts of the HM and HM–M samples were reduced
to varying degrees aer modication. Specically, the strong
acid sites of HM and HM–M showed a signicant decrease,
whereas the weak acid sites decreased slightly. Notably, the 4%
MgO/HM and 1% SiO2/HM have almost the same acid amount,
while the acid amount of 1% MgO/HM–M was higher than that
of 1% SiO2/HM–M. During the TEOS deposition process, SiO2

deposited on the pores and reduced the pore size or blocked the
pores,22,24,28 not just deposited on the external surface of HM
and HM–M. Combined with N2 sorption analysis, this outcome
can be attributed to some acid sites in the micropores of 1%
SiO2/HM and 1% SiO2/HM–M that cannot be detected. More-
over, it was found that the total acid amount of 1% SiO2/HM
decreased by 10.3%, while 30.9% of 1% SiO2/HM–M decreased
at the same amount of TEOS deposition. The total acid content
of 4% MgO/HM and 1% MgO/HM decreased by 9.6% and
10.0%, respectively. These ndings demonstrate that TEOS and
DPB can access the intragranular mesopores of HM–M and
passivate the acidic sites in the pores, which agree with the N2

sorption characterisation.
Fig. 6 shows the Fourier-transform infrared spectroscopy of

pyridine (Py-FTIR) spectra of the HM, HM–M, and their modi-
ed samples in the range of 1575–1400 cm−1 and desorption
temperatures of 200 °C and 350 °C. The B/L ratios of HM, HM–
d modified HM samples, and (b) HM–M and modified HM–M samples.

RSC Adv., 2022, 12, 31326–31337 | 31329
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Fig. 3 TEM images of HM (a, c and c′), HM–M (b, d and d′).
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M, and their modied samples (Table 3) were calculated using
their corresponding molar extinction coefficients34 and inte-
grated areas of the PyH+ and PyL bands. The total acid sites (200
°C) and strong acid sites (350 °C) of Brønsted and Lewis acids
were calculated for HM, HM–M, and their modied samples
based on the acid amounts measured by NH3-TPD (Table 3). It
was found that the deposition of both TEOS and DPB resulted in
a reduction in the B/L ratio of the modied zeolites. Further-
more, the decrease of strong Brønsted acid sites was greater
than that of weak, indicating that DPB and TEOS had a better
Fig. 4 N2 adsorption–desorption isotherms and pore-size distributions
modified HM samples, and (b) HM–M and modified HM–M samples.

31330 | RSC Adv., 2022, 12, 31326–31337
passivation effect on the strong Brønsted acid sites on the
mordenite external surface. From the deposition mechanism of
TEOS (Fig. 7),35 it can be seen that TEOS was mainly adsorbed
on the bridging hydroxyl groups (Al–OH–Si) and silica hydroxyl
groups (Si–OH) on the zeolite surface (Fig. 7b). TEOS also
adsorbed onto the non-framework Al sites. Aer calcination,
a new Al (Si)–O–Si bond formed, which was responsible for the
narrowing of the pore size (Fig. 7c). Since the reaction of TEOS
with the bridging hydroxyl group dominates,28 it mainly
exhibited a decrease in Brønsted acid sites and insignicant
(PSDs, inset) of HM, HM–M and their modified samples. (a) HM and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Structural properties and chemical compositions of the HM, HM–M and their modified samples

Sample Si/Ald
Mg content
(%) SBET

a (m2 g−1) Sext
b (m2 g−1) Smicro

b (m2 g−1) Vmicro
b (cm3 g−1) Vmeso

c (cm3 g−1)

HM 12.8 n. d. 482 25 457 0.180 0.047
4% MgO/HM n. d.e 2.32 476 20 456 0.182 0.043
1% SiO2/HM 13.5 n. d. 458 20 438 0.162 0.043
HM–M 13.1 n. d. 559 130 429 0.172 0.16
1% MgO/HM–M n. d. 0.62 549 121 428 0.171 0.10
1% SiO2/HM–M 13.7 n. d. 532 117 415 0.174 0.10

a Brunauer–Emmett–Teller (BET) method. b t-plot method. c Barrett–Joyner–Halenda (BJH) method (the adsorption branch). d Inductively coupled
plasma-optical emission spectroscopy (ICP-OES) method. e n. d., not determined.
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changes in Lewis acid sites. In addition, the deposition process
of DPB is similar to that of TEOS, except that, combined with
the N2 sorption and NH3-TPD characterisation results high-
lighted earlier, the deposition of DPB had almost no effect on
the microporous pore structure. Therefore, it can be inferred
that no new Al (Si)–O–Si bonds were formed aer calcination
(Fig. 8c). Therefore, the deposition mechanism of DPB can be
described by the process shown in Fig. 8. The removal of tri-
methylbenzene mainly occurs during calcination. In addition,
TEOS deposition exhibited lower B/L values than DPB deposi-
tion in both HM and HM–M. This outcome is due to the TEOS
deposition which reduced the pore size or even blocked the
micropores, limiting the adsorption of pyridine into internal
acid sites of 1% SiO2/HM and 1% SiO2/HM–M.35
Fig. 5 NH3-TPD profiles of HM, HM–M and their modified samples. (a
samples.

© 2022 The Author(s). Published by the Royal Society of Chemistry
In the microporous structure of mordenite, 2,6-di-tert-
butylpyridine (DTBPy) adsorption only occurs at the external
surface and pore acid sites.36 Therefore, the external surface
acidity of HM, HM-M, and their modied zeolites was qualita-
tively and quantitatively analysed by infrared spectroscopy of
DTBPy adsorption (Fig. 9) combined with synchronous thermal
analysis (Fig. 10). The absorption peak at 1615 cm−1 (Fig. 9) is
attributed to the adsorption of Brønsted acidic sites by DTBPy,37

indicating that a small number of Brønsted acidic sites
remained on the zeolite external surface aer modication by
TEOS and DPB. The DTBPy adsorption amount was calculated
from the changes in thermogravimetric (TG) curves between
400 °C and 700 °C (Fig. 10), and the sample without adsorption
of DTBPy was used as a control. It can be found that the samples
) HM and modified HM samples, and (b) HM–M and modified HM–M
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Table 3 The acid contents and properties of the parent and modified HM

Sample

Peak temperaturea (°
C) Acid contentsa (cm3 g−1) B/Lb

Brönsted acid
sitesc (cm3 g−1)

Lewis acid sitesc

(cm3 g−1)

T1 T2 T3 Weak Strong Total 200 °C 350 °C 200 °C 350 °C 200 °C 350 °C

HM 191 239 449 6.7 17.6 24.3 2.0 4.9 16.2 14.6 8.1 3.0
4% MgO/HM 194 247 457 6.8 15.2 22.0 1.8 4.0 14.1 12.1 7.8 3.0
1% SiO2/HM 193 249 449 7.0 14.8 21.9 1.5 3.5 13.1 11.5 8.7 3.3
HM–M 190 251 457 4.2 10.8 15.0 2.3 6.2 10.5 9.3 4.5 1.5
1% MgO/HM–M 189 248 435 3.8 9.7 13.5 2.1 4.7 9.2 8.0 4.4 1.7
1% SiO2/HM–M 189 253 462 3.1 7.3 10.4 1.6 3.8 6.4 5.8 4.0 1.5

a NH3-TPD method. b Py-FTIR method. c NH3-TPD and Py-FTIR method.
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without DTBPy adsorption exhibit only one stage of weight loss
(40–200 °C), while the samples with DTBPy adsorption show two
weight loss stages (40–200 °C and 400–700 °C). The rst stage at
40–200 °C is due to the release of physical water adsorbed in the
pore channel, and the second at 400–700 °C can be attributed to
the DTBPy desorption.38 Meanwhile, the modied samples
exhibit a signicant decrease in the adsorption of DTBPy,
indicating that TEOS and DPB mainly neutralised the hydroxyl
groups on the zeolite external surface. Combining the N2

sorption results (Table 1) and the deposition mechanism of
TEOS and DPB, TEOS leads to the blockage and reduction of the
Fig. 6 FT-IR spectra of pyridine adsorbed on HM, HM–Mand their modifi
C: HM and modified HM samples; (b) 200 °C, (b) 350 °C: HM–M and mo

31332 | RSC Adv., 2022, 12, 31326–31337
pore size of micropores in HM and HM–M, while DPB has no
effect. Therefore, 1% SiO2/HM–M lost more Brønsted acidic
sites than 1%MgO/HM–M at the same TEOS and DPB additions
(Fig. 10b), which is consistent with the NH3-TPD results.
Moreover, more external Brønsted acid sites of 4% MgO/HM
were lost compared to those of 1% SiO2/HM (Fig. 10a), while
NH3-TPD results showed that they have the same total acid
amount, which also conrms that TEOS modication leads to
some undetectable acid sites in the micropore channels. In
addition, it can be seen from Fig. 3 that obvious intragranular
mesopores are present in HM–M. The N2 sorption results
ed samples under different desorption temperature. (a) 200 °C, (a) 350 °
dified HM–M samples.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Mechanism of TEOS deposition.33

Fig. 8 Mechanism of DPB deposition.
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showed that both TEOS and DPB could enter the intragranular
mesopores of HM–M, reducing the average mesopore size.
Thus, HM–M lost more Brønsted acid sites than HM (Fig. 10)
with the same amount of TEOS added, identical to the NH3-TPD
and Py-FTIR results.

Evaluation of catalytic performance. The isomerisation of O-
ET in the C9 aromatic mixture (Table 1) was studied using HM,
HM–M, and their modied catalysts. In addition, from Table 1,
it can be seen that the content of O-ET in these C9 aromatics is
© 2022 The Author(s). Published by the Royal Society of Chemistry
much higher than that in thermodynamic equilibrium,39 so the
conversion of O-ET to M-ET and P-ET can be achieved. Fig. 11
displays the inuence of the time on stream on the conversion
of O-ET and selectivities towardM-ET and P-ET. The yields of M-
ET and P-ET are shown in Fig. 12.

In our previous work,14 the optimal reaction temperatures for
HM and HM–M were 235 °C and 165 °C, respectively. Thus, the
discussed temperature of HM and modied zeolite is 235 °C,
and that of HM–M and modied zeolite is 165 °C in this study.
First, regarding the parent HM and HM–M, the conversion of O-
ET gradually decreased with increasing reaction time. During
the experimental period of 21 h, the conversion of O-ET
decreased by 22.8% in HM and 9.6% in HM–M, which can be
attributed to the higher mesoporosity of HM–M to increase the
accessibility of acidic sites and facilitate the diffusion of
macromolecular by-products. In addition, because the Brønsted
acid and Lewis acid centres are the active centres for catalysing
intramolecular and intermolecular transalkylation, respec-
tively,9 a higher B/L value of HM–M is benecial for reducing the
occurrence of side reactions.

For HM zeolites, a decrease in the O-ET conversion and
increased M-ET and P-ET selectivities and yields were observed
when TEOS and DPB were deposited (Fig. 11a and 12a). In order
to verify the effect of acidic sites on the O-ET isomerization
reaction, the parent HM was tested by pyridine poisoning
method. From Fig. S1,† it can be found that the conversion of O-
ET gradually decreased with the increase of pyridine adsorp-
tion, showing that the acidic sites amount was positively
correlated with the conversion of O-ET. According to NH3-TPD,
Py-IR, and DTBPy-IR analyses, it can be concluded that the
decrease in O-ET conversion was mainly caused by the passiv-
ation of external surface acidic sites. In contrast, the acidic sites
inside the zeolite pores were not affected. Furthermore, 1%
SiO2/HM exhibited lower O-ET conversion than 4% MgO/HM,
although the NH3-TPD results showed that 4% MgO/HM had
the same acid amount as 1% SiO2/HM, which could be attrib-
uted to the deposition of TEOS shrinking or blocking some of
the micropore channels of HM, thus making the acidic sites in
some channels inaccessible for O-ET. Meanwhile, the narrow-
ing or blocking of the micropores restricts the diffusion of
products and macromolecular by-products; therefore, 1% SiO2/
HM exhibited a distinct decrease in a lifetime. The deposition of
DPB passivated the non-shape selective acid sites on the
external surface and hardly affected the pore structure, reducing
the occurrence of non-shape selective side reactions and
improving the catalytic lifetime (Fig. 11a). Notably, the selec-
tivities toward M-ET and P-ET on the parent HM were lower
during the rst 10 h of the reaction period, gradually increasing
with time, and eventually comparable to that of the modied
zeolite (Fig. 11a). This process is similar to the coking modi-
cation of HM itself, which was also observed by Kaeding et al.40

to improve the selectivity of p-xylene. However, the macromo-
lecular products generated from this self-coking process can
block the pores and cover the acid sites, thus showing a fast
decrease for the conversion of O-ET with increasing time
(Fig. 11a). In addition, the pyridine infrared results showed
a decrease in the B/L acid value of 4% MgO/HM and 1% SiO2/
RSC Adv., 2022, 12, 31326–31337 | 31333

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05390j


Fig. 9 FT-IR spectra of 2,6-di-tert-butylpyridine adsorbed on HM, HM–M and their modified samples. (a) HM and modified HM samples, and (b)
HM–M and modified HM–M samples.
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HM versus HM. However, the 4% MgO/HM and 1% SiO2/HM
samples exhibited high M-ET and P-ET selectivities at the early
stage of the reaction and increased slightly with increasing
reaction time. This is due to the elimination of many non-
selective external surface acidic sites, preventing secondary
reaction of the isomerized product and the reaction of macro-
molecules (TMB) in the feed (Table 1) that almost cannot react
in the mordenite channels and produce more by-products.
Moreover, the TEOS modication narrowed the pore size. It
limited the diffusion of more oversized products, exhibiting
Fig. 10 The thermogravimetric (TG) curves of HM, HM–M and their mo
(dash line). (a) HM and modified HM samples, and (b) HM–M and modifi

31334 | RSC Adv., 2022, 12, 31326–31337
higher M-ET and P-ET selectivities than the DPB modication,
even though the B/L values of 4% MgO/HM were higher than
those of 1% SiO2/HM, which was similar to that reported by Li
et al.28 to improve the 2-LAB selectivity of Hb zeolite. Therefore,
we can conclude that the B/L value of acid sites of HM-modied
samples is not proportional to the isomerization selectivity.

For HM–M zeolites, TEOS and DPB modication also resul-
ted in a decrease in O-ET conversion and an increase in M-ET
and P-ET selectivity (Fig. 11b). Unlike the HM-modied
zeolites, the same amount of TEOS deposition did not result
dified samples (solid line) and after absorbed 2,6-di-tert-butylpyridine
ed HM–M samples.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Influence of time on stream (TOS) on the catalytic conversion of O-ET (solid symbol) and selectivities toward M-ET and M-ET (hollow
symbol) over HM, HM–M and theirs modified zeolites. The maximum standard deviation of each data was <2.0%. (a) HM and modified HM
samples, and (b) HM–M and modified HM–M samples.
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in rapid deactivation similar to the 1% SiO2/HM catalytic life-
time, which is due to the access of TEOS to the HM–M meso-
pores, reducing the effect of TEOS on its micropore structure.
The O-ET conversion and M-ET and P-ET selectivities of 1%
MgO/HM-M were slightly higher than those of 1% SiO2/HM–M,
this results can be attributed to the more acid sites and higher
B/L ratio of 1% MgO/HM–M than those of 1% SiO2/HM–M. In
addition, from the yields of M-ET and P-ET in Fig. 12, it can be
found that, as with HM, DPB showed better results than TEOS
in the modication of HM–M. To avoid interference from the
self-coking modication of the parent mordenite zeolite, the
product distributions of HM, HM–M, and their modied cata-
lysts in Table 4 were derived from the rst 9 h of the reaction,
and these data indicate the modication effect of TEOS and
DPB.

From the above studies, it can be seen that the deposition
modication of DPB can signicantly improve the selectivity of
O-ET isomerisation on commercial HM to generate M-ET and P-
ET. In addition, the passivation of non-selective acidic sites on
the external surface and the pore size was not affected, allowing
the catalytic lifetime to be extended. Importantly, in compar-
ison with the reported catalysts,5,7 4% MgO/HM exhibited the
highest yields of M-ET and P-ET in mixed ethyltoluene isom-
erization process (Table 4). HM–M has a shorter pore channel
Fig. 12 Influence of time on stream (TOS) on the catalytic yields of M-ET
standard deviation of each data was <2.0%. (a) HM and modified HM sam

© 2022 The Author(s). Published by the Royal Society of Chemistry
that can facilitate the diffusion of molecules has a higher
catalytic lifetime than the parent HM. The optimal reaction
temperature was 70 °C lower than that of HM, allowing for
energy savings in industrial applications. The deposition of
TEOS and DPB not only passivated the external surface acidic
sites of the micropores but also passivated the acidic sites in the
mesopores because their sizes were smaller than the mesopore
pore diameter. The yields of M-ET and P-ET were unchanged as
the selectivity increase for M-ET and P-ET was offset by the
decrease in O-ET conversion. Hence, it can be concluded that
these two modication methods have no signicant effect on
HM–M and require further investigation.

Finally, the reaction conditions for the isomerization of O-ET
via 4% MgO/HM were optimized, as shown in Fig. S2.† From
Fig. S2,† it can be found that the optimal reaction conditions
were T = 235 °C, WHSV = 1.0 h−1, pressure = 1.5 MPa, and H2/
HC = 5.0 (mol mol−1). Too high reaction temperature, high
pressure and low WHSV can affect the selectivities toward M-ET
and P-ET. This is because that the severe reaction conditions
will aggravate the occurrence of side reactions such as dispro-
portionation and splitting. Under the optimal conditions, the
conversion of O-ET reached 68.4% and the selectivities toward
M-ET and P-ET reached 77.5%. Furthermore, the renewability
study of 4% DPB/HM catalyst was carried out. From the TG
and P-ET over HM, HM–M and theirs modified zeolites. The maximum
ples, and (b) HM–M and modified HM–M samples.

RSC Adv., 2022, 12, 31326–31337 | 31335
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Table 4 Results of the isomerisation of O-ET employing different catalysts at the optimal reaction conditions of each catalyst

Sample

Product distributiona (%)
M-ET, P-ET
yield (%) Carbon mass balanceb (%)C1–C6 Toluene Xylene M-, P-ET O-ET Tri-MB Tetra-MB PTB Others

HM 0.25 1.10 2.30 23.46 3.60 64.10 1.99 0.98 2.22 47.6 99.5
4% MgO/HM 0.23 0.77 1.40 24.16 3.87 65.59 1.59 0.56 1.76 53.0 99.3
1% SiO2/HM 0.15 0.64 1.10 23.81 4.55 66.14 1.47 0.43 1.64 50.0 98.8
HM–M 0.14 1.11 1.41 24.00 3.44 65.27 1.62 0.71 2.29 51.6 99.6
1% MgO/HM–M 0.15 0.87 0.93 24.01 4.25 66.03 1.36 0.45 1.99 51.7 99.1
1% SiO2/HM–M 0.15 0.81 1.09 23.69 4.42 65.95 1.51 0.44 1.95 49.1 99.0
*5M-2 composite mordenite — — — — — — — — 45.0 —
*7HZSM-5 — — — — — — — — — 10.0 —
*7Hb — — — — — — — — — 24.0 —

a Main products of the conversion of O-ET: C1–C6 (alkanes and benzene), xylene (o-, m-, p-xylene), M-, P-ET (m-, p-ethyltoluene), O-ET (o-
ethyltoluene), tri-MB (trimethylbenzene isomers), tetra-MB (tetramethylbenzene isomers), PTB (pentamethylbenzene isomers), others
(macromolecular aromatics). b (Total carbon aer the reaction/total carbon before the reaction) × 100%. *Means results in the literature/means
not reported in the literature. Reaction conditions: WHSV = 1.0 h−1, H2/HC = 5.0 (mol mol−1), pressure = 1.5 MPa, temperature = 235 °C (HM
and its modied ones) and 165 °C (HM–M and its modied ones).
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results in Fig. S3,† it can be found that the used catalyst has an
obvious weight loss peak at 200–600 °C, and the weight loss
curve remains unchanged aer 600 °C. Hence, the 4% DPB/HM
catalyst was cleaned with ethanol to remove residual aromatic
compounds on the surface, and then calcined at 600 °C for
regeneration. From the renewability results in Fig. S4,† it can be
found that the catalytic activity did not decrease signicantly,
indicating that it has a good regeneration performance and has
a good application prospect in industrial catalysis.

Possible mechanism for the isomerisation of ethyltoluene.
According to the characterization above and catalytic perfor-
mance results in Table 4, as well as our previous work,14 the
possible mechanism for the isomerisation of O-ET is presented
in Fig. 13. The primary reaction involves the generation of M-ET
(Prod-1, Fig. 13) and P-ET (Prod-2, Fig. 13) in the presence of
Brønsted acid. First, O-ET was protonated to form the unstable
d-complex (a), then the ethyl group with higher mobility
migrates to the ortho position of the methyl group through
intramolecular transfer to form the d-complex (b), and further
migration to the para position of themethyl group to form the d-
complex (c). Finally, the target products were obtained by
Fig. 13 Mechanism of the isomerization of O-ET.

31336 | RSC Adv., 2022, 12, 31326–31337
deprotonation. Besides, a bimolecular nucleophilic reaction
occurs in the presence of Lewis acid sites. First, O-ET undergoes
hydride transfer to form d-complex (d) or (d′). Aerwards, d-
complex (e) and d-complex (f) were formed electronically and
spatially, and nally by-products (Prod-3 and Prod-4, Fig. 13) are
formed through disproportionation. Notably, the by-products
contained xylene, tetramethylbenzene and pentam-
ethylbenzene isomers (Table 3), which could be attributed to
differences in nucleophilic substitution positions. The macro-
molecular polycyclic aromatic hydrocarbons (1–2%, Table 4)
were generated by the further reaction of by-products, which
were also an important factor for catalyst deactivation. More-
over, the by-products could crack to generate small molecular
chain alkanes (C1–C6, Table 3).

According to the literature,41,42 the high density of acidic sites
favors intermolecular transalkylation as well. The deposition of
DPB effectively passivated the acid sites on the external surface
of HM without changing the pore structure and the acid sites in
pore channels. TEOS deposition even blocks some of the pores,
reducing the accessibility of acidic sites within the pores.
Therefore, the HM-modied zeolites exhibited high selectivities
for intramolecular transalkylation products (M-ET, P-ET)
(Fig. 11a). Similarly, HM–M modied with DPB and TEOS also
showed improved selectivities for M-ET and P-ET (Fig. 11b).
Conclusions

Two mordenite zeolites with different structures were modied
with TEOS and DPB using the CLD method, respectively, and
their isomerisation property of O-ET in C9 mixed aromatics was
evaluated. TEOS and DPB modications effectively passivated
the acidic sites on the external surface of the mordenites. It was
found that TEOS caused the pore shrinkage or blockage, while
DPB had almost no effect on the pore channels of the mordenite
micropores. Therefore, the DPB modier improved catalytic
performance and a longer lifetime than TEOS. Compared with
the parent HM, the selectivities toward M-ET and P-ET on the
4% MgO/HM zeolite increased from 67.27% to 77.54%, and the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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yields of M-ET and P-ET increased from 47.57% to 52.98%.
However, for HM–Mmodied with DPB, the yields of M-ET and
P-ET were unchanged as the selectivity increase for the product
was offset by the decrease in reactant conversion, owing to the
passivation of acidic sites in the mesopores of HM–M. In
contrast to the external surface acid passivation of HM with
micropores, TEOS and DPB were not effective on that of HM–M
with a micro–mesoporous structure, and the modication for
this zeolite will be further investigated in future studies. Finally,
this study provides a new approval to improve the product
stability and catalytic life in the industrial isomerisation of O-ET
with C9 mixed aromatics as raw materials using mordenite as
a catalyst.
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