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Isomerization of 1-methylnaphthalene (1-MN) to 2-methylnaphthalene (2-MN) is a crucial step in the
production of 2,6-dimethylnaphthalene (2,6-DMN), which is an important raw material for polyethylene
naphthalate (PEN). Herein, the isomerization of 1-MN was systemically investigated over beta zeolite.
Firstly, reaction conditions were systemically optimized, by which enhanced catalytic performance was

obtained. Thereafter, the effect of nitride on the catalytic performance was investigated using a series of
Received 13th August 2024 haracterization techni d DFT calculati ling that firm adsorption of nitrid id sit
Accepted 24th October 2024 characterization techniques an calculations, revealing that firm adsorption of nitride on acid sites
was the main reason for catalyst deactivation. Activity of the deactivated catalyst was difficult to recover

DOI: 10.1039/d4ra05881j via extraction with hot benzene. Fortunately, catalytic performance could be effectively recovered
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1. Introduction

During the past few decades, C10 aromatics have been mainly
derived from ethylene cracking, catalytic reforming and high-
temperature coal coking. Recently, the utilization of C10
aromatics has attracted increasing attention.' As a component
of C10 aromatics, alkyl naphthalene accounts for about 40% of
them, mainly including naphthalene, 1-MN, 2-MN, and
dimethyl naphthalene isomers. Among these aromatics, 1-MN
and 2-MN have been widely used in the petrochemical and fine
chemical industries, such as synthetic fiber dyeing aids,
surfactants, plasticizers, diffusing agents, and vitamin K3.%°
Recently, the preparation of 2,6-DMN via the alkylation of 2-MN
with methanol or 2-MN transalkylation with polymethylbenzene
has become a research hotspot.">* Therefore, the industrial
demand for 2-MN is much more than that for 1-MN, although 1-
MN has its own applications, such as dyes.**®

Research studies on the isomerization of 1-MN to 2-MN over
zeolite catalysts have been widely reported. For example, Li et al.
investigated the isomerization-transalkylation coupling reac-
tion of 1-MN over zeolites with different topologies. They found
that MWW, BEA and FAU zeolite with a 12-membered ring

“Beijing Special Engineering Design and Research Institute, Beijing 100028, China.
E-mail: xingsyl8@tsinghua.org.cn

’Beijing Key Laboratory of Green Chemical Reaction Engineering and Technology,
Department of Chemical Engineering, Tsinghua University, Beijing 100084, P. R.
China. E-mail: hanmh@tsinghua.edu.cn

‘Petrochemical Research Institute, PetroChina Company Limited, Beijing 100195,
China

T Electronic  supplementary  information
https://doi.org/10.1039/d4ra05881j

1 Shiyong Xing and Yan Cui contributed equally to this work.

(ESI) available. See DOI:

© 2024 The Author(s). Published by the Royal Society of Chemistry

through coke-burning, wherein the framework and acid sites were well-preserved during calcination.

channel showed better catalytic activity compared with MFI
zeolite with a 10-membered ring channel.’® Sun et al. treated
beta zeolite with oxalic acid and found that the selectivity of 2-
MN was increased to 92.70% for the isomerization of 1-MN.®
Generally, deactivation by coke is inevitable for zeolite-catalyzed
reactions."™* For the isomerization of 1-MN, Rombi et al. found
that coke becomes more aromatic in nature with increasing
reaction time, and its composition also changes with the same
parameter. Popova et al. studied the isomerization of 1-MN over
different zeolites, including Y, MOR, SAPO-5, and ZSM-5, and
found that disproportionation proceeds to a lower degree, while
the main reaction is isomerization."” Jens et al. found that
zeolites with a spaciousness index between about 2 and 16 were
more excellent in isomerization, and undesired disproportion-
ation can be completely suppressed.*®

As can be seen from previous investigations on the isomer-
ization of 1-MN, solid acids account for a large part of the
catalysts, which is mainly due to their eco-friendly characteris-
tics. Among the solid acid catalysts, zeolites have attracted more
attentions, mainly owning to their various frameworks, tunable
acid properties, high thermal stability, regular channels with
shape-selectivity, absence of corrosion and environmentally
safe properties.'”2®

In fact, C10 aromatics produced from the catalytic cracking
of heavy oil usually contain some sulfide and nitride, which can
cause severe air pollution when used as fuels.?”** Additionally,
they can cause some negative effects on the downstream
chemical processes. Therefore, desulfurization and denitrifica-
tion are really important for petroleum processing.*~** For the
isomerization of 1-MN, the effects of sulfide and nitride from
C10 aromatics on the catalytic performance are still unknown,
but worth investigating.
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As a three-dimensional zeolite with a 12 member-ring large
pore size, beta has been utilized in a variety of reactions.
Especially for the reactions with large size molecules, the
intersection of channels can provide important reaction
spaces.'®*% Additionally, the same level of size between
products and channels can also improve the product selectivity.
Therefore, beta zeolite was selected herein to give a compre-
hensive investigation on the isomerization of 1-MN. Firstly,
a suitable reaction condition was determined by a series of
catalyst evaluations. Then, the deactivation mechanism was
comprehensively investigated by a series of characterization
techniques and DFT calculations. Finally, the regeneration
process was discussed in detail.

2. Methods

2.1 Experimental

2.1.1. Materials. 1-MN was provided by Petrochemical
Research Institute, PetroChina Company Limited, and benzene
(>99.5%) was purchased from the Beijing Tong Guang Fine
Chemicals Company. All reagents were commercially received
without further purification. Beta zeolite was synthesized
according to the method describe in ref. 39. Other zeolites, viz.,
MFI, EUO, MOR, MTW and FAU, were all provided by Petro-
chemical Research Institute, PetroChina Company Limited.

2.1.2. Catalytic evaluation. The isomerization of 1-MN was
performed in a continuous-flow fixed bed micro-reactor (see
Fig. S1t) at 4.2 MPa, consisting of a stainless tube reactor with
a length of 50 cm and a diameter of 1 cm. A typical experiment
was performed using 1 g catalyst mixed with 10 g quartz sand.
Before the reaction, the catalyst was activated under 100 ml
per min N, flow for 3 h at 300 °C. After cooling to the reaction
temperature, benzene was firstly pumped into the reactor to
reach 4.2 MPa. Then, the mixture of benzene and 1-MN with
a certain weight percent was switched into the reactor. For the
vapor phase reaction, the feedstocks should be accompanied
with N, flow, and the reaction was conducted at 0.1 MPa. The
effluent mixture was analyzed offline with a gas chromatograph
(Shimadzu GC-14B) equipped with a flame ionization detector
(FID). The catalyst was assumed to be deactivated as the
conversion of 1-MN decreased below 60%, and then the lifetime
was calculated. The deactivated beta using pure feedstocks were
denoted as B-coke, while the deactivated zeolites using sulfide
and nitride contaminated feedstocks were denoted as B-SN. It is
worth noting that the concentration of 1-MN in the feedstocks is
low, and the selectivity of 2-MN in the products is close to 100%.
Therefore, this work mainly focused on the activity and stability.

2.1.3. Catalyst characterization. The crystalline structure of
the samples was determined by Powder X-ray diffraction (XRD)
using a Bruker D8 Advance powder X-ray diffractometer with Cu
Ko radiation. The scanning range of 20 was 2-50° at 2° min~". A
physisorption analyzer (Quantachrome Autosorb iQ) was used
to measure the surface areas and pore structure of the different
samples at 77 K. For the morphology study, different samples
were investigated by scanning electron microscopy (SEM)
characterization conducted with a JSM7401 instrument.
Transmission electron microscopy (TEM) images were recorded
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on a JEM2010 at 200 kV. Thermogravimetric analysis (TGA) and
differential thermal analysis (DTA) experiments were performed
on a TGA/DSC1/1600LF apparatus. The experiments were
carried out in a temperature range of 25-800 °C under flowing
air (100 ml min~"), and with a heating rate of 10 °C min".
Ammonia temperature-programmed desorption (NH;-TPD) was
analyzed on a ChemBET Pulsar TPR/TPD. Typically, 0.1 g
sample (40-60 mesh) was pretreated at 400 °C for 30 min under
He flow (100 ml min™"), and then cooled to 50 °C. After satu-
ration with NH; for 45 min, He flow (100 ml min ") flushed the
sample for 30 min to remove the weakly adsorbed NH; mole-
cules. Then, the He flow (100 ml min~") was in contact with the
sample with increasing temperature until 700 °C (ramp rate of
10 °C min~"). >’Al MAS NMR experiments were performed on
a JNM-ECZ600R spectrometer at a resonance frequency of 156
MHz using a 4 mm double-resonance MAS probe at a sample
spinning rate of 13 kHz. The chemical shift of *’Al was refer-
enced to 1 M aqueous Al(NOs);. >’Al MAS NMR spectra were
recorded by small-flip angle technique using a pulse length of
0.4 ps (<7t/15) and a recycle delay of 1 s. The amount of sulfide
and nitride was determined by an A2070 analyzer.

2.2 Computational details

All periodic DFT calculations were performed using the Vienna
Ab initio Simulation Package (VASP 5.3.5)**! with the Grimme's
D3 corrections*” to describe the vdW interactions. The projector
augmented wave (PAW) method**** was used to describe the
electron-ion interaction with the plane wave basis set kinetic
energy cutoff of 400 eV. The Brillouin zone was sampled at the I
point only by using the Monkhorst-Pack technique.*® A force
threshold of 0.02 eV A~ was used for the geometry optimization
of all intermediates.

The BEA cell was constructed according to the Structure
Commission of the International Zeolite Association.*® Firstly,
the all-silicon form of the BEA cell was constructed in 1 x 1 x 1.
The lattice constants were then optimized (12.66, 12.66, and

4 \)
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Fig. 1 Geometry structures of H-BEA. Yellow: silicon; red: oxygen;
purple: aluminum; white: hydrogen; gray: carbon. T represents the
tetrahedral Si or Al atom. The same color scheme is used throughout
the paper.
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26.58 A) using an energy cutoff of 600 eV and a force threshold
of 0.01 eV A~ Considering the larger length of 1-dodecene, the
1 x 1 x 1 BEA cell will be extended when calculating the
adsorption energy of 1-dodecene. For H-BEA, the substitution of
the Si atom with the Al atom at T9 is energetically most favor-
able, as suggested by previous works.*”"*° The information of the
optimized geometries of H-BEA is shown in Fig. 1.

The adsorption energy of guest species in zeolites was
calculated as follows:
(1)

AEads = Eadsorbate/H-zeolite — Liadsorbate — EH-zeolite

The fundamental terms E,gsorbate/H-zeolite ANd Exyzeolite are the
energies of the zeolite cell with and without adsorbate, respec-
tively, and E,gsorbate 1S the energy of the isolated adsorbate.

3. Results and discussion

As can be seen from the previous publications, a variety of
zeolites have been utilized in the isomerization of 1-MN.%'%!
Therefore, we firstly conducted this reaction over several
zeolites with different frameworks, of which beta exhibited
superior catalytic performance. The detailed information about
the screening process can be found in the ESI (see Fig. S2).T
Therefore, beta was selected herein to gain insight into the
isomerization of 1-MN.

3.1 Characterization results

Firstly, the physical properties were characterized as follows.
The morphology of beta can be characterized by TEM and SEM.
As can be seen from Fig. 2a, the beta zeolite was aggregated with
small crystals, and it is difficult to distinguish the crystals only
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from SEM images. Fortunately, the crystal size can be more
clearly characterized by TEM. As can be seen from Fig. 2b, the
crystal size is homogeneously distributed (~20 nm), although
the crystals have irregular fringes. Fig. 2c shows the XRD
patterns of beta zeolite. As can be seen, the diffraction peaks are
in accordance with that of the previous publications, indicative
of its pure phase.?”*> The texture properties are shown in Fig. 2d
and Table 1. As can be seen, the beta zeolite exhibits typical IV-
type isothermals. The adsorption below 0.01 at the low-pressure
range corresponds to the micropores. The adsorption step due
to the capillary condensation at P/P, = 0.6-0.9 indicates the
existence of mesopores, which originated from the aggregation
of small crystals.

3.2 Catalytic performance

Firstly, the reaction conditions were comprehensively investi-
gated. For the isomerization of 1-MN, different reaction phases
have been reported previously, including vapor and liquid
phase.*'*'>'¢ However, for the beta zeolite-catalyzed isomeri-
zation of 1-MN, the effect of the reaction phase on the catalytic
performance has never been reported to the best of our
knowledge. Therefore, the isomerization of 1-MN was firstly
conducted on different phases as follows. As can be seen from
Fig. 3, the conversion of 1-MN decreased rapidly after 3 h on the
vapor phase, indicating its severe deactivation. However, the
lifetime was prolonged to 9 h for the liquid phase. Therefore, it
can be concluded that the liquid phase is more beneficial to the
catalytic stability. The reaction on the liquid phase was further
conducted once again to confirm this conclusion.

Based on the conclusions mentioned above, the following
investigations were all performed on the liquid phase. The
effect of the temperature, weight hourly space velocity (WHSV)
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Intensity (a.u.)

5 10 15 20 25 30 35 40
26 (°)

Fig. 2

© 2024 The Author(s). Published by the Royal Society of Chemistry

(d) -— Beta
o
'—
(2]
5 /
™ 4
5 //
~ i.&;é'/.
[}
s r’“,,,,.,
=]
° .
>

00 02 04 06 08 10

Relative pressure P/P

(a) SEM image, (b) TEM image, (c) XRD patterns and (d) N, sorption isotherms of beta zeolite.
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Table 1 Texture properties of different samples
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Samples SUAI®  Seer” (M”27 Smicro’ M2 Smeso” M2 Viniero® (€M> g7 Vinesd' (€m® g7 Vigar® (em® g™)
B-fresh 15.46 627 420 207 0.17 0.78 0.95
B-SN — 500 357 143 0.14 0.53 0.67
B-coke — 86 0 86 0.00 0.55 0.55
Coke-burning  18.68  600.93 415.58 185.35 0.16 0.76 0.92

“The Si/Al ratio was measured using ICP-AES. ” The total surface area was calculated via the BET method. ¢ The micropore surface area was
calculated using the ¢plot method. 4 The mesopore surface area was calculated through the subtraction of Sger by Smicro- ¢ The micropore
volume calculated using the ¢plot method. fThe mesopore volume was calculated through the subtraction of Vioea1 by Vinicro- ¢ The total pore

volume was obtained at a relative pressure of 0.98.

—A—Vapor
Liquid-1
—&— Liquid-2

Conversion (%)

0 2 4 6 8

10 12 14 16 18 20
TOS (h)
Fig. 3 Effect of the reaction phase on catalytic performance. Reaction
conditions: (a) liquid phase-1, 260 °C, 4.0 MPa, 13 wt% 1-MN/benzene,
and 5 h™; (b) liquid phase-2, 260 °C, 4.0 MPa, 6.5 wt% 1-MN/benzene,

and 10 h™%; (c) vapor phase, 260 °C, 0.1 MPa, 13 wt% 1-MN/benzene, 5
h=% and 20 ml per min N,.

and concentration of 1-MN on the catalytic performance are
shown in Fig. 4. As can be seen, the lifetime first increased and
then decreased gradually with increasing temperature. In fact,
for the initial 5-10 h, similar catalytic performances were ob-
tained at different temperatures. However, it is difficult to
obtain the optimal reaction conditions in a large gradient.
Therefore, we conducted a study on the effect of temperature in
a smaller gradient and a longer reaction duration. The catalyst
exhibited optimum performance at 252 °C. For the effect of
WHSYV, the lifetime increased gradually as WHSV decreased.
Similarly, decreasing the concentration of 1-MN can also
increase the lifetime. However, the WHSV and concentration of
1-MN should not be too low for practical production, and the
operation cost should also be considered.

3.3 Deactivation and regeneration

Generally speaking, the deactivation of zeolite-catalyzed reac-
tions is usually caused by coke.'*"****-*> However, the active sites
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Fig. 4 Optimization process of reaction conditions. (a) Effect of temperature. Reaction conditions: 4.0 MPa, 6.5 wt% 1-MN, and 10 h™%. (b) Effect
of WHSV. Reaction conditions: 252 °C, 4.0 MPa, and 6.5 wt% 1-MN. (c) Effect of the concentration of benzene. Reaction conditions: 252 °C,

4.0 MPa, and 10 h™%.
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Fig. 5 Comparison of the catalytic performance with different
amounts of sulfide and nitride. Reaction conditions: 260 °C, 4.0 MPa,
6.5 wt% 1-MN, and 4 h™.

can also be poisoned by some molecules. For example, Han
et al. found that there exists competitive adsorption between
reactants and the oxygenated organic compounds for the MWW
zeolite-catalyzed alkylation of benzene with 1-dodecene.*® A
similar phenomenon has also been reported for the metal-
catalyzed reactions.*”* For the zeolite-catalyzed isomerization
of 1-MN investigated in this work, the feedstocks are usually
contaminated with some sulfide and nitride. However, the
effect of these sulfide and nitride contaminants has rarely been
reported. Therefore, the catalytic performances using feed-
stocks with different amounts of sulfide and nitride will be
discussed as follows.

The preparation of feedstocks with different amounts of
sulfide and nitride is elucidated in the ESI (see S1).} It should be
noted that, owing to the limitation of this method, it is difficult
to decrease the amount of sulfide. Therefore, the following
discussions are mainly focused on the effect of nitride. On the
other hand, the effect of sulfide on the reaction is limited, which
was proved by DFT calculations (see Fig. 7 and Table 2).

Firstly, 1-MN with different amounts of nitride was fed into the
reactor. As can be seen from Fig. 5, the lifetime was only 9 h when
the amount of nitride was 1188.28 ppm. As the amount of nitride
was decreased to 824.57 ppm, the lifetime was extended to 11 h
correspondingly. Therefore, it can be inferred that the nitrides
contaminated in the feedstocks are detrimental to the reactions.

—=— B-fresh
B-coke
B-SN
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I
!

et :
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r ~
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Fig. 6
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The texture properties of different samples are shown in
Fig. 6a and Table 1. As can be seen, a slight decrease of the surface
area occurred for B-SN. However, the surface area of B-coke
decreased in a large extent, especially for the micropores. There-
fore, it can be inferred that the organics deposed on the zeolite
surface are different when different feedstocks are utilized. The
TG curves of different samples are shown in Fig. 6b. As can be
seen, B-coke exhibits 33.39% weight loss. However, only 16.53%
weight loss occurred for B-SN, indicating that less organics were
deposed on the zeolite surface. The rapid decrease of B-coke was
mainly due to the accumulation of large size molecules on the
zeolite surface, which would be calcinated with increasing
temperature. However, the acid sites of B-SN were mainly covered
by nitrides, therefore a slower decreasing trend was observed.
This conclusion agrees well with the discussion above.

Furthermore, DFT calculations were conducted to gain
deeper insight into the deactivation mechanism. Firstly, we
selected quinoline, indole, aniline, thiophene and 1-benzo-
thiophene as the model sulfide and nitride to investigate their
effects. It has been reported that the orientations of the guest
species in the zeolite channels greatly affect their
thermostability.®>** Accordingly, multi-geometry searching for
the adsorption structures was firstly conducted, and the most
stable configuration was considered in the text (see Fig. 7). The
adsorption energies of different molecules are shown in Table 2.
As can be seen, the adsorption energies of all the nitride are
larger than that of 1-MN and 2-MN. On the other hand, the
variation of the O-H bond length can also reflect the proximity
of different molecules on the acidic sites. As can be seen from
Table 2, the corresponding variations of the O-H bond length
are also larger for nitride, indicating their strongly competitive
adsorption. However, the effect of sulfide is less than that of
nitride, whether for the adsorption or variation of the O-H bond
length. Based on the discussion above, it can be concluded that
the deactivation when feeding with nitride and sulfide should
be mainly attributed to the higher proximity of nitride on the
acid sites than that of 1-MN and 2-MN.

For the microporous characteristics of zeolites, deactivation
by coke is usually unavoidable in the catalytic processes.** %3353
Generally, the deactivated zeolites can be regenerated by
extraction with organic solvents or coke-burning.''>*>% For the
reactions occurring in a fixed bed reactor, extraction with

104 B-SN

—— B-coke

(b)

96
88
80

72+

641

100 200 300 400 500 600 700 800
T(C)

(a) N, sorption isotherms and (b) TG curves of different samples.
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Fig. 7 Local geometry structures of the acid sites adsorbed different molecules: (a) initial state, (b) 1-MN, (c) 2-MN, (d) quinoline, (e) indole, (f)

aniline, (g) thiophene, and (h) 1-benzothiophene. All distances are in A.

Table 2 Effect of different molecules on the adsorption energy and variation of the O—H bond length

Nitride Sulfide
Initial state 1-MN 2-MN Quinoline Indole Aniline Thiophene 1-Benzothiophene

Adsorption energy (eV]ﬂ — 1.48 1.40 2.49 1.51 2.05 0.80 1.16
Bond length of H-O- (A) 0.98 1.00 0.99 1.64 1.90 1.60 1.00 1.00
organic solvents is usually the primary choice to regenerate the
deactivated catalysts.'> Herein, we first attempt to recover the
activity of the deactivated catalysts by extraction with hot 80
benzene at 250 °C. As can be seen from Fig. 8, the activity cannot s
be recovered by extraction with benzene, indicating the firm < 601 v;é:ﬂ S0
adsorption of nitride and sulfide. Therefore, we attempted to =
regenerate the catalyst by coke-burning. Fortunately, the activity -% 40-
and lifetime can be effectively recovered by coke-burning at 2 i‘f;;f?cSh
475 °C to 550 °C (see Fig. 8). S 201 IS

The XRD patterns of the calcinated beta are shown in Fig. 9a. —=—550C
As can be seen, the diffraction intensity of the calcinated zeolite o ' . . -~ Elx"aCti?"

0 5 10 15 20 25 30

is comparable with that of the fresh beta. Additionally, the
surface areas are preserved well (see Table 1), indicating that the
framework was effectively preserved during the coke-burning.
The *’Al NMR spectra of beta zeolite are shown in Fig. 9b. It
can be seen that Al was extracted from the framework after
calcination. The NH,-TPD curves are shown in Fig. 9c. As can be

38340 | RSC Adv, 2024, 14, 38335-38344

TOS (h)

Fig. 8 Regeneration by extraction with benzene and coke-burning.
Reaction conditions: 260 °C, 4.0 MPa, 6.5 wt% 1-MN, and 10 h™%.
Extraction conditions: 100 °C, 4.2 MPa, 15/1, and 16 h~*. Coke-burning
conditions: 475 °C/500 °C/550 °C for 5 h in 100 ml per min air flow.
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Fig.9 (a—c) Comparison of the texture properties of fresh and calcined zeolites. (d) Comparison of the catalytic performance using zeolite with

different Si/Al ratios.

seen, a slight decrease of the acid amount occurred during the
calcination, which was consistent with the >’Al NMR spectra.
For the zeolite-catalyzed isomerization of 1-MN in this work, the
activity is mainly contributed by acid sites. However, the cata-
lytic performance of the calcinated beta is comparable with that
of the fresh one, indicating that the catalytic performance is not
positively correlated with the acid amount. Furthermore, we
conducted the isomerization of 1-MN over the beta zeolite with
different Si/Al. As can be seen from Fig. 9d, increasing Si/Al is
beneficial to the catalytic performance, which agrees well with
the discussion above.

In fact, the relationship between the acid properties and
catalytic performance can be found in a variety of previous works
from the literature.*>**® However, the relationship differs for
different reactions. There exists a suitable acid amount or
distribution for some determined reactions. In terms of the
accurate relationship and corresponding explanations about the
acid properties and catalytic performance of the 1-MN isomeri-
zation, we assume that the main reaction and side reactions are
influenced by the acid properties simultaneously. And there
exists a balance between them. An accurate relationship and
explanation should be investigated along the optimizing process
of synthesizing a large amount of beta zeolite, and this work is
also the required step for the industrial production.

4. Conclusion

In summary, the reaction processes of the beta-catalyzed
isomerization of 1-MN were comprehensively investigated.

© 2024 The Author(s). Published by the Royal Society of Chemistry

The deactivation mechanism was elucidated in combination
with characterization techniques and DFT calculations. It was
revealed that the nitride in the feedstocks is detrimental to the
reaction. The deactivation using the nitride contaminated
feedstocks mainly caused the firm adsorption of nitride on the
acid site. Furthermore, the deactivated catalyst is difficult to
recover by extraction with hot benzene. Fortunately, the activity
can be effectively regenerated by coke-burning. Theses experi-
mental and theoretical insights can not only enable us to
understand the deactivation mechanism in more detail, but
they can also provide significant guidance for industrial
production.
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