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Abstract: High-efficiency production of xylene/trimethylbenzene from benzene/toluene with methanol
is a potential way to promote the implementation on the coupled cycle development strategy of
petrochemical and coal chemical industry and optimize the resource structure. At the same time,
relying on the innovation of catalytic new materials, physical chemistry, intelligent capture technology,
process engineering, and other principles and methods, p-xylene (PX) and trimethylbenzene (TMB)
with higher added value were prepared by Cq_g~arene methylation, which could elevate the level
of methylation field and improve the competitiveness of the industry. This paper focuses on the
one-step methylation reaction of benzene with methanol or toluene with methanol to obtain high-
purity p-xylene (BM-PX/TM-PX), and the one-step methylation reaction of xylene with methanol to

lcjf;’edcgt?sr obtain mesitylene (XM-TMB). The methylation reaction mechanism and the preparation strategy of a
Citation: Dong, P; Shao, T;; Zhao, Y;  high-performance catalyst were reviewed. The high selectivity of PX obtained by precisely controlling
Ji, D.; Yang, Y.; Zhao, X.; Li, H.; Tian, the pore size and acid site distribution of zeolites was emphasized. Meanwhile, the current research
J; Wang, D.; Li, G. Progress of progress of TMB, the kinetic/thermodynamics of the BM-PX/TM-PX, and XM-TMB methylation

Methylation of Ce.5~Arene with reaction were described. Based on a literature research and the conclusion of our research group, the

Methanol: Mechanism, Catalysts, mechanism of methylation reaction process was expounded. Finally, the new research direction of

Kinetic/Th d i d . . . . . .
inetic/Thermodynamics an catalysts used and reaction process in methylation reaction were prospected in order to guide the
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rapid development of this field.
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Publisher’s Note: MDPI stays neutral 1. Introduction

with regard to jurisdictional claims in Aromatic hydrocarbons are the most basic raw materials in the organic chemical
published maps and institutional affil-  industry. Benzene (B), toluene (T), xylene (X) and trimethylbenzene (TMB) in aromatic
fations. hydrocarbons are important basic raw materials in the petrochemical industry, whose

market size is second only to ethylene and propylene. Aromatic hydrocarbon products
can be widely used in synthetic resins, synthetic fibers, synthetic rubbers, detergents,
- plasticizers, dyes, medicines, spices, pesticides and other industries. Meanwhile, they play
an important role in developing the national economy and improving people’s lives [1-5].
Under the background of “carbon reduction”, the rational distribution of light hydrocarbon
and aromatic hydrocarbon industries could improve the competitiveness of PX and TMB
and actively promote the realization of green, low-carbon and high-quality development of
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However, in the petrochemical industry chain, the production of benzene and toluene is
excessive. Therefore, converting excess benzene and toluene into more valuable xylenes
and trimethylbenzenes is a potential way to balance the demand for aromatic products.
In view of the excessive production capacity of benzene in the petrochemical industry
chain and the excessive production of methanol in the coal chemical industry, higher
value-added products PX and TMB were prepared by B/T methylation with methanol.
It was of profound significance to promote the coupling cycle development strategy of
the petrochemical and coal chemical industry. Therefore, in order to promote the rapid
development for the application technology of PX and TMB, it is necessary to carry out
in-depth and systematic research on the technology of B/T methylation with methanol to
produce aromatics.

The main objective of this article was to review the existing problems and development
direction of methylation. Specifically, the reaction mechanisms, shape-selectivity control
and precise control of catalysts, kinetics, thermodynamics and reaction pathways were also
summarized to provide the basis and guidance of the selective catalysis for methylation.

2. Methylation Reaction Network

R1 represents major incremental methylation reactions, R2 represents Isomerization
or disproportionation, R3 represents MTO/MTA reactions, R4 represents other alkylation
reactions, R5 represents the reactions of carbon deposition by aromatics and R6 represents
the reactions of carbon deposition by olefins.

Alkylation reaction refers to the reaction of groups introduced on C, N, O and other
atoms in organic compound molecules, including alkyl, alkenyl, alkynyl and aryl groups.
Chloroalkanes, alkenes and alkynes, alcohols, aldehydes and ketones, dienes, etc., as the
alkylating agents were usually used in alkylation reactions [2]. In this paper, the most
representative methylation reaction used methanol as methylation reagent and solid acid as
catalyst to catalyze the methylation of B/ T with methanol to form X, TMB and other major
products was described. At the same time, methanol to olefin (MTO) reaction and methanol
to aromatics (MTA) reaction were also carried out to generate gas-phase substances such
as olefin, alkane, ethylbenzene, carbon deposition and other by-products. In addition,
the disproportionation reaction of toluene, the isomerization reaction of xylene, the dis-
proportionation and isomerization reaction of more methyl benzene, carbon deposition
from polycyclic aromatic hydrocarbon, and so on were carried out. Many reactions would
construct a reaction network with methylation as the main line, as shown in Figure 1.

O2 OO0

Figure 1. Reaction network of Cg g~arene methylation with methanol.
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3. Thermodynamic Analysis of Methylation Reaction

Thermodynamics is mainly used to study the energy changes accompanying the
physical and chemical changes of substances under different conditions, so as to judge
the degree and direction of the reaction. It also has certain guiding significance for the
study of the operating conditions, reaction mechanism and the product distribution of a
catalytic reaction. To date, there have been many studies on whether the reaction in each
system is affected by thermodynamics, but the thermodynamic calculation of benzene
with methanol alkylation reaction system is not common. Feng et al. [2] calculated the
influence of pressure on the thermodynamic results of alkylation reaction for benzene with
methanol through Aspen software. The results showed that the enthalpy change of the four
main reactions was less than 0, all were exothermic reactions, and the Gibbs free energy
was less than 0, indicating that the main reactions could be spontaneous within a certain
temperature range. Xu [3] calculated and analyzed the thermodynamic data of benzene
with methanol alkylation reactions at different temperatures and pressures by referring
to manuals and obtained the results that benzene with methanol alkylation systems were
affected by thermodynamics. These research results were basically consistent.

The practical estimation methods of thermodynamic properties were mainly the
corresponding state method and group contribution method; in addition, the reference
material method and mutual estimation method of physical properties were used. The
group contribution method was commonly used for the methylation reaction system, and
the Benson method in group contribution method reported in the literature could accurately
reflect the thermodynamic properties of the methylation reaction system. Therefore, this
paper only introduces Benson-based methods for the thermodynamic calculation of the
methylation series reactions of benzene, and the reaction mechanism is analyzed. It is
well-known that the reactions involved in the methylation reaction system of C4.g~arene
are particularly complex. The thermodynamic variation of benzene methylation series
reactions and the mutual transformation between the products were studied.

3.1. Thermodynamic Calculation Method for the Methylation Series Reactions of Benzene

The Benson group contribution method was used for the thermodynamic analysis of
the methylation series reactions of benzene. The enthalpy changes (Ht), entropy changes
(St), Gibbs free energy (Gr) and chemical equilibrium constant (K},) of methylation main
reaction and side reactions of sixteen reaction were calculated. The formula used was as
follows [3]:

Ch=a+bT+cT*+dT° (1)
ACp = Aa + AbT + AcT? + AdT? )
T
AHr = AHg + / AC,dT 3)
298
ASt = ASSoq + /T ACp 47 @)
T = 298 208 T
AGr = AHyp — TAST )
AGr
Kp = exP(RT> (6)

R = 8.314]/ (mol-K)

Cf,—isobaric heat capacity; 4, b, c, d—constant; AHt—enthalpy change; ASt—entropy
change, AGT—Gibbs free energy; Kp,—equilibrium constant.

3.2. Methylation Series Reaction System

The results of the benzene methylation series reactions showed that the reactions
involved could be divided into the main reaction of methylation ((1)~(4), (5)~(8)), methanol
self-reaction ((9)~(11)), other alkylation reactions ((12)~(15)), carbon deposition reaction (16)
and so on. The methylation series reaction system is shown below (Figure 2).



Processes 2022, 10, 881

40f33

CH,4
CH, CH,

)
@ + CH;OH —> © + H,0 ) CH,
CH
CH, s
cH,8
e o
CH,Z +

CH;3 CH,4
+ —_— CH,

O

CH
CH; 3 CH3CH3
~ @ ®
CH
CH, HyC 3 CH,CH,CHs;
CH; CH,CH,4 12
CH,
+ CH3OH —_— (5) + C3H6 (l:H (13)
el
1
2CH;O0H —> CH;0CH, + H,0 ) | CoHs
1
CH;0H —> GH, + H,0 (10 PTG (14)
+ 11
3CH;OH ———> C;3H; H,0 (D) CH; CH,
+ C,H,

as)

A
@ — > Qil tar (Coke) (16) C,He

Figure 2. Methylation series reaction system.

3.3. Data Involved in Methylation Reaction System

The methylation reaction system was a mixed system, and the physicochemical prop-
erties of the mixture system were definite the most important, but the problems to be solved
in the engineering treatment were very complicated, and the mixture system was basically
impossible depending on the equipment instrument to measure. The current solution
still relied on the physicochemical properties of pure substances and was calculated in
combination with the “mixing rule”. The thermodynamic data of substances involved came
from relevant books such as “The Physical Properties Data Manual of Organic Compounds
Experimental” edited by Ma [7].

3.4. Enthalpy Change, Entropy Change, Gibbs Free Energy and Equilibrium Constant of
Methylation Reaction System

According to the literature and experimental data, the optimal reaction temperature
for methylation was 673 K, so the calculated temperatures in this paper were 623 K, 673 K
and 723 K. Substituting the data involved in the methylation reaction system into the
thermodynamic calculation method of the methylation reaction, and the results were seen
in our article [8].

3.4.1. Analysis of Enthalpy Change and Entropy Change of Methylation Reaction System

The enthalpy changes of all methylation reactions were very small at 623 K, 673 K and
723 K, which could be considered constants. Except for the carbon deposition reaction, other
reactions were exothermic reactions. The exothermic heat of reactions (1) to (4) was very
close, but the reactions that generate propylene, trimethylbenzene, tetramethylbenzene
and ethylbenzene were strongly exothermic reactions. The greater the carbon number of
the olefin produced by the methanol itself reaction, the greater the heat released. Therefore,
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the temperature of methylation could not be too high, because the high temperature would
not be conducive to the main reaction, and the carbon deposition reaction rate would be
greatly accelerated.

At the same time, it could be explained that the four main reactions, the reaction
to generate ethylbenzene and methanol itself to generate olefin reaction were entropy-
increasing reactions, and the other reactions were entropy-decreasing reactions. It was
pointed out that the spontaneous direction of chemical reaction was in the direction of
entropy increase. On the contrary, the entropy reduction chemical reaction required external
energy and was non-spontaneous. Therefore, the formation reaction of ethylbenzene
and methanol self-reaction were the competition reaction of the main reaction under
this condition.

3.4.2. Gibbs Free Energy Analysis of Methylation Reaction System

According to our article [8], the Gibbs free energy (AGt) of the four main methylation
reactions was less than 0, indicating that the methylation reaction could proceed sponta-
neously in the range of 623 K to 723 K. Since the Gibbs energy AGr for the formation of
olefins was smaller, it indicated that olefins, especially ethylene (10), were more likely to
occur than the main reaction, and the reaction rate of ethylene formation was higher than
the main reaction. Therefore, MTO was primarily a competitive reaction. The reaction
degree of ethylbenzene, trimethylbenzene and tetramethylbenzene was lower than that
of the main reaction. However, the formation reactions of propylbenzene, cumene and
ethyl-4-methylbenzene could not occur spontaneously at this temperature because the
Gibbs energy AGt > 0. All the conclusions were consistent with the experimental data of
B/T methylation reaction catalyzed by HZSM-5 catalyst.

3.4.3. The Equilibrium Constant of Methylation Reaction System

According to the relationship between the Gibbs energy AGt and the equilibrium
constant Kp, that is, Formula (6) in Section 3.1, the K, values of Reactions (1)~(4) were
very close, and the data showed that the main methylation reaction was irreversible. The
equilibrium constant K, of propylbenzene was less than 1.5, and the equilibrium constants
Kp of cumene and ethyl-4-methylbenzene were negative, indicating that high temperature
could inhibit the formation of these substances. The equilibrium constant K, was greater
than 10 for the ethylbenzene reaction. The equilibrium constant K, was less than 10
for trimethylbenzene and tetramethylbenzene but relatively large compared with other
reactions. The results showed that ethylbenzene was the main by-product of the benzene—
methanol methylation reaction, which was consistent with the experimental results. The
equilibrium constant of the ethylene constant K, obtained by methanol self-reaction was
much greater than 0, indicating that methanol could spontaneously generate olefins. Other
researchers [8,9] had reported that ethylene was the initial reactant for the formation
of ethylbenzene, and reducing its content was a possible way to solve the problem of
ethylbenzene as a by-product.

The above conclusions were consistent with the research results in the literature [2,3].

4. Mechanism of Methylation Reaction
4.1. Aromatic Methylation Reaction

The methylation reaction of benzene/toluene (benzene and toluene as independent
reactants, the same below) with methanol is a process of increasing methyl groups one
by one activated by acid active centers. Venuto et al. [10] first reported the mechanism
of aromatic ring methylation on zeolites catalysts for the methylation of benzene ring,
while Kaeding et al. [11] proposed a similar mechanism, namely a step-by-step mechanism
(Figure 3) and a synergistic mechanism (Figure 4). The step-by-step mechanism was
considered to be that the reaction was activated when methanol was attacked by the acidic
active site protons to form water and methoxy group. Then, the benzene molecule was
attacked by the methoxy cation to form protonated toluene. In addition, evidence from
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FTIR spectroscopy and NMR also further verified the existence of carbocation intermediates.
Thus, the catalytic cycle was completed. Xylene was formed in a similar way, with methoxy
cations attacking toluene carbon atoms to form surface protonated xylene over ortho or

para-position atoms. The formation process of TMB was the same.
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Different from the step-by-step mechanism, the synergistic mechanism was that ben-
zene and methanol were adsorbed together on the acid active site at first and would directly
generate C;Hg* and water through the transition state [12], and then the proton of C7Hg*
was snatched away by the catalysts to generate toluene. The synergistic mechanisms of
xylene and trimethylbenzene were analogous. In situ experimental studies had shown
that the adsorption of methanol at the acid active site of molecular sieve could indeed
generate methoxyl intermediate species at an appropriate temperature [5], which could
easily be methylated with aromatic hydrocarbon molecules, in line with the step-by-step
mechanism. The formation of methoxy intermediates could be interpreted by quantum
chemical calculations (density functional theory) or detection methods (in situ experiments).
Under optimal conditions, methanol molecules are adsorbed and activated by the acid
active center of the catalyst and dehydrated to generate methoxy groups [5]. It could be
proved from the calculation and characterization capture that the methoxy group easily
attacks benzene molecules to carry out the methylation reaction. The steps were consistent
with the proposed step-by-step mechanism, but the step-by-step mechanism could not
easily explain the kinetic characteristics. The synergistic mechanism could reasonably
explain the fitting results and kinetic characteristics of methylation kinetics experimental
data [5]. Both experimental verification and theoretical calculation had deemed that both
kinds of calculation were possible, and so far, there is no conclusive evidence to prove
which mechanism was the most reasonable.

Xylene, trimethylbenzene and so on were increased successively in the number of
methyl groups by benzene/toluene methylation reaction. However, in addition to methy-
lation, there were other reactions such as the disproportionation of toluene to benzene
and xylene, the isomerization of xylene and the disproportionation of benzene and more
methyl benzene to xylene, and so on. It had been proved by research that the controlled
isomerization reaction of paraxylene is one of the most important reasons affecting the high
selectivity of PX [13]. Meanwhile, more studies [12,14] have considered that ethylbenzene
and propylbenzene are obtained by the alkylation reaction of benzene with ethylene and
propylene. Van et al. [15] studied the methylation reaction of 2C-labeled benzene and
13C-labeled methanol: 95% of toluene in the product contained only one '*C, and 5% of
toluene was generated by the indirect methylation of methanol through hydrocarbon pools.
It indicated that there was an MTO reaction in the methylation reaction system of benzene
with methanol; that is, C2~C5 olefins were obtained through the MTO reaction process
(Figures 2 and 5). At the same time, it was indicated that there is a “hydrocarbon pool”
mechanism in the methylation reaction mechanism of benzene with methanol, and C2~C5
olefins were dealkylated from the alkylation intermediate species, and then form ethylben-
zene, propylbenzene and so on. No matter what kind of catalysis was used, because the
boiling points of ethylbenzene and xylene are almost the same, especially since the boiling
points of PX and ethylbenzene are almost equal, high-purity PX is obtained, which would
become a difficult point for subsequent technological breakthroughs.

4.2. Gas-Phase Products in the Methylation Reaction

The gas-phase products were the main reason for lowering the effective methyla-
tion utilization of methanol. The gas-phase mixture mainly included ethylene, propylene
and other alkenes, as well as methane and other alkanes. Studies have shown that it is
mainly derived from the MTO reaction, and its catalytic mechanism have three possibilities
(Figure 5). One is that two molecules of methanol generate methyl carbocation and methy-
lene radical, which are bonded and dehydrated to generate ethylene. The second is that
methanol is activated to generate methyl carbocation, which is then combined with another
methanol molecule to generate ethanol and, finally, dehydrated to generate ethylene. The
formation of other low-carbon alkenes was similar. The MTO reaction is the most impor-
tant kind of competitive reaction in methylation reaction in experiments and theoretical
calculations [16], and it shows that the existence of the MTO reaction greatly reduces the
effective utilization of methanol in the synthesis of PX from benzene with methanol. Third,
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gas-phase products could be interpreted by the mechanism of “hydrocarbon pool”. The
olefin is produced by the mechanism of side-chain alkylation on the benzene ring or the
paring-off mechanism of the benzene ring, which is considered to be mainly the side-chain
methylation mechanism and paring-off mechanism.

+
i/// [ :cH, +H30 |- Zeo™

H-Zeo +
CH;0H ————> CH,OH, C || HL=CH, + HZeo
N ]
[ CH; +H,0 |- Zeo
© ®
CH;OH + H-zeo ——> Z—OH+ CH3 + H,0
N N J
CH;O0H
y ®
© h >C OH
CHCH,OH \~<—— Z—© -7 "H,
HC
+
H-Zeo L 3 H,C——cCH, + H,0 + H-Zeo

Figure 5. Catalytic mechanism of self-methanol reaction. Reprinted with permission from ref. [17].
Copyright: Dalian University of Technology Press 2015.

(1) Side chain methylation mechanism

The methylation reaction between methanol and the double bond outside the benzene
ring generates a carbon-increasing alkyl group, which is then cracked to generate a low-
carbon olefin, as shown in the right side of Figure 6.

(2) Paring mechanism

It can be seen from the left side of Figure 6 that the paring mechanism mainly
constitutes the process of cracking alkyl groups on hydrocarbon pool materials to gen-
erate low-carbon olefins through the exchange mode of benzene ring and other ring
shrink—-expansions.

The study indicated that methane and C4Hs™ might appear in the product through DFT
calculation [18]. At the same time, the main intermediate species of benzene methylation
with methanol was C;Hg™, which could only remove methane, but it was difficult to remove
ethylene and propylene because the energy barrier was high [16]. In addition, C;Hg* could
easily feedback protons to acid sites to generate toluene, so the gas-phase products were
less in benzene methylation with methanol. It showed that the gas-phase products were
mainly obtained by MTO reaction. Regarding the composition of gas-phase products, there
were some alkanes besides C2~C5 alkenes, and researchers have shown that alkanes are
generated by the hydrogenation of alkenes [19].
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(3) MTH/MTA reaction mechanism

The presence of methanol made it difficult to direct what kind of reaction process
it would take. An MTA reaction was carried out, which included MTH reaction and
methylation reaction at the same time.

Firstly, the MTH reaction process was described, which could be simplified into five
stages [20] (Figure 7). In the first stage, dimethyl ether was generated by the dehydration
of methanol intermolecular, forming a ternary dynamic equilibrium system in which
methanol, water and dimethyl ether coexist. In the second stage, the initial stage of
the reaction usually had a kinetic induction period in which a large number of active
intermediates were generated, which was similar to the autocatalytic effect and further
improved the activity of the reaction. The third stage, which was the core step, was the
formation of the first C-C bond. In the fourth stage, the initial olefins would generate more
other hydrocarbon mixtures through methanol or secondary reactions between itself. The
fifth stage was the deactivation of the catalyst. Regarding the explanation of the MTO
reaction mechanism, the long-standing question was the specific mechanism of the third
stage: that is, how was the first C—-C bond formed by methanol/dimethyl ether with only
one carbon atom?

CH30H H,0

ZeoH
81 9 104.79
Zeo'
93. 1

25 33

55.05

89.74 '
CH,OH
ZeoH )
Zeo :ﬁﬁ(‘\
/ 111.40
I?( 21.28 : ; \F\‘
71 89 m7- "0
Mé6-P
M1 M6-S 7348
CH,OH LOH
77.75K
Paring off H,0 Side-chain
M5-P mechanism mechanism
138.11 M5-S
62.66 [ ZeoH

' - 459/ M2 83.56 Zeo
. 153.24 96.68
ragaen
ZeoH

m3-s CH3OH H,0

Figure 6. Catalytic mechanism of alkylation pools of benzene and methanol. Reprinted with permis-
sion from ref. [17]. Copyright: Dalian University of Technology Press 2015.
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The consensus conclusion about the formation of the first C—C bond was that methanol
molecules adsorbed in the zeolite pores could not be directly coupled on the catalyst in a
stable state [22]. There were two theoretical bottlenecks in direct C—C bond coupling:
one was the instability of the ylide intermediate, and the other was the high-energy
activation energy barrier formed by a C—C bond in synergistic reaction (Figure 8) [23].
Lesthaeghe et al. [24,25] calculated the activation energy and rate constant of C—C bond
formed by two methanol molecules from various ways using the ONIOM method and
found that the activation energy barrier of C-C direct coupling was very high (about
200 kJ/mol). Song et al. [26] found that the catalytic induction period for MTH on H-ZSM-
5 was so sensitive to the impurity concentration in the methanol feed that, if C1 direct
coupling occurred, its operation rate was significantly slower than the rate at which traced
impurities initiate the reaction, so it was unlikely that the C1 units would directly form C-C
bonds during the catalytic induction period, and any such reaction might be masked by
the co-reaction of methanol with various sources of hydrocarbon impurities. Liu et al. [27]
performed liquid nitrogen quenching and solid nuclear magnetic characterization on the
catalyst and found that the initial reaction stage on the catalyst had occurred on the surface
C1 adsorbed species (methanol and dimethyl ether) and C1 active species (surface methoxy
and trimethyloxonium ion). Additionally, the methoxy species was generated after the
activation of the C-H bond of dimethyl ether, which were successfully captured, revealing
the synergistic mechanism of C-H bond rupture and C-C bond coupling in the early stage
of MTH reaction. However, from the perspective of industrial practice, it was of more
important practical application value and research significance to study the formation
of hydrocarbons during the catalytic stabilization stage; that is, how to form low-carbon
olefins after the formation of the initial C-C bond [28].

Autocatalysis

After induction reaction |

|l [ 1
,32:‘/\;?'“ " Y
§t, ~l—p HCP

Ao AN

N
CH,OH .
2 + First C-C formation ( +;(CH3)
» HPC formation and

accumulation to a
critical value

e

Induction period Y
| Coke |< ----------------- (n-4)'CH,0H

Figure 7. MTH/MTA reaction mechanism. Reprint with permission from ref. [21]. Copyright:
Elsevier 2019.

| Electrophilic Carbon
|

| CcO
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et g e
| CH.OH, CH;OCHs, HCHO !

/
7 Ck
v o><
CH,
O('\/‘,‘

Figure 8. First C—C bond formation in MTH. Reprint with permission from ref. [29]. Copyright:
Elsevier 2019.
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The MTH reaction is a complex reaction system in which aromatics and olefins act as
products and cocatalysts. Cyclization and aromatization reactions are generally considered
to be related because cycloalkanes and cycloalkenes are not stable products of MTH and
dehydrogenate quickly to form aromatics. There are two possible routes for cyclization
and aromatization of olefins: one is the dehydrogenation of olefins to dienes and trienes,
and then they turn into aromatics. In the other, the olefin forms naphthenes and then
dehydrogenates to aromatics. In both pathways, alkenes or cycloalkanes act as hydrogen
acceptors to supply hydrogen atoms to other hydrocarbons through hydrogen transfer
reactions. The product distribution of n-hexane and n-heptane after conversion on H-ZSM-5
zeolites was studied at 683 K, and it was found that C1~C5 alkanes and C6~C8 aromatic
compounds had significant yield distributions (both products exceeded 25 wt.%). The
presence of light alkanes indicated that the cracking of alkanes occurred simultaneously
with the cyclization reaction, and the mass generation of aromatics formation also indicated
that cyclization side reactions such as olefin oligomerization and aromatic alkylation also
occurred [30]. The prevalence of these complex secondary reactions made it impossible for
experiments to truly reveal whether olefin dehydrogenation occurred before or immediately
after cyclization.

4.3. Deactivation Mechanism of Carbon Deposition

In the methylation reaction system of benzene/toluene with methanol, carbon depo-
sition was the main cause of catalyst deactivation. The carbon deposition mechanism of
the catalyst was shown in Figure 9. Studies have shown that the main reason for carbon
deposition is the large amount of olefin in the reaction system [31]. The basic process of
carbon deposition is that olefins generate naphthenic hydrocarbons, aromatic hydrocarbons
and polycyclic aromatic hydrocarbons, which finally condense to form carbon deposition.
That is, organic compounds are adsorbed on the surface of the catalyst to carry out a conden-
sation reaction. This generates polycarbon hydrocarbons (such as its mainly aromatic ring
compounds), which is usually seen as filamentous carbon deposition, also known as soft
carbon deposition. Secondly, benzene, toluene, xylene and more-methyl-benzene (MMB)
are also condensed to generate carbon deposits under certain conditions. Furthermore,
methane and C¢Hs* might appear in the methylation reaction, and C¢Hs" cannot provide
protons for the bridge oxygen of the acidic catalyst again, so C4Hs* is connected to the
bridge oxygen to offset the negative charge in the acid site and is recorded as C¢Hs-Z.
Therefore, it accumulates on the catalyst surface, which might be one of the reasons for
the reduction in catalyst activity. The other is cracking carbon deposition, which is the
formation of inorganic carbon by C-H cracking reaction of organic compounds under high
temperature conditions, known as graphite type.

In general, the conditions affecting the formation of carbon deposition include de-
hydrogenation and cyclization rates in the reaction system, physical retention behavior,
catalyst microstructure, reaction conditions and reaction systems. For the determination of
carbon deposition, thermogravimetry is usually used to preliminarily estimate the amount
of carbon deposition, but this method generally has a relatively large error. Because the
components in the sample tested are particularly important, other components except for
carbon deposition are guaranteed not to be oxidized in air or oxygen atmosphere in this
temperature range; otherwise, the measured value is inaccurate absolutely. O,-TPO is often
used to determine the amount of carbon deposited in the sample for accurate measurement,
which is more accurate by specific gravity method. However, different carbon deposits
have a great relationship with the formation environment, as shown in Figure 9.
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Figure 9. Reaction and coke formation mechanism in MTH. Reprint with permission from ref. [32].

Copyright: Elsevier 2019.

5. Research Progress in the Methylation of Benzene with Methanol

It is well-known that if the hydrogen atom in the benzene molecule is replaced, which
is called electrophilic substitution reaction, an acid catalyst is used. If the hydrogen atom
replaced is on the branch chain of the aromatic ring, a base catalyst is used. Therefore, the
catalyst used in the methylation of benzene with methanol is an acidic catalyst. Moreover,
catalysts can be divided into homogeneous catalysts and heterogeneous catalysts. However,
homogeneous catalysts have some technical defects, such as the acid corrosion of equipment
and the difficult recovery and separation of the catalysts. Therefore, heterogeneous solid
catalysts have greater industrial application value than homogeneous catalysts. Literature
reports show that a common precursor of methylation catalyst is zeolites, such as ZSM-5.

5.1. Benzene Methylation Catalyst
5.1.1. Zeolites

Zeolites have the advantages of high thermal stability, shape-selectivity and high diffu-
sivity, so they are the best choice for the methylation of benzene with methanol. These zeo-
lites include Mordenite(MOR) [33], Beta-(BEA) [34], ZSM-5(MFI) [35,36], ZSM-11(MEL) [37],
X-zeolite [38], Y-zeolite(FAU) [39], MCM-22(MWW) [40], MCM-49(MWW) [41], SAPO-34
(CHA) and SAPO-11/SAPO-5 (AFI) [42]. The above research results show that zeolites with
12 rings are likely to cause further methylation and rapid carbon deposition of arene in the
methylation reaction of benzene with methanol, while 8-ring zeolites are not conducive to
the methylation reaction, so 10-ring zeolites are the best choice. Secondly, the main reactions
in the methylation reaction system of benzene and methanol are: methylation reaction,
MTO reaction and disproportionation reaction. The disproportionation of toluene requires
the strongest acidity of catalysts, and the acidity of the catalysts is the weakest for the MTO
reaction. Zeolites such as MOR are not suitable for the methylation reaction because the
acidity is too strong, so the most suitable one for the methylation reaction is a medium
strong acid. Through comparative research, the primary and secondary order of factors
affecting the methylation reaction for the same zeolites was pore size > acidity [43]. In
summary, ZSM-5 was the most competitive catalyst precursor. It was mainly attributed to
the unique structure of ZSM-5, such as shape selectivity, high porosity, the accurate control
of the acid content, high surface area, chemical stability, mechanical stability, hydrothermal

stability and so on (Table 1).
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Table 1. Summary of literature review of surface-modified catalysts and their observations.

Catalyst

Performance

Surface Chemical
Modification

Range of
Conversions and
Product Selectivity

Comments/Observations

Ref.

HZSM-5

Shape
selectivity

None

SPX > 99%

Here, inverse Al zoned HZSM-5
with sinusoidal channels
predominantly opened to their
external surfaces is constructed to
maximize the shape-selectivity of
HZSM-5 sinusoidal channels.

[44]

SiOZ, P205, MgO

Spx~98%

The combined modification with
5i0;,, P05 and MgO in a proper
sequence can lead to a synergistic
effect for tailoring the acid
property and pore mouth of

the catalyst.

[19]

Pt or Pd

SX ~ 40%

Narrowing the pore opening.

[45]

Pt

Cp = 46.9%; Sy = 22.6%

Pt modified ZSM-5 catalyst was
proved to have high
suppressionability towards the
formation of ethylbenzene and
could improve the stability of the
catalyst significantly.

NaOH

Chotal by 3.3 times;
Sby 1.7 times

The results are well-rationalized
by alterations of acidic properties,
mesopore formation and
improved diffusivity.

Hexadecyltrime
thoysilane

Cg = 59.5%;
Sx = 39.0%;
SEB <0.1%

The directly adjusting the Si/Al
ratio of the catalyst can
successfully suppress EB
formation by suppressing the side
reaction of methanol to olefins.

Si/Al

Sy =34.9%
(Si/Al = 180)

The presence of additional
porosity not only accelerates
benzene methylation but also
contributes to the faster
sequential methylation of primary
product toluene to xylenes.

Acidity

MgO, CaO

Cg was reduced and
Spx was improved

The basicity and size of basic
cations that determine its
catalytic performance.

P205 -ZnO

Cp =43.6%;
Spx =91.2%

It is found that the isomerization
of p-xylene occurs on the strong
acid sites rather than on the weak
acid sites, and benzene
conversion is subject to the
influence of strong acid sites.

[1]

P,0s, Fep03, B,O3,
MgO

Spy = 94.3%(P,05) >
82.5% (By03) > 67.1%
(MgO) > 57.0%
(Fe203)

It was found that the strong acid
could cause the
disproportionation reaction of
BTX, so the strong acid had a
great influence on the conversion
rate of catalyst.

[16]
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Table 1. Cont.

Catalyst

Surface Chemical Range of

Performance Conversions and Comments/Observations Ref.

Modification Product Selectivity

HZSM-5

Acidity

DMCS?°-HZSM-5 has an optimal
Cg =75.7%; level of acidity for catalyzing
Spx =42.2% benzene alkylation

with methanol.

The B acid sites of the Mo/ZSM-5
catalyst decreased obviously

compared with the parent

HZSM-5 zeolite. On the contrary, [51]
the amount of L acid sites

increase slightly in the

Mo/ZSM-5 catalyst-[Mo5012]6™.

Silanization

Improved conversion
rate

Co304 and La,O3 incorporation

in the zeolite has a significant role
Sx = 38.07%; in activating the catalysts, which,
Cp =51.36% together with the acidic sites of

ZSM-5, produce the best

acidic environment.

For 6Zn/HZSM-11 and
6Zn/HZSM-5, benzene can easily
Sx =27.97%; contact both of the active catalyst
Cp =46.04% centers. Zn(OH)" could increase
L acid active sites at the expense
of B acid.

C03O4—La203

/n

The deposition of Mo,C on
ZSM-5 markedly enhances the
formation of aromatics. The
highest yield of the formation of
aromatics is measured at 5% for
Mo,C/ZSM-5.

MOQC CB =2.5%; SX =22.3%

Cg: Benzene conversion; Spx: p-xylene selectivity; Sx: xylene selectivity.

5.1.2. Shape-Selectivity of Catalyst

BM-PX is a typical product shape-selective reaction, which is achieved by the sieving
effect of HZSM-5 pores at the molecular level; that is, only products with molecular sizes
smaller than HZSM-5 pores can escape from the pores as final products. For a reaction
system with a wide variety of products and similar molecular dynamics diameters, the
shape-selectivity function of the catalyst is a prerequisite to obtain high-selectivity target
products. Therefore, the size of the target products of methylation reaction, such as toluene,
xylene and trimethylbenzene, is dynamically matched with the structure of the catalyst to
improve the selectivity of target products by designing or fine-tuning the structure of the
catalyst. Therefore, the diffusion rate of xylene in zeolites is PX ~ 100 MX =~ 1000 OX [19],
and its essence is shape-selectivity. There are two kinds of pores in a ZSM-5 crystal: straight
pore and zigzag pore. The size of the zigzag section is relatively small (elliptical section
0.51 x 0.55 nm), and it has a more tortuous shape, which allows it better shape-selectivity
than straight pores (0.53 x 0.56 nm). The dynamic simulation results showed that the
diffusion activation energies of monocyclic aromatic hydrocarbons (B, OX and MX) in
tortuous channels were significantly higher than those in straight channels. Therefore,
Wang et al. [44] proposed a method of plugging straight pores with only zigzag pores, which
could improve the shape selectivity of the catalyst without any modification. However,
most commonly, the tiny size difference between zigzag and straight pores can be fine-
tuned by loading modifiers to provide diffusive pores for PX. It has been reported [16] that
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the PX selectivity can be improved by reducing the effective pore size of ZSM-5, because it
could suppress the disproportionation reaction and change the product diffusion rate [49].
Tan et al. [1] also considered the effects of SiO,, P,O5 and MgO on the catalyst activity,
and the results showed that the optimal pore structure was the main reason for the high
selectivity of PX (Figure 10). Zheng [45] et al. found that increasing the content of Pt and Pd
could improve the selectivity of PX due to the reduction in pore size. Ji et al. [55] reported
that the roughness of the catalyst surface had a great influence on the disproportionation
reaction of PX. Bjergen [47] found that zeolites treated with NaOH could adjust Si/Al,
increase the external surface area and generate mesopores, which could improve the
diffusion properties of ZSM-5. However, these modifiers were first deposited on the outer
surface of HZSM-5 as a gaseous or aqueous solution and further deposited on the orifice
and inner region of HZSM-5 with the increase in precursor loaded. The type and content
of the modifier must be appropriate in order to produce proper diffusion resistance. At
the same time, it should be noted that the deposition position and dispersion of modifiers
are more difficult to operate, and modifiers could also partially passivate the acid sites on
the zeolite surface. Through experiments and theoretical analysis, it can be shown that the
microstructure of the catalyst for different methylation reaction products requires different
methods and modifiers. Specifically, obtaining PX by the methylation of benzene with
methanol requires the precise size control of the product diffusion channels.

@—CH3 + CH,OH
o~ SO, —[_] l m

Single nHZSM-5 Multiple

o PO, modification modification

o MgO SPx =29%
PR eltelielelielik el o
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Figure 10. Compound modification procedure for preparation of modified HZSM-5 catalysts. Repro-
duced with permission from Ref. [56]. Copyright: Elsevier 2021.

5.1.3. Catalyst Acidity

According to the reaction mechanism of benzene with methanol, the acidity of zeolites
is a necessary condition for the methylation reaction. At the same time, the reaction process
is very complex, including methylation, disproportionation, isomerization, MTO, MTA and
carbon deposition. The strength and type of acid required for different reactions is key. The
acidity of zeolites can be divided into strong acid and weak acid, as well as L acid and B
acid. Meanwhile, the inner and outer surface acidities of the catalyst have a very important
influence on the selectivity and activity of the catalyst. In situ experimental studies have
shown [1,57] that the adsorption of methanol on the acid active site of zeolite can indeed
generate methoxy intermediate species, which could easily be methylated with aromatic
molecules. The methylation reaction is first activated by acid active sites, which show that
the mesoscopic microstate of the catalyst surface is the key point for benzene activation.
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As the source of strong acid sites on the zeolites, bridging hydroxyl groups are formed
on the zeolites and can provide reaction sites for methylation and isomerization. To
eliminate the external acid sites, the external frame Al needs to be passivated by coating
or weakening with modifiers. In general, the regulation of the inner and outer surface
acidities of the catalyst mainly refers to the passivation of the outer surface acidity and the
regulation of the inner surface acidity. Because of the pore limit, MMB products undergo
a thickening cyclization reaction on the surface of the catalyst, and even generate carbon
deposition. However, from the view of strong and weak acids, a medium-strong acid is
the most suitable acid environment for the methylation of benzene with methanol. For
the precise adjustment of catalyst acidity, the most commonly used method is to deposit
metal or metal oxide on the catalyst surface. For example, Zn modifier can neutralize the
acid sites on the zeolites and narrow the pores at the same time. MgO and ZnO can be
used to adjust the internal acidity of the catalyst, which could also cover the outer surface
acidity of the catalyst. The SiO; layer covered on the zeolites by silicon deposition or
secondary crystallization is the most effective method to passivate the outer surface acidity
of the catalysts. Acid-free silica particles and layers are formed on the outer surface of the
zeolites; thereby, the acid active center is effectively covered, and the isomerization of PX is
avoided. For the silica dioxide deposition of organic silicon, the general kinetic diameter
is certainly greater than the pore size of ZSM-5 and can only be deposited and grown on
the outer surface of the zeolites. For example, tetraethyl orthosilicate has a larger kinetic
diameter (0.96 nm) than HZSM-5, so only the acid silicon of the outer surface and orifices is
affected by the deposition of silicon dioxide. Siliceous-modified zeolites can significantly
passivate the acid sites on the outer surface to form a thin and uniform siliceous layer,
completely shielding the framework Al on the outer surface, thereby effectively avoiding
the occurrence of PX isomerization. In general, the first and second main group elements
are used to adjust the acidity of the catalyst, mainly covering the outer surface of the
catalyst and some acid active sites in the pores. It has also been reported that cations have a
significant effect on the diffusion coefficients of various gases on zeolites [58]. At the same
time, the electrostatic field generated by the cation has a certain influence on the product
selectivity. Zhang [1] et al. modified ZSM-5 with MgO and applied it in the methylation
reaction, and the selectivity of xylene increased from 27% to 67%. It has also been reported
that the modification of Mg and Ca [49] can improve the selectivity of PX due to the basicity
and size of basic cations that determine its catalytic performance.

In addition to the basic elements, other elements are also frequently used (Zn, P,
B, Mo, Pt, Ni, Sb, La, Co, etc.). Liu [53] et al. modified ZSM-11 and ZSM-5 by Zn and
investigated the effect of different Zn contents. The activity of 6Zn/HZSM-11 catalyst was
more efficient than that of 6Zn/HZSM-5. The main reason is that the diffusion rate of the
product was different due to the different pore channels of the zeolites itself. Zhang [1]
modified HZSM-5 with P05, Fe;O3 and B,0Oj3 in addition to MgO, which was used in
the methylation reaction. The results showed that the selectivity sequence of product PX
was PrOs5 (94.3%) > ByO3 (82.5%) > MgO (67.1%) > Fe,O3 (57.0%). It can be seen that
the PX selectivity with PpOs modified catalyst was the highest. In addition, the catalyst
modified by ZnO had the highest activity, and the conversion rate of benzene reached
75.9%. At the same time, it was found that strong acids could cause the disproportionation
reaction of BTX, so strong acids had a great influence on the conversion rate of the catalyst.
Li et al. [51] prepared a Mo/ZSM-5 catalyst by impregnation method. The study showed
that [Mo5O12]¢™ could cover a part of acid sites, which was beneficial to the selectivity
of methylation. Tan et al. [20] also considered the effects of SiO;, P,O5 and MgO on
the catalyst activity and investigated different modification sequences. The experimental
results showed that the selectivity of PX reached 98% when 6Si-5P-3Mg/ZSM-5 and 5P-
65i-3Mg/ZSM-5 were used as catalysts, which was mainly because the acidity outside the
catalyst could be adjusted reasonably. B, Sb and La were also used to modify the acidity of
ZSM-5 zeolite to improve the product selectivity. The results of our research group showed
that the electrophobicity of catalyst surface could be changed by silanization to change
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hydrophobicity, and the surface acidity of the catalyst could be reduced by pre-coking,
which is helpful for the generation of toluene and xylene. To sum up, the key point of
modifying different zeolites by different methods and different elements is to adjust the
reasonable L/B acid, acid strength and internal and external surface acidity.

According to many literature reports [16,59], the methylation of benzene with methanol
was activated by the activation of the B acid active center. It has also been reported that the
methylation depends on the combination of B acid site and L acid active site. In contrast,
from the point of view of argumentation, most researchers have indicated that B acids are
the initiator of methylation. At the same time, researchers all recognize that the active
centers of L acid and B acid in the acidic active site could be converted, so the highly
active methylation catalyst could be constructed by the precise regulation of acidity. It
was found that the passivation of L acid is initiated by SiO; coating, and P,Os and MgO
tend to be passivated more preferentially by B acid. Zn(OH)* can increase L acid active
sites at the expense of B acid. Li et al. [51] prepared Mo/ZSM-5 catalyst by impregnation
method. The study showed that [Mos501,]¢* would cover a part of B acid sites, reducing B
acid and increasing L acid, which was conducive to the selectivity of methylation. Most
studies report that the low B acid of the catalyst is beneficial to inhibit the formation of
methylation by-products, and adjusting B acids could effectively inhibit carbon deposition,
while low L acid zeolites could help reduce the side reaction of methanol. At the same
time, some researchers have indicated that both B acid and L acid are methylation centers,
and dimethyl ether is generated by dehydration at the active site of L acid, while the acid
site of B provides protons for protonate to generate C*. Furthermore, weak L acid could
contribute to cracking, and strong L acid could contribute to coking. Therefore, we indicate
that regardless of the regulation of L/B, acid strength, or the acidity of the inner and
outer surfaces, the methylation reaction mainly obtains the best acid microenvironment,
inhibits the disproportionation reaction of xylene and carbon deposition and improves the
methylation utilization rate of methanol.

5.2. Effects of Different Reaction Environments on the Methylation of Benzene with Methanol

Target products such as xylene and trimethylbenzene are prepared by the methylation
reaction of benzene. Research results vary greatly with different methylation reagents.
Zhang et al. [1] efficiently synthesized p-xylene (91.2%) using CH3Br as methylation reagent.
The research group also used methyl ether as a reagent and obtained good data results.
In addition to the environment between the reactants, the surrounding environment also
greatly affected this methylation reaction. If water [60] or a carrier gas such as H, and
N, are introduced in the reaction process, the generation of gas-phase products can be
significantly reduced, and the stability of the catalyst can be improved. The addition
of water not only changes the reaction balance of the methanol dehydration reaction to
generate hydrocarbons and improve the utilization efficiency of methanol in BM-PX, but
also increases the reaction space velocity and quickly blows PX out of the catalyst bed
to prevent PX isomerization. At the same time, the presence of water vapor provides a
favorable environment for inhibiting the coking of the catalyst. However, the existence and
generation of water can inhibit the progress of the reaction, causing the dealumination and
collapse of the zeolites and other adverse consequences at higher temperatures. Under a
hydrogen atmosphere, the hydrogenation of ethylene to ethane based on a Pt-modified
catalyst could inhibit the alkylation of benzene and ethylene to produce ethylbenzene [46].

5.3. Inhibition of By-Products in the Methylation of Benzene with Methanol

The main by-products of the methylation of benzene with methanol were ethylbenzene,
olefins, and carbon deposits. Among them, the boiling points of ethylbenzene and xylene
were almost equal, which would make the purification of PX very difficult. Since the
methylation reaction energy barrier between benzene and methanol is the highest in the
methylation reaction of benzene with methanol, it is relatively easy for toluene to generate
xylene and for xylene to generate trimethylbenzene and tetramethylbenzene. However, the
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inhibition of trimethylbenzene and tetramethylbenzene is mainly handled by the pore-size
limitation the catalyst and passivating the surface acidity of the catalyst. In the methylation
system of benzene with methanol, the main competitive reaction is the MTO reaction,
which not only reduces the utilization rate of methanol but also causes the deactivation
of the catalyst from carbon deposition. Hu et al. [14] prepared hierarchical ZSM-5 with
Si/ Al ratio (1800) for the methylation of benzene with methanol. The experimental results
showed that the conversion of benzene was 59.5%, and the PX selectivity was high (39%).
However, the formation of by-product ethylbenzene was effectively inhibited (<0.1%).
Tan et al. [19] also considered the effects of SiO,, P,Os and MgO on the catalyst activity
and investigated different modification sequences. The experimental results showed that,
when 65i-5P-3Mg/ZSM-5 and 5P-65i-3Mg/ZSM-5 were used as catalysts, the selectivity
of PX reached 98%, which inhibited the production of ethylene and improved the activity
of the catalyst. The pore size was changed to reduce the amount of trimethylbenzene and
tetramethylbenzene. Briefly, the most difficult point of the benzene-methanol methylation
reaction system lies in the inhibition of carbon deposition, because the MTO reaction
is easier to carry out than the methylation reaction of benzene with methanol, and the
activation of methanol is the starting point of the methylation reaction.

5.4. Process Conditions for the Methylation Reaction of Benzene with Methanol

The process conditions of benzene methylation with methanol mainly include reac-
tion temperature, space velocity, reaction pressure and the molar ratio of raw materials.
These factors have certain influence on the methylation of benzene with methanol. The
methylation reaction system of benzene with methanol is exothermic, except for the carbon
accumulation reaction, so the temperature should not be too high, which is not conducive
to the selectivity of toluene, xylene and trimethylbenzene. The general reaction temperature
is 380~450 °C. Increased pressure is good for conversion but not good for selectivity, and
the cost is increased, so normal pressure is generally selected. If the space velocity is too
small, the retention time of the reactants is too long, the by-products increase and the
production efficiency is too low; if the space velocity is too high, the conversion rate is too
low. According to the literature and the experiments of our research group, the optimal
airspeed is 2~10 h~!. The molar ratio of benzene and methanol in the raw material has a
great influence on the reaction. With the increase in the molar ratio, the conversion rate
of benzene decreases, partly because the utilization rate of methanol increases, and it has
also been reported that excessive aromatic hydrocarbons could catalyze the reaction [60].
According to the literature and this study, it was concluded that the suitable molar ratio of
benzene and methanol is about 1.

5.5. Process Comparison for the Methylation Reaction of Benzene with Methanol

The concept of “shape-selective” catalysis about methylation has been around for
decades. However, few successful alkylation processes of benzene with methanol have been
reported so far. The selectivity of toluene or p-xylene, product composition and catalyst
stability are the main factors restricting the technical economy of benzene with the methanol
alkylation process. Zhou [61] and Feng [62] reviewed several advances in the production of
paraxylene through alkylation of benzene with methanol, including China Petrochemical
Corporation (Sinopec), Dalian Institute of Chemical Physics and Shanxi Coal Chemical
Technology Engineering Center Co., Ltd., GTC Technology Company and ExxonMobil
Company. However, methanol separation and xylene separation were included, which
increased the investment cost and energy consumption of product separation.

Therefore, in order to overcome the above problems, the study on the alkylation pro-
cess of benzene with methanol was optimized. Referring to the existing toluene—methanol
alkylation process, the team designed the process flow of methanol feeding in four stages
and optimized the operating conditions of each process according to the single-factor rule.
When the total feed of benzene and methanol was 160 kmol/h, the methanol conversion
was 100%, and the PX selectivity reached 99.6% (Figure 11).
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Figure 11. Benzene and methanol alkylation process flow chart.

6. Research Progress of Toluene-Methanol Methylation Reaction
6.1. The Methylation Reaction System of Toluene with Methanol

The methylation reaction system of toluene with methanol mainly included methyla-
tion reaction, xylene isomerization reaction, methanol self-reaction and toluene dispropor-
tionation reaction.

The main products of the reaction between toluene and methanol are p-xylene, m-
xylene, o-xylene, MMB and olefin (Figure 12). Para-xylene isgenerated by toluene with
methanol, which can be isomerized to generate m-xylene and o-xylene, and xylene can be
deeply methylated with methanol to generate trimethylbenzene and tetramethylbenzene.
It can be seen that the methylation reaction of toluene is a sequential reaction system. In
addition, the dehydration reaction methanol can generate olefin. Toluene and olefins are
alkylated to generate by-products such as ethylbenzene. Additionally, toluene could also
undergo a disproportionation reaction itself to generate benzene and xylene [61,63]. It can
be seen that the methylation reaction of toluidine with methanol is complicated. To obtain
a high concentration of p-xylene, the depth of the reaction must be controlled. Therefore,
the method of selectively generating p-xylene and inhibiting the formation of o-xylene,
m-xylene and MMB is key to the reaction of methylation of toluene with methanol to

produce p-xylene.
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Figure 12. Toluene methanol methylation reaction network. R1: para-methylation of toluene
R2: methanol to olefins; R21: alkylation of toluene with olefins; R3: disproportionation of toluene
R11 and R12: isomerization of p-xylene; R13: further alkylation of xylene.
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6.2. Toluene—Methanol Methylation Catalyst
6.2.1. Shape Selectivity of Catalyst

TM-PX reaction is a typical shape-selective reaction of a product realized by the sieving
effect of HZSM-5 pores at the molecular level (Table 2). Kaeding et al. [64] indicated that
the p-xylene selectivity was jointly determined by the diffusion rate and isomerization rate
of xylene isomers in the zeolites channels. The selectivity of p-xylene was only related to
the pore size of the zeolites and had nothing to do with the acid on the outer surface of the
zeolites. Among the three xylene isomers, the kinetic diameter of p-xylene (d = 0.58 nm)
was smaller than that of m-xylene (d = 0.70 nm) and o-xylene (d = 0.74 nm). The diffusion
rates of p-xylene in the ZSM-5 zeolites channel were about 1000 and 100 times that of
m-xylene and o-xylene. Therefore, the main product of the toluene methylation reaction
was p-xylene [65,66].

Table 2. Summary of literature review of surface-modified catalysts and their observations.

Catalyst

Surface Chemical Range of

Performance Conversions and Comments/Observations Ref.

Modification Product Selectivity

HZSM-5

Selectively depositing phosphorus

on the external surface and pore

entrance of zeolites was shown to be
effective in terms of p-xylene [67]
selectivity; these modified catalysts

showed improved selectivity with

less loss of catalytic activity.

Cr = 25-30%;

Phosphorus Spy = 98%

The deposition of MgO was found to
be efficient in passivating the acid
sites and narrowing the pore
opening when compared with Si or
P modification; para-selectivity did
not exceed 90%, even at the [19]
maximum loadings with single
modification; however, a synergetic
effect of multiple modification in
suitable sequence led to ~98%
para-selectivity.

SPX < 90%;

5102, P205, MgO = 7 340y,

Toluene conversion and
para-selectivity was reported to be
better using foam coated with
lanthanum-modified ZSM-5; kinetic
studies were reported with a
foam-coated catalyst in which the [68]
Langmuir-Hinshelwood model with
a dual-site surface-reaction-
controlling step was fitted and the
activation energy was reported to
be 47 kJ /mol.

The most selective catalyst was

found to be 10% B/ZSM-5 with

>99.9% selectivity and 5.5%

conversion. The Mg/ZSM-5 was less

selective than B but had slightly [69,70]
higher activity (6.5%); the stability of

BZSM-5 catalyst was noticed to be a

major concern due to the loss of B

during the reaction.

Cr =12-36%;

La, Ce, Nb Sy = 98%

B, P, Mg, Fe, Ga, Pr, Ct=0.3-11.2%;
Tb, Sn, Al Spx =23-99.9%
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Table 2. Cont.

Surface Chemical

Performance Modification

Catalyst

Range of
Conversions and
Product Selectivity

Comments/Observations

Ref.

Fe, B, P

Cr = 14-28%;
Spx = 49-62%

Activity and selectivities were
dictated by the acidity and
electronegativity of the zeolites, with
the most electropositive ones
producing ethylbenzene and styrene
and the most electronegative
catalyzing the formation of xylenes.

[71,72]

MgO

HZSM-5 Acidity

Cp = 13-18%;
Spx = 35-88%

Surface modification of the zeolite
catalysts with MgO suppressed the
mass transport of all the reactions;
the degree of utilization of
isomerization decreased because of
the removal of acid sites, and the
MTH had a distinct decline; these
results suggest that, by constructing
appropriate mesopores, followed by
covering up the external acid sites,
isomerization and MTH reactions
can be retained while maintaining a
high methylation rate; decreasing
the effective diffusion length was
determined to favor the methanol
usage for methylation.

[73]

Pd, Pt, HF

CT = 22—650/0,'
Spx = 38%

The selectivities for para-, ortho-,
and meta-xylenes production were
determined to be dependent on the
Pt content, particularly when
supported on HZSM-5-zeolite;
however, the selectivities were not
dependent on the Pt content with
mordenite; catalyst activity was
reported to increase with 1-3% of
HE, because of the increase in the
number of acid sites and strength.

[74,75]

Boron and
silicalite-1 coating

Cp = 8-22.5%;
Spx = ~98%

Boron modification led to a decrease
in strong acidity but increased the
total acid sites; meanwhile, with
silicalite-1, there was a decrease in
both strong acidity and total acidity.

[76]

Cr: Toluene conversion; Spx: p-xylene selectivity; Sx: xylene selectivity.

6.2.2. Catalyst Acidity

However, some studies have also shown that the selectivity of p-xylene is also related
to the acid strength, acid content and acid distribution of the catalyst. Kim et al. pointed out
that TM-PX was affected by the acid strength of the zeolites, and the outer surface acidity
of the zeolites was not diffusion-limited without shape selectivity, where the p-xylene
diffused from the pores would undergo an isomerization reaction at the acid site on the
outer surface of the zeolites (Table 2). A thermodynamically balanced xylene mixture was
generated, but there is no literature to clarify the quantitative relationship between the
external surface acid of the zeolites and the selectivity of p-xylene [77,78].
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6.2.3. Other Aspects

More studies have shown that the methylation of toluene with methanol to p-xylene
was controlled by diffusion and acidity, but there is no consensus on which factors are more
influential. The selectivity of p-xylene is usually improved by passivating the acid sites
on the outer surface of the zeolites, reducing the pore size of the zeolites and optimizing
the reaction conditions. From the overall point of view, the catalyst types, modification
methods, and catalyst performances used in the methylation of toluene with methanol to
prepare p-xylene are basically similar to that of the methylation of benzene with methanol
to p-xylene.

6.3. Effects of Different Reaction Environments on the Methylation of Toluene with Methanol

The composition of raw materials, reaction temperature, space velocity and reaction
time have a great influence on the catalytic results. Increasing the molar ratio of toluene and
methanol could promote more methanol to participate in the toluene methylation reaction,
but this would reduce the toluene conversion and p-xylene yield. In addition, the high
concentration of toluene in the raw material could promote the toluene disproportionation
reaction. In terms of kinetics, temperature increases are conducive to the shape-selective
methylation of toluene, resulting in higher toluene conversion and p-xylene yield. However,
temperature increases also promote the toluene cracking reaction, which increases the
concentration of non-aromatic components and benzene in the products. With the increase
in reaction time, coke is generated on the catalyst, which leads to the gradual deactivation
of the catalyst. However, the formed carbon narrows the pores of the zeolites and covers
the acid sites on the outer surface of the catalyst, which is beneficial for the inhibition of
the isomerization of p-xylene on the outer surface of the zeolites, increases the relative
diffusion rate of p-xylene and improves the selectivity of p-xylene. Usually at a high space
velocity, the contact time between the gas phase and the catalyst is short, avoiding the
secondary isomerization of the p-xylene formed in the zeolites channels on the outer surface
of the zeolites, thus obtaining high paraxylene selectivity, but the toluene conversion rate
decreases [62]. Liu et al. simulated the methylation of toluene methanol to p-xylene using
Aspen Plus V8.4. Sensitivity analysis tools and sequence quadratic programming (SQP)
were used to optimize the solution, and the optimal operating conditions of the methylation
reactor were obtained in Aspen Plus V8.4. Under the conditions of a reaction temperature
of 442.5 °C, a reaction pressure of 0.4 MPa and a toluene/methanol molar ratio of 1/8, the
conversion rate of methanol was 98%, and p-xylene selection was 92% [79].

6.4. Process Comparison for the Methylation Reaction of Toluene with Methanol

The design process for toluene methylation, PX selectivity, product composition, and
catalyst stability are the main factors that restrict the economics of this technical process.
To reduce the separation cost and create a competitive toluene methylation approach for
PX production, Ashraf et al. [80] developed a catalytic methylation process using a Mg-
ZSM-5 catalyst, followed by reactive distillation to separate the xylene isomers. Using
the built-in optimization tool in Aspen Plus, the optimized reactor parameters were set
to a maximum PX selectivity of 97.7%, with an objective of 99.7 wt.% for PX. However,
this process used traditional separation techniques such as crystallization or adsorption
to carry out the separation process, which are much higher in energy and separation cost
than reactive distillation. Therefore, an intensified PX production process using reactive
distillation will be proposed to remove the methanol recovery and recycling systems and
reduce toluene losses during downstream separation. On the basis of this process, research
results showed that the methanol conversion rate increased from 70.0 to 98.0%, but PX
selectivity decreased to 92.0%. Thus, this methylation technology still needs the high-
energy consumption separation of xylene isomers even with the PX selectivity as high as
90~98% for the methylation process with shape-selective catalysts.

To further improve the process economics for PX production, our team (Figure 13)
first analyzed the selectivity intensification factors to discuss the strategy of 99.7% PX
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selectivity for a toluene methylation reactor based on two catalytic reaction kinetics [80-82]
with the idea of “Ultralow Contact Time” from Ref. [11]. Since the 99.7% PX selectivity
met a superior grade of industrial PX products, a novel short process was proposed by
eliminating the high-energy unit of xylene isomer separation. Finally, the feed utilization,
energy efficiency, and economic advantages for the proposed process were determined by
comparing with those designed by Ashraf [80] and Liu6 through an optimal systematic
procedure and heat integration.
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Figure 13. Short process for the PX production. Reproduced with permission from Ref. [4]. Copyright:
Elsevier 2022.

7. Progress in Preparation of Trimethylbenzene by the Methylation Reaction of Xylene
with Methanol

Trimethylbenzene can be divided into hemimelitene, pseudocumene and mesitylene.
Of these, mesitylene is the most expensive. Mesitylene is an important raw material for the
synthesis of m-acid, phenyltriacid, methylene aniline, antioxidants, herbicides, ultraviolet
absorbers for plastics and rubber, alkyd resins, unsaturated polyester and polyamides [83].
In recent years, with many downstream products of trimethylbenzene successful developed,
the demand for this product has risen sharply. However, its development only started
after the separation of trimethylbenzene from C9 aromatics in the United States in the
1960s. China began to develop mesitylene in the 1970s, but due to the slow development
of technology and small scale, large-scale production had not yet been started, resulting
in the domestic production capacity of mesitylene being far from meeting the demand,
mostly depending on imports. Therefore, the product had a broad market prospect, and
it was of great practical significance to explore an economical and reasonable industrial
production method.

7.1. Catalyst for Synthesis of Trimethylbenzene

In view of the heterogeneous synthesis of mesitylene in this paper, with toluene and
m-xylene as raw materials, Smith et al. [84] reacted xylene with aluminum trichloride or xy-
lene with chloromethane to produce mesitylene. Norris et al. [85] prepared mesitylene from
toluene or m-xylene with methanol and aluminum chloride. In addition, the preparation of
mesitylene from xylene in gas phase has also been reported. Zhang et al. [83] used cheap
mixed xylene and methylene chloride as raw materials and a new liquid phase method
for the synthesis of mesitylene. Under the optimal conditions, the content of mesitylene in
the reaction solution reached about 14%. Wang et al. [86] characterized HZSM-5 at nano
and micro levels by NH3-TPD, XRD, SEM and N; adsorption. The catalytic properties of
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toluene disproportionation, toluene alkylation with methanol, mesitylene and methanol py-
rolysis were investigated. The reactivity of mesitylene and pseudocumene over microscale
HZSM-5 and nanoscale HZSM-5 was different because of the different accessible acid sites
and reactant molecule. The reason for the high proportion of external acid sites on ZSM-5
was also discussed. Zhang et al. [87] prepared mesitylene by alkylation with mixed xylene
as a raw material. At the beginning, xylene complexed with catalyst aluminum trichloride,
the alkylation reaction and disproportionation reaction occurred simultaneously, and the
disproportionation reaction speed was higher than the alkylation reaction speed. With
the gradual formation of trimethylbenzene, the catalyst aluminum trichloride formed a
complex with catalytic activity with trimethylbenzene (mainly mesitylene), resulting in
the alkylation of trimethylbenzene to tetramethylbenzene. When the content of tetram-
ethylbenzene reached a certain value (about 19%), the alkylation of trimethylbenzene could
be inhibited. The content of trimethylbenzene produced by xylene disproportionation
was too low (<10%), which could not meet the needs of industrial production. In the
alkylation of mixed xylene, the pre-addition of tetramethylbenzene could make the content
of tetramethylbenzene in the reaction solution reach about 13%, and the reaction rate was
obviously improved. However, the high price of tetramethylbenzene would increase the
production cost of trimethylbenzene. The combined alkylation and disproportionation
reaction could effectively inhibit the excessive alkylation of the reaction products, and the
content of trimethylbenzene could reach about 14%. However, many of the above methods
are in the laboratory research stage, and the one-way conversion rate is low, so there is still
a certain distance from industrialization.

7.2. Process Comparison of Trimethylbenzene Synthesis

The production methods of mesitylene are rarely reported, mainly including distil-
lation, sulfonated extraction, cryogenic crystallization, HF-BF;5 extraction/isomerization
and synthesis (Table 3). Due to the existence of toluene and ethylbenzene, the distillation
method was used to separate mesitylene from the reformed aromatics. Generally, the
sulfonation extraction method produces a large amount of waste acid that needs to be
treated. However, the technical and economic indicators are very poor, so it has been
basically eliminated. A multi-tower distillation system is required with a large equipment
investment and small output. The cryogenic crystallization method operates at a low tem-
perature of —100 °C, which would require large investment and high energy consumption.
The HF-BF; extraction/isomerization method utilizes the different relative basicity of each
C9 aromatic hydrocarbon isomer to separate it, but the equipment investment is large,
and the production cost is high. Comparatively speaking, synthesis is the most promising
method. The synthesis method can be divided into the following types according to the
different raw materials: acetone, trimethylbenzene, toluene and m-xylene [84]. Of these,
the most studied is the fourth synthesis method, but there are still significant problems,
such as that the mesitylene generated by this method is easy to be further methylated to
generate tetramethylbenzene. Although adding tetramethylbenzene improves the yield of
mesitylene, the higher price of tetramethylbenzene increases the production cost, making
it difficult to compete with reforming raw materials. In addition, the catalyst could not
be recovered, resulting in a large amount of aluminate waste liquid, and the prospect of
this method is not promising in today’s context of increasing attention to environmental
protection. However, these methods are all in the laboratory research stage, and their the
single-pass conversion rates are low, so they are still far from industrialization.

According to the literature research, it could be considered that there are two methods
for producing mesitylene: synthesis and separation. The two methods are not entirely
separate; they are different only in emphasis. The raw materials of the synthesis method are
mainly acetone, mixed xylene and so on. The mixed three-phase gas phase isomerization
is an improvement of the trimetylbenzene isomerization method, both of which are first
reacted and then separated and have good economic benefits. The catalysts used in
the mesitylene-enriched alkylation of propylene are very toxic and are used only for
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the enrichment of mesitylene. Considering the emphasis on environmental protection
today, this technology does not have good prospects. The process of producing high-
purity mesitylene by the co-production of mesitylene by meta-triisomeric alkylation would
require much equipment, a complicated process and large investment. Due to the use of a
transformer operation, the operation cost is high and the economic benefit is low.

Table 3. Comparison of production methods of trimethylbenzene.

Production . Trimethylbenzene .
Methods Raw Material Catalyst Yield Advantages/Disadvantages Ref.
Raw materials cheap and easy to
. The content of obtain, higher pro.duct content.
Mix-xylene, . However, production of halogenated
AlCl3 trimethylbenzene . .
. CH;C1 o hydrocarbon pollution, serious
Alkylation reached about 14%. . .
corrosion of equipment, product
method .
production costs.
Olefin, R The purity of 99% Low price, moderate alkylation
. Solid acid catalyst ~ mesitylene ; -
mesitylene reaction conditions.
products.
The conversion
rate of
- Mo, Ni/Mordenite, pseudocumene . .
Isomerization Pseudocumene PtALy(OH), HF, was 45%, the Catalysts are expensive and yield [83,88]
method - was low.
BEF;, etc. selectivity of
mesitylene was up
to 98%.
The production cost of both
The purity of trimethylbenzene and
Combined mesitylene was tetramethylbenzene was greatly
isomerization Trimethvlbenzene  Solid acid catalvst 98.5%, the total reduced. Inhibits the accumulation
and alkylation Y y conversion rate of  of methyl-ethylbenzene. Increases
method pseudocumene the content of mesitylene. Reduces
was over 90%. production cost. Improves
conversion rate and product purity.
Distillation Reserve investment was large, and
method / Small production.  production was small.
Produces a large amount of waste
Sulfonated Mixed oil acid that needs to be treated, the
extraction technical and economic indicators 83
method were poor, it had been [83]
basically eliminated.
Cryogenic . .
crystallization / / Small production. T(;ra:;%e nl‘(])issﬁngf;gh
method 8y phion.
The reaction device was simple, the
The yield was only  raw material was easy to obtain, but
H,SO4 :
0.010~0.015. the reaction cycle was too long, the
Other methods  Acetone : [88]
yield was low.
HCl The yield was only ~ The reaction rate was assumed to
0.010~0.015. be faster.

The raw material of the separation method comes from reformed C9 aromatic solvent

oil, and the separation method can be divided into many kinds due to the difference of the
raw material and separation sequence. Among them, the zeolites adsorption method, the
complex separation method and the C9 aromatic reaction conversion/separation method
are only in the research stage. Due to the complexity of the raw material composition, these
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methods have little prospect. The cryogenic crystallization method has larger investment
but lower economic benefits and attention. The extraction extraction/isomerization method
is more difficult to separate due to poor selectivity and excessive reaction products, low
production rates and difficult disposal of by-product waste. Extractive distillation has a
high product yield, no waste from solvent reuse, no environmental protection problems and
low cost compared with other methods. Through the analysis and comparison of various
methods, it is indicated that the extractive distillation method is not only technically feasible,
but also superior to other methods in terms of production cost. After industrialization,
this method brings huge economic benefits and become the main method for the synthesis
of mesitylene. Whether the extractive distillation method can be realized depends on the
selection of an extractant. Meanwhile, a simple and efficient method for the synthesis
of symmetric trisannelated benzenes and mesitylene is presented. Two trisannelated
benzenes and mesitylene are synthesized from cyclohexanone, cyclopentanone and acetone,
respectively, in the presence of thionyl chloride in anhydrous ethanol.

To sum up, the methods for producing mesitylene currently used in the industry and
introduced in the literature are not ideal. In order to further improve and develop the
production technology of mesitylene and enhance the technical competitiveness of the
domestic mesitylene industry, it is necessary to explore an economical and reasonable
industrial production method. By comprehensively considering the equipment investment,
raw material prices and the possibility of industrialization, we indicate that the process
of producing mesitylene by methylation reaction with mixed xylene is a potential and
feasible method.

8. Kinetics of Methylation Reactions

In addition to catalyst development and the study of the reaction mechanism, the
kinetics of aromatic methylation have also been studied over different zeolite types. The
quantitative investigation of the kinetics of aromatic methylation is a relatively recent focus
and allows for the direct comparison of reaction rates and activation energies between
aromatic and olefin hydrocarbon pools. Most zeolite-catalyzed processes are the result of
a complex mechanism, consisting of a large number of both consecutive and competing
elementary steps (Figures 3 and 4). Obtaining detailed information about any individual
reaction is therefore non-trivial from an experimental point of view, as the rate of a single
reaction is not easily monitored [15]. Typical kinetic studies of methylation are shown
in Table 4.

It is generally indicated that, for the kinetic of the benzene methylation with methanol,
benzene is level 1, and methanol is about level 0 [14]. A kinetic model of benzene methy-
lation with methanol is established. The nonlinear least square method was used for
parameter estimation, and the power function kinetic model was used to obtain the kinetic
equation of the corresponding reaction. At the same time, it was demonstrated that the syn-
ergy mechanism was consistent with the research results of interpretive dynamics [5]. The
intrinsic kinetic study of methylation catalyst showed that the methylation of benzene with
methanol was a series of reactions, first to generate toluene and further methylate to xylene.
The apparent activation energy of the methylation of benzene with methanol was high
(163.88 kJ /mol), and a higher temperature was required for the reaction to proceed [19].

Table 4. Statistics of aromatics methylation kinetics studies.

. L Activation k (m®/kgcat s)
Reaction Type Catalysts Kinetic Model Energy/k]/mol (x102) Ref.
H-ZSM-5 e e 58 +3 6.8
Benzene H-SPP Diffusion limitations 5810 83 [89]
methylation H-ZSM-5 . . 58 9.9
H-beta Unimolecular/Bimolecular 56 26 [15]
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Table 4. Cont.

. . Activation k (m®/kgcat s)
Reaction Type Catalysts Kinetic Model Energy/kJ/mol (x102) Ref.
ZSM-5 Extended cluster 147 / [90]
H-ZSM-5 52 +4 48.1
H-SPP Diffusion limitations 4713 314 [89]
Langmuir-Hinshelwood-
HZSM-8 Hougen-Watson 60.52 391 [91]
Toluene ZSM-5 Time on stream 67.79 4.83 [92]
methvlation ZSM-5 Langmuir-Hinshelwood 79.83 4.52
Y MgZSM-5 Power law and Eley—-Rideal 60.4 / [93]
HZSM-5 57.1 5.29
Mordenite/ZSM-5 Power law 23.3 12.83 [43]
ZM13 17.1 15.20
usy Time on stream 43.18 0.0186 [94]
Zeolite Power law 76.66 8.46 [81]
Solid acid Discrete particle model 457+ 04 / [95]
ZSM-5 Time on stream 24.49 4.86 [92]
HZSM-5 70.0 1.99
Mordenite/ZSM-5 Power law 15.3 18.29 [43]
Xylene
methylation e Langmuir-Hinshelwood- e o
HZSM-8 Hougen-Watson 35.83 1.25 [91]
H-ZSM-5 62+3 13.4
H-SPP Diffusion limitations 62+ 3 101 [90]

Wei [96] began to study the kinetic model of methylation of toluidine methanol in 1982
and showed clearly that both the main methylation reaction of toluene with methanol and
the isomerization of xylene occurred in the catalyst pores, ignoring the possible reactions on
the outer surface of the catalyst. However, Bhat et al. [91] assumed that the rate-controlling
step was the surface reaction and used the Langmuir-Hinshelwood diatomic adsorption
mechanism to describe the kinetic equation with a double curve form. The calculated
values of the kinetic model established were in good agreement with the experimental
values, but the model ignored the important side reaction of MTO. This might result in
poor applicability of the dynamics model. Tan [81] adopted a fixed-bed reactor on the basis
of eliminating the influence of internal and external diffusion, the reaction temperature
was 480~560 °C, the total mass feeding space velocity of toluene and methanol was 2 h~1,
and the molar ratio of the amount of toluene and methanol was 1~6. Under the condition
that the molar ratio of water to toluene was 2~6 and the molar ratio of hydrogen to toluene
was 2~8, the intrinsic kinetics of the methylation of toluene with methanol over a self-made
zeolite catalyst was studied. The complete reaction network was established, including the
methylation of toluene and methanol to p-xylene, the isomerization of xylene, the deep
methylation of xylene to trimethylbenzene, and methanol to olefin. When the primary
reactions of methanol and toluene are all grade 1, the fitting effect is better. In this work,
the reaction order of the main reaction in the methylation reaction network was screened
(Figure 14), and it was found that the fitting effect was better when the main reaction
order of toluene and methanol was 1, the secondary reaction order of MTO was 2 and the
other side reactions were all 1. The nonlinear least square method was used to estimate
the parameters, and the power function kinetic model was used to obtain the kinetic
equations of seven reactions, among which the kinetic equations of the main reaction were
as follows [81]:

5 —76,660
rr = 5.66 X 10°exp™ kT~ PrPy
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Figure 14. Reaction network of toluene methylation with methanol. Reproduced with permission
from Ref. [81]. Copyright: Elsevier 2016.

The maximum activation energy of toluene methylation to p-xylene was 76.66 k] /mol,
which was much higher than that by isomerization of p-xylene into m-xylene (19.24 k] /mol)
and o-xylene (16.80 k] /mol). This was consistent with the research results of Sotelo et al. [94].
The activation energy of xylene to trimethylbenzene (57.47 kJ/mol) was higher, which
might be due to the large steric hindrance of trimethylbenzene, which would affect the
progress of the reaction and make the activation energy of the reaction higher. The reaction
activation energy (44.94 kJ /mol) of methanol dehydration to olefins was also high.

Our results showed that the activation energy of p-xylene isomerization into m-xylene
(18.91 kJ/mol) and o-xylene (22.90 k] /mol) was lower than that of p-xylene alkylation with
toluene and methanol (65.29 k] /mol), which might be because the two reaction processes
are different [97]. The methylation of toluene with methanol needed to go through two
steps: first, methanol was adsorbed on the zeolites and converted into methoxyl groups.
Second, toluene was adsorbed on the active site near methoxyl group for electrophilic
substitution to generate paraxylene. The isomerization reaction of p-xylene only needed
one step: that is, p-xylene was adsorbed on the strong acid site and isomerized into m-
xylene and o-xylene. However, m-xylene and o-xylene in the products mainly came from
the isomerization reaction of p-xylene diffused from the pore on the strong acidity of
the outer surface. The isomerization reaction was not restricted by steric hindrance and
diffusion, so the activation energy of p-xylene isomerization reaction was lower than that
of toluene methylation with methanol. Since the activation energy of the isomerization
reaction was lower than that of the alkylation reaction, p-xylene was very easily isomerized
into m-xylene and o-xylene during the methylation reaction of toluene methanol, resulting
in the decreased selectivity of p-xylene. In the main methylation reaction, the further
methylation of xylene to trimethylbenzene had the highest activation energy (94.12 k] /mol),
which was mainly because the molecular dynamics diameter of trimethylbenzene was
bigger than the pore size of zeolites, and most of the xylene methylation reactions in
the zeolites hole junction (0.9 nm) and the generated trimethylbenzene had a very large
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diffusion resistance in the channel, which might lead to the highest activation energy for
the methylation of xylene to generate trimethylbenzene.

9. Summary and Prospect

Benzene/toluene methylation is a promising way to prepare xylene and trimethyl-
benzene with high added value under the current situation of scarce petroleum resources.
However, key issues such as limiting isomerization and MTH reactions still need to be
solved in order to maintain high methylation yields. Studies have shown that the current
key problems were mainly caused by low energy barrier of side reactions and the rapid deac-
tivation of catalysts, which would hinder the yield of the target product. Therefore, in order
to efficiently obtain high value-added PX and trimethylbenzene and so on, it was necessary
to further design and synthesize new catalysts and optimize the process configuration.

9.1. Perspectives of BM-XP/TM-PX Development

The primary task for the synthesis of PX is to solve the conflicting relationship between
PX selectivity and benzene/toluene conversion; that is, to achieve a high selectivity of
PX without sacrificing toluene conversion. At the same time, BM-PX/TM-PXis a typical
product shape-selective reaction realized by the sieving effect of zeolites pores at molecular
level. The results show that the shape selectivity of zeolite can be improved without any
modification by simply using serrated pores and plugging straight pores. In addition,
the tiny size difference between serrated and straight pores can be fine-tuned by loading
modifiers to provide diffusive pores for PX. However, narrowing the pore and channel of
the zeolites results in better shape selection ability, but this would also limit the diffusion of
benzene/toluene, which might lead to the reduction conversion of benzene/toluene. So
far, the PX selectivity of TM-PX has been close to 100% through the modification of nano-
HZSM-5, with precise adjustment of its micropores to select the preferred shape, and the
passivation of acid sites on the outer surface to inhibit disproportionation. Therefore, the
precise control of the crystal structure and acid site distribution of zeolites is expected to be
the ultimate solution for shape-selective catalysts, which require an in-depth understanding
of the growth mechanism of zeolites and further development of the synthesis method
of zeolites.

The second is to solve the problem of catalyst deactivation. The blockage of pore
channels by heavy by-products generated during the reaction is the main factor causing the
deactivation of acidic zeolites catalysts. The factors affecting carbon deposition include pore
structure, acidity of the catalysts and operating conditions. In the BM-PX/TM-PX reaction
system, the MTO reaction is the largest competitive reaction, and olefin is also the main way
to cause low-temperature carbon deposition. The acid on the catalyst surface is the main
reason for the disproportionation reaction of xylene and the formation of carbon deposition.
Therefore, the passivation of the external surface acid of zeolites is the main way to reduce
carbon deposition. However, to reduce carbon accumulation more effectively, inhibiting
the MTO reaction is a hard-core process, changing the attitude of methanol molecules being
activated into intermediate states.

9.2. Perspectives of MX-TMB Development

At present, the production methods of mesitylene mainly include synthesis and
separation. These two methods are not entirely separate, just different in emphasis. The
raw materials of the synthesis method mainly include acetone, mixed xylene and so on.
Three mixed gas-phase isomerization, propylene alkylation and mesogenic alkylation all
have bottlenecks that were difficult to achieve industrialization. By comparing various
methods, it is clearly show that extractive distillation is not only technically feasible, but also
superior to other methods in production cost. After industrialization, this method would
bring huge economic benefits and become the main method for the synthesis of mesitylene.
The key to the realization of extractive distillation is the selection of the extractant.
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However, due to the shortage of petroleum resources and the limitation of resource
allocation, there is a major problem in the source of trimethylbenzene obtained by extrac-
tive distillation. In order to further improve and develop the production technology of
mesitylene and enhance the technological competitiveness of domestic mesitylene industry,
an economical and reasonable industrial production method must be explored. By compre-
hensively considering the equipment investment, raw material price and the possibility of
industrialization, we indicate that the process of producing mesitylene by alkylation with
mixed xylene as a raw material is a potentially feasible approach.

In summary, for promoting the implementation of the coupled cycle development
strategy of petrochemical and coal chemical industry to carry on simple aromatics methyla-
tion technology in the production of higher value-added products (PX, trimethylbenzene,
tetramethylbenzene and so on) has important economic significance and industrial integra-
tion value. It has important practical significance for saving resources and protecting the
environment. However, whether in the BM-PX/TM-PX reaction or in the XM-TMB reaction
process, the reaction mechanism will need to be further discussed and demonstrated to
guide the design and synthesis of the catalyst. The precise synthesis of the catalyst will
control the presence attitude of intermediate states, which must correct the optimal path of
target product formed.
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