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A B S T R A C T   

The methylation reaction of methanol and toluene to xylenes has been carried out in Brønsted Acid Sites (BAS)−
HZSM− 5, AlOH2+/BAS− HZSM− 5 and ZnOH+/BAS− HZSM− 5 catalysts. The stronger acid strengths are pro
duced in AlOH2+/BAS− HZSM− 5 and ZnOH+/BAS− HZSM− 5 due to the synergistic effect of Lewis Acid Sites 
(LAS) and BAS compared to BAS− HZSM− 5, which is beneficial to the dissociation of methanol. AlOH2+/ 
BAS− HZSM− 5 shows the highest activity for methanol dissociation with the strongest acid strength. The Gibbs 
free energy barrier is only 68.2 kJ⋅mol− 1, but the formation of Para-xylene (PX) needs to overcome a high barrier 
of 129.2 kJ⋅mol− 1. However, ZnOH+/BAS− HZSM− 5 exhibits relative high activity for the formation of methoxy 
with the Gibbs free energy barrier of 113.9 kJ⋅mol− 1, and 92.9 kJ⋅mol− 1 for PX. Meanwhile, the formation of PX 
is easiest among three xylenes. Therefore, ZnOH+/BAS− HZSM− 5 can be as the promising catalyst for the 
preparation of PX during methylation of toluene with methanol.   

1. Introduction 

Para-xylene (PX) is an important raw material in the chemical in
dustry, which is mainly used to produce terephthalic acid and dimethyl 
terephthalate, as the monomer of industrial polymers, they can further 
synthesize polyester fiber, resin, film, polyester paint, engineering 
plastics and so on [1,2]. PX can be produced by methanol to gasoline 
(MTG), steam cracking of naphtha and catalytic reforming, along with 
the abundant by-products also be engendered, such as benzene, toluene 
and other xylene isomers [3,4,5]. Thus a direct process is responsible to 
improve the selectivity to PX. Toluene is formed in excess and the 
methylation reaction can occur with methanol, which is an important 
chemical raw material comes from coal, natural gas and biomass broadly 
[6,7,8]. The high yield of PX can be gained in a single pass conversion of 
methanol. This means that the separation of PX from three kinds of 
xylenes with similar boiling points in physics (para-xylene (PX)− 411.5 
K, meta-xylene (MX)− 412.3 K, ortho-xylene (OX)− 417.6 K) will be 
relatively simplified in a cost-effective manner [9,10,11]. However, the 
high energy barrier of methoxy formation and the low selectivity to PX 

are the main disadvantages of methylation. 
HZSM− 5 is the main catalyst used in the methylation process [12,13, 

14] due to its hydrophobicity, high thermal and hydrothermal stability 
and higher aromatization activity [15,16,17].The unique 
three-dimensional cross framework structure of HZSM− 5 has space 
limitation on reactants, intermediates and products. However, it is 
difficult for the aromatics shape selective catalysis to PX from the 
mixture of xylene isomers [2]. 

In the perspective of intrinsic reaction, methoxy is the significant 
intermediate and its production will influence the subsequent methyl
ation process. For promoting the formation of methoxy, Zuo et al.[11] 
used CO2 and H2 as the reactants to reduce the Gibbs free energy barrier 
of surface methoxy species formation in ZnZrOx− ZSM− 5 (ZZO− Z5) 
dual-functional catalysts at 633 K. However, methanol is used as raw 
material to produce methoxy, which will need to overcome the high 
energy barrier. Moreover, it is not conductive to the activity and selec
tivity to PX. So looking for a way to reduce the energy barrier of methoxy 
formation is essential when taking methanol as raw material. Acidity is a 
considerable factor affecting the reaction activity and products 
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selectivity in HZSM− 5 [18]. In the experimental study, acidity of cata
lyst can be affected by different types of acid sites and modifying the 
catalyst with different metals. Zhang et al.[19] showed that most of the 
introduced Cd cations could exchange with protons of bridged hydroxyl 
groups of HZSM− 5, resulting in the reduction of the number of Brønsted 
acid site (BAS) while the formation of the new Lewis acid site (LAS) in 
catalyst. With the increasing of Cd content, the concentration of strong 
acid site decreased. Further, the quantity of BAS decreased while the 
quantity of LAS increased, and the selectivity to PX increased. Niu et al. 
[20] found that HZSM− 5 is modified by ZnOH+, which would improve 
the dehydrogenation of light hydrocarbons and help to convert into 
aromatics. From the above results, it can be found that the acid types and 
strengths of BAS and LAS affect the distribution of aromatics and the 
selectivity to PX in HZSM− 5 catalysts. Among them, BAS is mainly the 
framework bridged OH group, namely Si− OH− Al [21,22]. LAS is the 
extra-framework aluminum (EFAl) species, which is formed by the 
partial releasing of aluminum from the zeolite framework through mild 
hydrothermal/heat treatment [23,24,25], or LAS is formed by the pro
ton exchanging of metal ions and bridged hydroxyl groups in the 
modification process [19]. However, the effect of LAS on the micro
scopic mechanism of methylation of methanol with toluene to xylenes 
has not been theoretically documented yet, so it is very important to 
study the effect of LAS/BAS to the C− O bond breaking of methanol and 
activity with selectivity to PX from the perspective of intrinsic reaction 
in HZSM− 5. 

In this study, Density Functional Theory (DFT) method will be used 
to explore the reaction path of methylation of methanol with toluene to 
xylenes in HZSM− 5 with BAS and LAS/BAS, respectively. Through 
analyzing reaction pathway, Gibbs free energy barriers, Bader charge 
(e), the bond length (Å) and acid strength of catalysts to explore the 
synergistic effect of LAS/BAS, and its effect to the surface methoxy 
formation, the formation activity and selectivity to PX. 

2. Calculation details 

2.1. Calculation methods 

All DFT calculations were carried out using the Vienna ab initio 
simulation package (VASP) program [26,27,28]. The generalized 
gradient approximation (GGA) method was used in combination with 
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional 
[29]. The Projector Augmented Wave (PAW) method was used to 
describe the electron-ion interactions and the plane-wave cutoff energy 
at 400 eV (1 eV = 96.485 kJ⋅mol− 1). For further verifying the rationality 
of the plane-wave cutoff energy at 400 eV, the adsorption energies of 
CH3OH in BAS-HZSM− 5 catalyst were calculated with three different 
cutoff energies at 400, 450 and 500 eV. The relative structures and 
adsorption energies were listed in Table 1 and the Eqn. (1) of Eads is: 

Eads = Etotal − ECH3OH − Ezeol (1)  

where Etotal, ECH3OH and Ezeol referred to the total energy of CH3OH and 

BAS-HZSM− 5, the energies of CH3OH and BAS-HZSM− 5, respectively. 
The results indicated that the largest difference of bond distance be
tween the O atom of methanol and H proton was less than 0.041 Å, and 
the difference of adsorption energy was less than 3.8 kJ⋅mol− 1 for three 
different cutoff energies. So the plane-wave cutoff energy at 400 eV was 
reasonable with a tiny difference. Further, a more accurate explanation 
was acquired at the website of ‘The VASP Manual’. The default of 
ENCUT is the largest ENMAX on the POTCAR file, and the corresponding 
value is 400 eV in this work. Finally, the cutoff energy at 400 eV was 
determined from the parameter setting about zeolites in previous works. 
Demuth et al.[30] obtained the conclusion that the sterical constraints of 
zeolites would affect the energy barrier of trimethyldiphenylmethane 
intermediate formation by the disproportionation reaction of xylenes in 
10- and 12-membered ring with a plane-wave cutoff of 400 eV. And Xu 
et al.[31] proved the composite Na/Fe and HZSM− 5 catalyst showed 
high CO2 conversion ability and leading to the relatively stable aro
matics synthesis when the cutoff energy was at 400 eV. So the cutoff 
energy of 400 eV could adequately be used to calculate the properties of 
the catalysts in this work through three aspects of demonstration. 

The Gaussian smearing method with the SIGMA value of 0.2 eV [32] 
and the spin polarized calculation was operated with the ISPIN value of 
2 [33]. Γ-point mesh was used to sample the Brillouin zone for all zeo
lites. In previous works, Rozanska et al.[34] found steric constraints 
were strongly dependent on the transition-state structure as well as on 
the zeolite topology with a Brillouin zone sampling restricted to the 
Γ-point. Dai et al.[35] considered the Ga introduction can increase the 
selectivity to aromatics in HZSM− 5 with the single Γ-point as the center. 
So the Brillouin zone sampling was restricted to the Γ-point, which is 
reasonable for HZSM− 5 catalysts in this work. The force threshold of 
0.05 eV⋅Å− 1 (1 Å = 1 × 10− 10 m) and the energy on each atom was 
converged to 1 × 10− 5 eV were used for the structure optimization [17, 
36]. 

The climbing-image nudged elastic band (CI-NEB) method combined 
with dimer method to find out the transition states (TSs) between re
actants and products [31,36]. When the force threshold was less than or 
equal to 0.07 eV⋅Å− 1, the convergence criterion was reached [37]. The 
reaction energy (Er) and the energy barrier (Ea) for every elementary 
step were derived from the following Eqn. (2) and (3), respectively. 

Er = EFS − EIS (2)  

Ea = ETS − EIS (3)  

where EIS, EFS and ETS referred to the total energies of the reactant, the 
product and the transition state in the elementary reaction, respectively. 

The frequency calculations were employed in this work and the 
Gibbs free energies at 673 K were then calculated from frequencies. The 
experimental operating temperature of 673 K also was used to study and 
compare the reaction mechanism with kinetic performance of benzene 
ethylation by ethanol orethylene in H-ZSM-5, a conclusion of ethylene- 
involved reaction being hundreds of times higher than the ethanol- 
involved reaction was obtained [27]. Also McCann et al.[38] demon
strated the stable electrostatic confinement effect of zeolite framework, 

Table 1 
The bond distances (Å) and adsorption energies (kJ⋅mol− 1) of CH3OH in BAS− HZSM− 5 with the cutoff energies of 400, 450 and 500 eV.  

ENCUT (eV) 400 450 500 
Bond distance (Å) 

Eads (kJ⋅mol− 1) − 63.3 − 63.6 − 67.1  
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which can effectively reduce the Gibbs free energy barriers of reactions 
with a same experimental operating temperature of 673 K. 

2.2. Calculation models 

HZSM− 5 zeolite was represented by 46T cluster as the model cata
lyst. It was extracted from its crystallographic structural data [16,38, 
39]. The terminal Si− H was oriented along the direction of the corre
sponding Si− O bond and the bond length was set to 1.470 Å [40]. The 
BAS was formed by substituting one silicon with an aluminum atom at 
T12 and the negative charge of –e was compensated by the H proton to 
forming the Al12− O(H)− Si3, which was located at the intersection of 
straight and sinusoidal channels, provided the largest reaction space and 
beneficial to the aromatization reaction [5,41,42,43]. The LAS was 
formed by extra-framework aluminum hydroxyl group (AlOH2+), which 
located in the 6-membered ring of cavity and stable with the adjacent 
BAS in AlOH2+/BAS− HZSM− 5 [40]. In order to ensure the electrical 
neutrality of AlOH2+/BAS− HZSM− 5, two framework Si atoms were 
replaced by Al atoms and separated by two framework Si atoms in 
calculated models [44,45,46]. The stoichiometric number were Si45A
l1O68H49 for BAS− HZSM− 5 and Si43Al4O69H50 for 
AlOH2+/BAS− HZSM− 5 in this work and the computational models 
were shown in Fig. 1. The Al atom and the adjacent HOSiO3(SiO4)3 that 
responsible to the reaction were relaxed, and the other atoms were fixed 
for BAS− HZSM− 5. For AlOH2+/BAS− HZSM− 5, the O3SiO(H)Al 
(OSiO3)3, the 6-membered ring with AlOH2+ and two substituted Al 
atoms were relaxed, the other atoms were fixed. For the modification 
model with ZnOH+, the ZnOH+ was situated near BAS and located in the 
5-membered ring of the straight channel to providing better catalytic 
activity [47,48]. For ensuring the electrical neutrality of 

ZnOH+/BAS− HZSM− 5 and stabilizing the ZnOH+, a silicon atom was 
replaced by an aluminum atom with the order of Al− O(H)− Si− O− Al at 
the 5-membered ring. In this model, the O3SiO(H)Al(OSiO3)3 and the 
5-membered ring with ZnOH+ were relaxed, the other atoms were fixed. 

The active site locations of BAS, AlOH2+and ZnOH+ were same with 
literature data from the Table 2. The BAS was usually located in Al12− O 
(H)− Si3 of HZSM− 5 for MTA reaction. Wen et al.[41] indicated that the 
carbocations of C7H9

+-C12H19
+ were important intermediates, and 

methane was formed via intramolecular hydrogen transfer reaction in 
MTA process with the active site of Al12− O(H)− Si3 as BAS. The Gibbs 
free energy barrier of alkylation with benzene by ethene over HZSM− 5 
agreed with experimental data (58–76 kJ⋅mol− 1) with the same BAS of 
Al12− O(H)− Si3 at 653 K [42]. For the AlOH2+/BAS− HZSM− 5, the 
active site location of AlOH2+ was 6-membered ring of cavity and stable 
with the adjacent BAS in HZSM− 5 catalyst. This location was in line 
with the structure of 72T-HZSM− 5, which was used to the initial car
bon–carbon (C–C) bond formation in methanol-to-olefin (MTO) reaction 
by a new methane–formaldehyde pathway, also with extra-framework 
AlOH2+ located in same site and stable with the adjacent BAS in 
HZSM− 5 zeolite [40]. Similarly, the ZnOH+ location was 5-membered 
ring of the straight channel for ZnOH+/BAS− HZSM− 5, this structure 
was used to study the effect of abundant H2 on ethylene aromatization, 
and a conclusion of the amount of ZnOH+ species was increased after H2 
pretreatment, which further increased the selectivity to aromatics [47]. 
In addition, the deprotonation energies (DPE) of BAS− HZSM− 5, 
AlOH2+/BAS− HZSM− 5, ZnOH+/BAS− HZSM− 5 were in line with the 
DPE values of 1205–1414 kJ⋅mol− 1 in the literature data [49]. 
Montejo-Valencia et al. [50] also demonstrated that the formation of 
open sites through the hydrolysis of MFI was not energetically favorable 
with the DPE value of 1200 to 1250 kJ⋅mol− 1 for Al− MFI zeolites. So 

Fig. 1. The calculated models for BAS− HZSM− 5, AlOH2+/BAS− HZSM− 5 and ZnOH+/BAS− HZSM− 5 with the perspective of zigzag view, straight view and 
local view. 
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through the above analysis, it can be sure that three catalyst models 
constructed in this work were rational. 

3. Results and discussion 

3.1. The reliability of model 

The route of methanol and toluene are used as raw materials to 
produce xylenes can be divided into the concerted pathway and the 
stepwise pathway. The formation of methoxy is the crux to distinguish 
two pathways. According to the previous work, the rate-determining 
step of stepwise pathway was methoxy formation and the Gibbs free 
energy barrier of this step was 145.0 kJ⋅mol− 1 at 673 K. However, the 
methyl group in methanol attacked the para, meta and ortho carbons of 
toluene to produce the C8H11

+ intermediates, which was the rate- 
determining step of the concerted pathway. And the Gibbs free energy 
barriers of PX, MX and OX formation were 167.0, 138.0 and 139.0 
kJ⋅mol− 1 at 673 K, respectively [1]. It can be known that the stepwise 
pathway is slightly better than the concerted pathway by comparing the 
rate-determining step barriers of PX production in two pathways. Also 
Wang et al.[27] found that the stepwise mechanism was the crux to 
govern the activity of ethanol-involved reaction. So the stepwise 
pathway of xylenes formation with methanol and toluene in 
BAS− HZSM− 5 is studied in this work and the reaction route is shown in 
Scheme 1. In this path map, ‘Z’ represents the zeolite, which is different 
HZSM− 5 catalysts in this work. ‘ZOH’ and ‘ZOCH3’ special refer to the 
HZSM− 5 catalysts with H protons and methoxy, respectively. ‘ZO− ’ 
expresses the zeolites without H protons. 

The 46T and 72T models of BAS− HZSM− 5 are chosen for methoxy 
formation because they can visually represent the localization of tran
sition state, reasonably describe the space constraint and electrostatic 
stability effect of molecular sieve skeleton, which is vital to the quan
titative description of aromatics selectivity [39,47,51,52]. The reaction 
Gibbs free energy profile for the production of methoxy in 46T and 72T 
is shown in Fig. 2. The first step of this pathway is the formation of 
methoxy, and it involves the initial adsorption of methanol. Methanol is 
absorbed in a side-on adsorption mode on BAS and positioned parallel to 
the pore walls. The O atom of CH3OH is directed towards the acid site 
and there is only one strong hydrogen bond with the distance of 1.335 Å 

in 46T and 1.380 Å in 72T. The formation of methoxy by methanol is 
displayed in Fig. 2, the H proton is combined with the O atom of 
methanol, the distances of the H− O bonds being broken are 1.121 and 
1.101 Å in the 46T and 72T, and the new formed H− O bonds are 0.974 Å 
in the 46T and 0.972 Å in the 72T. The C− O bonds of methanol are 
broken with 1.466 and 1.459 Å at once in 46T and 72T, and the new 
C− O bonds are formed with the same bond distance of 1.501 Å. The 
water molecule is adsorbed around methoxy group. In the transition 
state structure, the distance between the planar methyl C atom and the O 
atom of BAS is 2.253 Å with a Gibbs free energy barrier of 230.8 
kJ⋅mol− 1 in 46T, also the corresponding distance is 2.274 Å and the 
Gibbs free energy barrier is 226.5 kJ⋅mol− 1 in 72T. The structures and 
Gibbs free energy barriers of methanol dehydration in 46T model are 
almost in line with the results of 72T model. Also they are consistent 
with the Andzelm’s [53] result (226.1 kJ⋅mol− 1) in Ferrierite, which 
contains 54 atoms and Zicovichwilson’s [54] result (217.7 kJ⋅mol− 1) 

Table 2 
The location and the deprotonation energies (kJ⋅mol− 1) for BAS− HZSM− 5, AlOH2+/BAS− HZSM− 5 and ZnOH+/BAS− HZSM− 5 catalysts constructed in this work and 
reference.  

catalysts location deprotonation energy (DPE) 
this work reference this work reference 

BAS− HZSM− 5 1282.4 1205− 1414 

AlOH2+/BAS− HZSM− 5 1192.8 1205− 1414 

ZnOH+/BAS− HZSM− 5 1272.4 1205− 1414  

Fig. 2. The reaction Gibbs free energy profile and the reactants, transition 
states (TS) and products structures about the formation of methoxy in 
BAS− HZSM− 5 with 46T and 72T at 673 K. 
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obtained in H3SiOHAlH2OSiH3 model of H-zeolite, respectively. More
over, the 46T cluster as the HZSM− 5 model catalyst have been used for 
abundant works. McCann et al.[38] considered the 46T cluster as the 
full-cage representation of the HZSM− 5 zeolite, which can be used to 
Methanol-to-Olefin (MTO) conversion. Speybroeck et al.[39] had the 
same view, which was the location of transition states and interpretation 
of the normal modes being substantially simpler in 46T finite HZSM− 5 
zeolite cluster than the periodic approach from a computational tech
nical point of view, and a conclusion of the absolute reaction rates can be 
calculated with near chemical accuracy was obtained. All these exam
ples demonstrate that the size of model has no obvious effect on the 
structures and Gibbs free energy barriers of the reaction, and then ex
plains the 46T cluster as the HZSM− 5 model catalyst is appropriate for 
this work. The water molecule will not react with the species in the 
subsequent process, so it can be considered that the water molecule is 
desorbed in the following step. 

3.2. The production of xylenes in BAS− HZSM− 5 

Then the toluene molecules enter the 10-member ring pore of 
HZSM− 5 and are separately adsorbed on the location near methoxy with 
the para, meta and ortho sites. The relative distances between the methyl 
carbon and the ring carbon of para, meta and ortho sites are 3.211, 3.443 
and 3.490 Å, respectively. In the next step, the methyl attacks the para, 
meta and ortho sites of toluene to form the C8H11

+ intermediate. The 

correlative structures of reactants, transition states (TS) and products of 
this step are shown in Fig. 3. According to the TS structures, the methyl 
groups are almost planar and parallel to toluene molecules. The C− O 
bonds are broken with 2.082, 2.125 and 2.154 Å and the C− C bonds are 
formed with 2.258, 2.253 and 2.296 Å in p-TS1–2, m-TS1–2 and o- 
TS1–2, respectively. The Gibbs free energy barriers for the formation of 
p-C8H11

+ − 1, m-C8H11
+ − 1 and o-C8H11

+ − 1 are 66.2, 81.5 and 90.9 
kJ⋅mol− 1. 

After the C8H11
+ intermediates formation, they are adsorbed at the 

cross channels of HZSM− 5 and the methyl groups are toward the BAS. 
For PX, MX and OX production, which need to back-donate the H proton 
to the framework oxygen. So the C8H11

+ intermediates are rotated and be 
marked as p-rot1, m-rot1 and o-rot1 (Fig. 3). The rotation Gibbs free 
energies are 2.3, 37.6 and − 25.4 kJ⋅mol− 1 for p-rot1, m-rot1 and o-rot1 
formation, respectively. The H− C bonds are broken with 1.354, 1.361 
and 1.404 Å and the H− O bonds are formed with 1.384, 1.375 and 
1.309 Å according to the TS structures about PX, MX and OX formation, 
respectively. The corresponding Gibbs free energy barriers are 4.6, 6.5 
and 38.9 kJ⋅mol− 1 at 673 K. 

The methylation reaction in BAS− HZSM− 5 catalyst have been 
completed in this work. In order to facilitate the methylation process in 
different HZSM− 5 catalysts smoothly, the accuracy rationality of 0.07 
eV⋅Å− 1 in the transition state search process is verified. And different 
elementary reaction are selected, which are proton transfer for PX for
mation and the formation of C8H11

+ intermediate for OX formation. The 

Fig. 3. The reaction Gibbs free energy profile and the reactants, transition states (TS) and products structures about the formation of PX, MX and OX in 
BAS− HZSM− 5 at 673 K. 
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relative Gibbs free energy barriers and transition state structures are 
listed in Table 3. The Gibbs free energy barriers for proton transfer 
leading to the formation of PX are 6.5 and 4.6 kJ⋅mol− 1 with the force 
convergence accuracies of 0.05 and 0.07 eV⋅Å− 1, respectively. The 
corresponding difference of Gibbs free energy barriers is only 1.9 
kJ⋅mol− 1, and the transition state structures are same. In addition, the 
formation of C8H11

+ intermediate for OX formation is also studied with 
the force convergence accuracies of 0.05 and 0.07 eV⋅Å− 1, there is only a 
small difference for Gibbs free energy barrier with 0.6 kJ⋅mol− 1 and the 
difference is less than 0.008 Å for bond lengths. Therefore, the Gibbs free 
energy barriers and the corresponding structures in the transition state 
search process can be correctly reflected when the force threshold is 
0.07 eV⋅Å− 1 in this work. And Vos et al.[37] studied the alkylation re
action of toluene with methanol catalyzed by the acidic Mordenite 
(Si/Al = 23) with the force threshold of 0.07 eV⋅Å− 1, and a conclusion of 
the steric constraint energy contribution having a significant effect on 
the energies and bond formation paths was obtained. So the force 
threshold of 0.07 eV⋅Å− 1 was reasonable for this system, and it can 
ensure the comparability of the calculation results. 

It can be seen that the rate-determining step of xylenes production in 
BAS− HZSM− 5 is methanol dissociation and the corresponding Gibbs 
free energy barrier is 230.8 kJ⋅mol− 1, it is too high to be conductive to 
the formation of methoxy, therefore is unfavorable for generating xy
lenes. By understanding the previous work, the releasing of aluminum 
from a zeolite framework would cause the EFAl species formation in a 
mild hydrothermal/thermal treatment. Also Chen et al.[55] proved that 
the BAS and the extra-framework Al–OH species were adjacent by a 
synergistic effect existed in LAS and the adjacent BAS, along with using 
the 2D exchange NMR experiment. Moreover, the synergistic effect of 
LAS/BAS was proved in the methane-formaldehyde mechanism route, 
which differs from the traditional pathway at the isolated BAS [40]. In 
addition, the synergistic effect of LAS/BAS could promote the selectivity 
to aromatic compounds [19]. So in the next part of the study, the in
fluence of LAS to the generation route, activity and selectivity to xylenes 
will be considered. 

3.3. The formation of xylenes in AlOH2+/BAS− HZSM− 5 

According to the previous work, a possible mechanism route about 
the methylation to xylenes at LAS/BAS is proposed by considering the 
synergy effect, which is differs from the route at the isolated BAS. The 
reaction route is shown in Scheme 2. 

The reaction Gibbs free energy profile for the production of xylenes is 
shown in Fig. 4 and the reactants, transition states and products struc
tures about the formation of PX, MX and OX in AlOH2+/BAS− HZSM− 5 
are displayed in the Fig. S1. The first step of this pathway is also the 
formation of methoxy. The methanol is absorbed in a side-on adsorption 
mode on BAS and the H proton has a bond with methanol to form 
CH3OH2

+ intermediate after optimization. The O⋅⋅⋅H− O intermolecular 
distance is 2.508 Å. It is different from the above situation of methyl 
group having a bond with framework O atom, the methyl C atom is 

combined with O atom of AlOH2+ and the corresponding methoxy is 
formed in the methanol dissociation process. From the TS structure, it 
can be seen that the O atom of water molecule, the C atom of methyl and 
the O atom of AlOH2+ is almost in a straight line and the methyl is 
almost planar. The length between the O of water molecule and the C of 
methyl is 1.969 Å and a distance of 1.978 Å between the C of methyl and 
the O of AlOH2+. The corresponding Gibbs free energy barrier of this 
step is 68.2 kJ⋅mol− 1. Similar to the situation of the above study, the 
water molecule is desorbed in the following step, because it will not 
participate in the following reaction. 

Next, the process of production to the C8H11
+ intermediates and the 

final xylenes is nearly identical with the corresponding process in 
BAS− HZSM− 5. So a brief description about this process in LAS/BAS is 
given. The toluene molecules enter the intersection of zeolite and are 
adsorbed around the methyl group. From the reactants structures in the 
Fig. S1, it can be seen that the methyl groups are not oriented to the para, 
meta and ortho sites of ring carbon of toluene after structural optimiza
tion, this is due to the repulsive effect existing in the methyl and toluene 
when the methyl is situated above the AlOH2+. In the TS structures, the 
methyl is almost planar and situates in the middle of AlOH2+ and 
toluene. The distances between the O atom and the methyl C atom are 
2.131, 2.280 and 2.067 Å, and the C− C bonds lengths are 2.278, 2.538 
and 2.222 Å for the p-C8H11

+ − 2, m-C8H11
+ − 2 and o-C8H11

+ − 2, respec
tively. The corresponding Gibbs free energy barriers are 129.2, 153.1 
and 95.1 kJ⋅mol− 1. 

For back-donating the H proton to the framework oxygen to form 
complete BAS and the final products, the C8H11

+ must be rotated. The 
rotation Gibbs free energies are 18.8, 9.4 and − 19.2 kJ⋅mol− 1 for the 
formation of p-rot2, m-rot2 and o-rot2, respectively. The result illus
trates that the production of o-rot2 is an exothermic process. For the last 

Table 3 
The Gibbs free energy barriers (kJ⋅mol− 1) and the transition state structures (Å) about proton transfer for PX formation and the formation of C8H11

+ intermediate for OX 
formation with differentforce threshold of 0.05 and 0.07 eV⋅Å− 1 in BAS− HZSM− 5 at 673 K.  

Reaction PX-TS1–3 OX-TS1–2 

Accuracy (eV⋅Å− 1) 0.05 0.07 0.05 0.07 
∆Ga (kJ⋅mol− 1) 6.5 4.6 91.5 90.9 
Bond length (Å) 

Fig. 4. The reaction Gibbs free energy profile for the production of xylenes in 
AlOH2+/BAS− HZSM− 5 at 673 K. 
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step of final xylenes formation, the Gibbs free energy barriers are 61.2, 
107.2 and 140.5 kJ⋅mol− 1 for PX, MX and OX, and BAS is formed on the 
Si12-O(H)-Al12 for OX, which is differs from the situation of Al12− O 
(H)− Si3 as the site of BAS formation. This is due to the H proton on Si12- 
O-Al12 site is more stable than Al12− O− Si3 site for the formation of OX 
in AlOH2+/BAS− HZSM− 5. 

By comparing the results of xylenes formation in BAS− HZSM− 5 and 
AlOH2+/BAS− HZSM− 5, it can be known that AlOH2+/BAS− HZSM− 5 
shows the better activity and selectivity to PX than BAS− HZSM− 5. This 
shows that the synergistic effect of LAS/BAS is instrumental in the 
dissociation of methanol and the methylation reaction of methanol and 
toluene. According to previous works, the modification to HZSM− 5 with 
Zn could improve the selectivity to aromatics. The results of Yu et al. 
[56] demonstrated that the product distribution content of PX increase 
with the raising of Zn. Moreover, most of Zn existed as ZnOH+ species 
when they are introduced into zeolite, and ZnOH+ could restrain the 
side reactions of methanol in order to accelerate the alkylation of ben
zene and methanol [57]. In addition, ZnOH+ species helped accelerate 
the aromatization by acting as dehydrogenation site [47]. So in the next 
section, a modification to HZSM− 5 with ZnOH+ species and the effect 
on the activity and selectivity to PX will be discussed. 

3.4. Methylation of toluene with methanol in ZnOH+/BAS− HZSM− 5 

The mechanism route about methylation in ZnOH+/BAS− HZSM− 5 
is the same as that in AlOH2+/BAS− HZSM− 5. The reaction Gibbs free 
energy profile for the production of xylenes is shown in Fig. S2. Owing to 
the methyl will be located on the ZnOH+ to form methoxy, the methyl of 

methanol faces to the ZnOH+ and the methanol is adsorbed in the end-on 
mode (Fig. 5), which is different from the adsorption mode on the BAS 
and AlOH2+/BAS. There are two hydrogen bonds with lengths of 1.175 
Å between the O atom of methanol and the H proton of HZSM− 5, and 
the distance of 2.072 Å between the H atom of methanol and the 
framework O atom of Si12-O-Al12. The CH3OH has a bond with the H 
proton of BAS and this process is same with the formation of CH3OH2

+

intermediate on the AlOH2+/BAS. In the TS structure of the methoxy 
formation, the O atom of H2O, the C atom of methyl and the O of ZnOH+

are almost in the line and this result is in accordance with the AlOH2+/ 
BAS. The methyl is planar and the Gibbs free energy barrier is 113.9 
kJ⋅mol− 1, which is lower than the Gibbs free energy barrier of methanol 
dissociation in BAS− HZSM− 5 (230.8 kJ⋅mol− 1) and higher than corre
sponding energy in AlOH2+/ BAS− HZSM− 5 (68.2 kJ⋅mol− 1). 

Toluene enters the intersection of zeolite and methyl group orients to 
the para, meta and ortho sites of toluene to further forming the C8H11

+

intermediate. The Gibbs free energy barriers for the formation of the p- 
C8H11

+ − 3, m-C8H11
+ − 3 and o-C8H11

+ − 3 are 92.9, 133.6 and 109.4 
kJ⋅mol− 1 and the C− C bonds lengths are 1.599, 1.676 and 1.640 Å for 
the para, meta and ortho sites in the TS structures, respectively. It is 
similar to the route of the new BAS and final xylenes formation in 
BAS− HZSM− 5 and AlOH2+/BAS− HZSM− 5, the C8H11

+ intermediates 
need to be rotated and the rotation Gibbs free energies are 10.6, − 14.2 
and − 13.7 kJ⋅mol− 1 for p-rot3, m-rot3 and o-rot3 formation, and this 
result means that the rotation of p-C8H11

+ − 3 is a endothermic reaction. 
Finally, the H proton of the C8H11

+ intermediate orients to the framework 
oxygen which is included in the original BAS, and then attacks it to form 
final xylenes. The Gibbs free energy barriers are 55.8, 20.3 and 54.6 

Fig. 5. The Gibbs free energy barriers (kJ⋅mol− 1) and reaction Gibbs free energy for the rotation steps (kJ⋅mol− 1), as well as the reactants, transition states (TS) and 
products structures for the production of xylenes in ZnOH+/BAS− HZSM− 5 at 673 K. 
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kJ⋅mol− 1 for PX, MX and OX production, respectively. 

3.5. General discussion 

From above study, it can be known that the production of xylenes 
with methanol and toluene can be divided into the formation of methoxy 
and the methylation process. 

3.5.1. The analysis of methoxy formation 
The formation routes of methoxy are different in BAS− HZSM− 5 and 

LAS/BAS− HZSM− 5. From the Fig. 6, it can be known that the distin
guish is LAS catalyzes the formation of methoxy and the methyl has a 
bond with the O atom of LAS in AlOH2+/BAS− HZSM− 5 and ZnOH+/ 
BAS− HZSM− 5 compared to BAS− HZSM− 5. This result illustrates that 
the synergistic effect of LAS/BAS firstly manifests the participation of 
LAS and BAS in methoxy formation and producing a pathway which 
differs from that on the isolated BAS. And it is in line with the result that 
LAS could act as an active center to participating in the acid-catalyzed 
reaction, and it is distinct from Brønsted acid catalysis [58,59]. 

Besides the pathways, there is also a big difference between 
BAS− HZSM− 5 and LAS/BAS− HZSM− 5 for the Gibbs free energy bar
riers of methoxy formation. By comparing Gibbs free energy barriers of 
methanol dissociation in BAS− HZSM− 5 (230.8 kJ⋅mol− 1), AlOH2+/ 
BAS− HZSM− 5 (68.2 kJ⋅mol− 1) and ZnOH+/BAS− HZSM− 5 (113.9 
kJ⋅mol− 1), it can be found the synergistic effect of LAS/BAS is profit to 
produce methoxy. Moreover, the C− O bond breaking of dimethyl ether 
(DME) would produce the Gibbs free energy barrier of 179.6 kJ⋅mol− 1 

when there was only BAS [60]. However, the Gibbs free energy barrier 
reduced to 149.9 kJ⋅mol− 1 for the C− O bond breaking of DME when BAS 
and LAS existed at the same time [40]. So the effect of the synergistic 
effect of LAS/BAS to methanol dissociation should be studied. 

In here, the relationships among the synergistic effect of LAS/BAS, 
the Gibbs free energy barriers, the Bader charges (e) and the bond 
lengths (Å) are analyzed for methoxy formation in BAS− HZSM− 5, 
AlOH2+/BAS− HZSM− 5 and ZnOH+/BAS− HZSM− 5. As shown in 
Table 4, QC means the Bader charges at the C atom of the methyl in the 
TS structures for methoxy formation. And the corresponding QC are 
0.16, − 0.04 and 0.09 e in BAS− HZSM− 5, AlOH2+/BAS− HZSM− 5 and 
ZnOH+/BAS− HZSM− 5, respectively. Firstly, it can be known that the 
more easily methoxy is formed with the decreasing of Bader charges by 
contrasting the Gibbs free energy barriers and QC. Also the synergistic 
effect of LAS/BAS in AlOH2+/BAS− HZSM− 5 and ZnOH+/ 
BAS− HZSM− 5 causes QC to reduce, and further improves the activity of 
methoxy formation compared to BAS− HZSM− 5. Importantly, methoxy 
is more easily formed in the case of electron losing in contrast to electron 
accepting, so AlOH2+/BAS− HZSM− 5 with QC of − 0.04 e shows the 
highest activity with the Gibbs free energy barrier of 68.2 kJ⋅mol− 1 for 
methoxy formation. Besides QC, the bond distances between methanol C 
atom and active site O atom in the TS structures of methoxy formation 

are also analyzed and marked as DC− O. And the corresponding distances 
are 2.253, 1.978 and 2.075 Å in BAS− HZSM− 5, AlOH2+/BAS− HZSM− 5 
and ZnOH+/BAS− HZSM− 5. It can be known that the synergistic effect 
of LAS/BAS reduces DC− O compared to the isolated BAS. Also Gibbs free 
energy barriers decrease with the bond distances shortening for methoxy 
formation in BAS− HZSM− 5, ZnOH+/BAS− HZSM− 5 and AlOH2+/ 
BAS− HZSM− 5 by contrasting the Gibbs free energy barriers and DC− O. 
Similarly, AlOH2+/BAS− HZSM− 5 with the shortest DC− O shows the 
highest activity for methoxy formation. So the synergistic effect of LAS/ 
BAS not only changes methoxy formation pathway but also is friendly to 
the formation of methoxy by reducing QC and shortening DC− O. More
over, the least Gibbs free energy barrier for methoxy formation appears 
in AlOH2+/BAS− HZSM− 5 with the minimum QC and DC− O. Because 
more methoxy formation will provide more raw materials for the sub
sequent methylation process, BAS− HZSM− 5 is not a suitable catalyst for 
the subsequent methylation process of methoxy and toluene to xylenes. 

3.5.2. The analysis of the methylation process 
The formed methoxy will attack the para, meta and ortho sites of ring 

carbon of toluenes to form the C8H11
+ intermediates, and further forming 

the corresponding xylenes in BAS− HZSM− 5, AlOH2+/BAS− HZSM− 5 
and ZnOH+/BAS− HZSM− 5 catalysts. And the comparison of methyl
ation reaction in three catalysts is expressed in Fig. 7. For the methyl
ation process, the Gibbs free energy barrier of PX formation is 66.2 
kJ⋅mol− 1, and which are 81.5 and 90.9 kJ⋅mol− 1 for MX and OX in 
BAS− HZSM− 5. This shows that the activity to PX is higher than MX and 
OX, also the selectivity to PX is higher than MX and OX with the Gibbs 
free energy barrier differences of 15.3 kJ⋅mol− 1 between PX and MX and 
24.7 kJ⋅mol− 1 between PX and OX in BAS− HZSM− 5. Similarly, the 

Fig. 6. The formation pathways of methoxy in BAS− HZSM− 5 and LAS/BAS− HZSM− 5. ‘M’ represents the different metals of LAS.  

Table 4 
The Gibbs free energy barriers (kJ⋅mol− 1), the Bader charges (e), the bond dis
tances (Å) for methoxy formation, and the acid strengths (kJ⋅mol− 1) of BAS and 
LAS for BAS− HZSM− 5, AlOH2+/BAS− HZSM− 5 and ZnOH+/BAS− HZSM− 5a.   

BAS− HZSM− 5 AlOH2+/ 
BAS− HZSM− 5 

ZnOH+/ 
BAS− HZSM− 5 

∆Ga (kJ⋅mol− 1) 230.8 68.2 113.9 
QC(e) 0.16 − 0.04 0.09 
DC− O (Å) 2.253 1.978 2.075 
BAS/DPE 

(kJ⋅mol− 1) 
1282.4 1192.8 1272.4 

LAS/BE 
(kJ⋅mol− 1)  

127.8 52.6  

a The ∆Ga(kJ⋅mol− 1) is the Gibbs free energy barriers (kJ⋅mol− 1) of methoxy 
formation, the QC(e) is the Bader charges at the C atom of the methyl in the TS 
structures for methoxy formation, the DC− O (Å) is the bond distances between 
the methyl C and the active site O in the TS structures of methoxy formation, the 
BAS/DPE (kJ⋅mol− 1) is acid strengths (kJ⋅mol− 1) of BAS and LAS/BE (kJ⋅mol− 1) 
is acid strengths of LAS for BAS− HZSM− 5, AlOH2+/BAS− HZSM− 5 and ZnOH+/ 
BAS− HZSM− 5. 
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Gibbs free energy barrier of PX formation are all lower than MX and OX 
in AlOH2+/BAS− HZSM− 5 and ZnOH+/BAS− HZSM− 5 catalysts, and 
the activity to PX are higher than MX and OX in these two catalysts. At 
the same time, the selectivity to PX is higher than MX and OX with the 
Gibbs free energy barrier differences of 23.9 kJ⋅mol− 1 in AlOH2+/ 
BAS− HZSM− 5 and 40.7 kJ⋅mol− 1 in ZnOH+/BAS− HZSM− 5 between 
PX and MX, also 11.3 kJ⋅mol− 1 in AlOH2+/BAS− HZSM− 5 and 16.5 
kJ⋅mol− 1 in ZnOH+/BAS− HZSM− 5 between PX and OX. So it can be 
known that the activity and selectivity to PX are all better than MX and 
OX in three catalysts [19,47]. 

Combined with the above analysis of the activity to the methoxy 
formation in three catalysts, the highest Gibbs free energy barrier of 
230.8 kJ⋅mol− 1 for methoxy formation in BAS− HZSM− 5 catalyst is not 
conductive to the methylation reaction of methoxy with toluene, also 
which is not beneficial to the formation of PX. However, it shows the 
preferable activity to the dissociation of methanol in AlOH2+/ 
BAS− HZSM− 5 and ZnOH+/BAS− HZSM− 5 catalysts. Further 
comparing the Gibbs free energy barriers to PX formation with 129.2 
and 92.9 kJ⋅mol− 1 in AlOH2+/BAS− HZSM− 5 and ZnOH+/ 
BAS− HZSM− 5 catalysts, it can be found that the activity to PX forma
tion in ZnOH+/BAS− HZSM− 5 is better than AlOH2+/BAS− HZSM− 5. 

So ZnOH+/BAS− HZSM− 5 is better for the formation to PX than 
AlOH2+/BAS− HZSM− 5 and BAS− HZSM− 5 [61,62]. 

3.5.3. The influence of acid type and acid strength to the methylation 
reaction 

For further explaining the synergistic effect of LAS/BAS, the acid 
strengths of BAS and LAS are determined. Also the influence of different 
acid types and acid strengths to methoxy and PX formation are discussed 
in BAS− HZSM− 5, AlOH2+/BAS− HZSM− 5 and ZnOH+/BAS− HZSM− 5 
catalysts. 

Firstly, the acid strengths of BAS are determined with the deproto
nation energy (DPE), and LAS with the binding energy (BE) of trime
thylphosphine (TMP) by the coordination of the P atom (on the TMP 
probe molecule) and the Lewis acid center [63,64]. The calculation 
formulas are as follow: 

DPE = EH+ + EA− − EHA (4)  

BE = ELewisacid + ETMP − ETMP− Lewisacid (5) 

The EHA and EA
− are the energies of the protonated and deprotonated 

structures, separately. EH+ is the energy of H proton. And the smaller of 
the absolute value of DPE, the easier the proton transferring and the 
stronger BAS acid strength. The ELewis acid, ETMP and ETMP-Lewis acid 
represent the energies of Lewis acid structures, the isolated TMP and 
TMP-Lewis acid complexes. The higher of BE, the stronger LAS acid 
strength. And the values of DPE and BE are listed in the Table 4. The 
values of DPE are 1282.4, 1192.8 and 1272.4 kJ⋅mol− 1 in 
BAS− HZSM− 5, AlOH2+/BAS− HZSM− 5 and ZnOH+/BAS− HZSM− 5, 
and the BE are 127.8 and 52.6 kJ⋅mol− 1 in AlOH2+/BAS− HZSM− 5 and 
ZnOH+/BAS− HZSM− 5, respectively. Also the relative binding struc
tures about TMP and LAS are listed in Fig. S3. It can be known that the 
existence of LAS enhances the acid strengths of BAS, and the stronger 
LAS acid strength, the stronger BAS acid strength [65]. So the order of 
acid strengths is AlOH2+/BAS− HZSM− 5 > ZnOH+/BAS− HZSM− 5 >
BAS− HZSM− 5. 

For methoxy formation, the relationship between the acid strengths 
of catalysts and Gibbs free energy barriers of methoxy formation is 
studied. By comparing Gibbs free energy barriers of methoxy formation 
in BAS− HZSM− 5, AlOH2+/BAS− HZSM− 5 and ZnOH+/BAS− HZSM− 5, 
the activity of BAS− HZSM− 5 is much lower than the AlOH2+/ 
BAS− HZSM− 5 and ZnOH+/BAS− HZSM− 5, and the Gibbs free energy 
barrier differences are 162.6 kJ⋅mol− 1 in AlOH2+/BAS− HZSM− 5 and 
116.9 kJ⋅mol− 1 in ZnOH+/BAS− HZSM− 5 compared to BAS− HZSM− 5. 
The stronger acid strength is included in AlOH2+/BAS− HZSM− 5 and 
ZnOH+/BAS− HZSM− 5 becaues of the synergistic effect of LAS/BAS, 
and they cause the lower Gibbs free energy barriers for methoxy for
mation compared to BAS− HZSM− 5 [66]. In addition, 
AlOH2+/BAS− HZSM− 5 with the strongest acid strength produces the 
highest activity for methoxy formation with 68.2 kJ⋅mol− 1, which is 
better than ZnOH+/BAS− HZSM− 5 with 113.9 kJ⋅mol− 1 and 
BAS− HZSM− 5 with 230.8 kJ⋅mol− 1. Hence the activity of methoxy 
formation has consistency with the acid strength of zeolites. And the 
stronger acid strength helps to enhance the activity of methoxy pro
duction [66]. This phenomenon further explains the synergistic effect of 
LAS/BAS can enhance the acid strengths of catalysts, produce the re
action path which differs from that on the isolated BAS. For methoxy 
formation, QC is effectively reduced, DC− O is shortened, and the activity 
is improved because of the synergistic effect of LAS/BAS. 

Further combined with the above analysis of the acid strengths and 
the methylation process in three catalysts, it can be found that 
BAS− HZSM− 5 with the weakest acid strength is not beneficial to the 
formation of methoxy. However, ZnOH+/BAS− HZSM− 5 with the 
moderate acidity is conducive to the formation of methoxy and PX. 

Fig. 7. The reaction Gibbs free energy barrier (kJ⋅mol− 1) for methoxy forma
tion and the methylation process in BAS− HZSM− 5, AlOH2+/BAS− HZSM− 5 
and ZnOH+/BAS− HZSM− 5 at 673 K. 

Scheme 1. The reaction route of methylation of toluene with methanol to 
xylenes in BAS− HZSM− 5. 
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4. Conclusion 

The methylation reaction of methanol and toluene to xylenes are 
carried out in BAS− HZSM− 5, AlOH2+/BAS− HZSM− 5 and ZnOH+/ 
BAS− HZSM− 5 catalysts by the DFT method. The reliability of 46T 
cluster model is verified and which has been selected as the study model. 
The whole methylation reaction consists of methoxy formation via 
methanol dissociating and the methylation process of methoxy and 
toluene to xylenes, and the C8H11

+ is the important intermediate for the 
methylation process. On the one hand, the existence of LAS results in the 
change of dissociation mechanism for methanol. Methoxy is formed and 
adsorbed at BAS of BAS− HZSM− 5. However, methanol adsorbs at BAS, 
while the dissociated methoxy transfers from BAS to AlOH2+ of AlOH2+/ 
BAS− HZSM− 5, and ZnOH+ of ZnOH+/BAS− HZSM− 5 with the syner
gistic effect of LAS/BAS. Moreover, the higher dissociation activity to 
methanol are exhibited in AlOH2+/BAS− HZSM− 5 and ZnOH+/ 
BAS− HZSM− 5 with the higher acid strengths, the less QC and the 
shorter DC− O. However, the highest Gibbs free energy barrier for 
methanol dissociation in BAS− HZSM− 5 catalyst is not conductive to the 
formation of methoxy and PX. On the other hand, the higher Gibbs free 
energy barrier for PX formation with 129.2 kJ⋅mol− 1 needs to be over
come in AlOH2+/BAS− HZSM− 5 than ZnOH+/BAS− HZSM− 5 with 92.9 
kJ⋅mol− 1. And the formation of PX is easiest among three xylenes in 

ZnOH+/BAS− HZSM− 5. It can be seen that ZnOH+/BAS− HZSM− 5 with 
the moderate acid strength is conducive to the formation of methoxy and 
PX. This result will provide a direction to construct an efficient catalyst 
for the formation of PX in the methylation reaction. 
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