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Abstract
Alkylation reactions was a promising technology for the preparation of chemical products such as toluene. However, the 
mechanism of such reactions yet remains as an unclear problem. Therefore, based on theoretical analysis, thermodynamics 
calculation, laboratory testing and density functional theory method analysis, the possible mechanism of catalytic reaction 
was proposed to clarify the alkylation of benzene with methanol over the  Na3-H-Y catalyst.
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method

Introduction

In the 1960s, Y zeolite was synthesized by artificially as 
solid acid catalyst and used widely as a substitute for amor-
phous silica-alumina catalyst in oil refining. The activity of 
cracking catalyst was increased by nearly 6 orders of magni-
tude, which triggered a refining revolution and that had led 
to the development of modern petroleum further processing 
industry. Hitherto, Y zeolite was still the main component of 
catalyst in fluidized bed for the process of oil refining. The 
performance improvements of Y zeolite would save a lot of 
petroleum resources and contribute to the efficient use of 
petrochemical energy around the world [1–3].

Y zeolite owns the advantages of high surface area, 
hydrothermal stability, resistance to carbon deposition and 
metal pollution etc., which would create just what it’s worth-
is used in catalysis, sorption and ionexchange [1, 4]. The 
catalytic activity of Y zeolite was not only related to acidity, 
but also Si/Al ratio and metal ions of zeolite [4]. Protons 
in zeolite was generally isolated and highly dispersed, and 
coexisted in the crystal system [1]. Compared with amor-
phous aluminosilicate, the acid strength of Y zeolite was 

comparable to that of sulfuric acid. Compared with liquid 
inorganic acids or organic acids, Y zeolite acid catalysts had 
some technological merit, such as poisonless and harmless, 
not corrosion to equipment and easy to separate and recycle 
from the reaction system [5–7]. Therefore, it was more value 
in industrial application that solid-acid catalysts substitute 
for liquid inorganic acids or organic acid catalysts.

According to the literature, the reactions catalyzed by 
acidic zeolites was highly important in the cracking of  C5–C6 
to  C2–C4 olefins [8], benzene alkylation with methanol, tolu-
ene alkylation with methanol reactions, the isomerization 
and aromatization of 1-C6

= [9], methanol to olefins (MTO) 
[7, 10], methanol to propylene (MTP) [11] methanol to 
hydrocarbons (MTH) [12, 13], methanol to gasoline (MTG) 
[14], as well as methanol to aromatization (MTA) [15]. Such 
as HZSM-5 [16] and HZSM-11 [17], was particularly suited 
to the transformations of BTX (benzene, toluene and xylene) 
because the structure of HZSM-5 or HZSM-11 could control 
the structures of transition-state to enhance the selectivity 
of target products. For a detailed study of the difference of 
catalytic process between Y and HZSM-5 zeolites, density 
functional theory (DFT) analysis would be adopted to reveal 
the essence of catalytic mechanisms, by which the possible 
 Na+ substituted locations of  H+ and the accurate content of 
 Na+ could be proposed. However, there was no literature had 
investigated successfully into the possible catalytic mecha-
nisms of benzene/methanol to toluene(B/MTT) over Na-H-Y 
zeolite by using DFT method.
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Based on the theoretical and experimental researches, two 
different mechanisms were proposed for the alkylation of 
benzene with methanol: concerted and stepwise mechanisms 
[17]. The concerted pathway of methanol molecule and ben-
zene molecule were adsorbed simultaneously on the acid 
site by bridge oxygen bond in the zeolites, forming  C7H9

+ 
and  H2O.  C7H9

+ would deprotonate rapidly, generating tolu-
ene and regenerating the acid sites of the zeolites. Thus, the 
catalytic cycle was completed. Compared with the concerted 
pathway, the stepwise pathway involved an intermediate-
methoxy group and then methoxy group with benzene would 
further react, forming  C7H9

+ and  H2O and so on.
However, no conclusive evidence could be employed to 

attest which routes was suitable during alkylation reactions. 
The surface-methoxy group had been captured in situ by 
testing instrument where would prove the rationalisation of 
stepwise mechanisms [18, 19]. Mynsbrugge et al. [13] found 
that the concerted pathway was suitable for the methylation 
of benzene with methanol over HZSM-5 and H-beta cata-
lysts. However, the comprehensive survey was not reported 
for explaining benzene alkylation with methanol over Na-
H-Y catalyst.

In this investigation and summary, base on thermodynam-
ics calculation, we had tested the optimum catalytic per-
formance of Na-H-Y by B/MTT reaction in a continuous-
flow jet bubbling reactor with a glass tube (8 mm i.d.) under 
certain conditions [3]. At the same, explored the concerted 
and stepwise pathways for the alkylation of benzene with 
methanol over Na-H-Y catalyst by employing density func-
tional theory method.

Computational methods

The density functional theory (DFT) calculations were done by 
VASP software with a periodic slab. The Perdew–Burke–Ernz-
erhof (PBE) functional with the generalized gradient approxi-
mation (GGA) was used to describe the electronic structures, 
and the projector augmented wave method was applied to 
calculate the interaction between electrons and atomic cores. 
All the calculations used a cutoff energy of 400 eV with the 
force threshold of 0.05 eV Å−1. The lattice parameters of FAU 
primitive cell were firstly optimized and the Brillouin zone was 
described by 3 × 3 × 1 k-points. The optimized lattice param-
eter of the FAU primitive cell is 17.72 Å, consistent with the 
experimental value 17.70 Å. For the calculations of intermedi-
ates and transition states, we used a 1 × 1 × 1 supercell of FAU 
based on the optimized lattice parameters. One Na atom is 
added into the FAU zeolite and the  Na+ was located in a small 
cage, as depicted in Fig. 1. The Brillouin zone of the FAU 
supercell was described with a 1 × 1 × 1 k-point grid. All of 
the atoms in FAU framework were relaxed in both structural 
optimization and transition state structures, and the transition 

states were located by Climbing image nudged elastic band 
(CI-NEB) method. The energies of gas species considered in 
this work, e.g. benzene, toluene,  CH3OH,  H2O and  CH4, were 
calculated in a 10 Å × 10 Å × 10 Å cubic lattice and k-points 
used 1 × 1 × 1.

Thermodynamics analysis

The process of alkylation reaction of benzene/methanol was 
studied thermodynamically based on functional group contri-
bution method of Benson, and Gibbs energy change ΔGT and 
equilibrium constant Kp of major and minor reactions were 
calculated. The thermodynamic properties of the material 
involved were derived from data manual [20].

The Gibbs energy change ΔGT and equilibrium constant Kp 
were calculated from below.

(1)C0
p
= a + bT + cT2 + dT3

(2)ΔCp = Δa + ΔbT + ΔcT2 + ΔdT3

(3)ΔHT = ΔH�

298
+

T

∫
298

ΔCpdT

(4)ΔST = ΔS�
298

+
T

∫
298

ΔCp

T
dT

(5)ΔGT = ΔHT − TΔST

(6)Kp = exp
(

−ΔGT∕RT

)

R = 8.314 J∕(mol K)

Fig. 1  Schematic representation of the Y zeolite with  Na+  (Na+ is 
caged in the Y zeolite framework)
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The optimum catalytic performance 
of  Na3‑H‑Y

The activity of various catalysts was evaluated and the 
results are shown in Fig. 2. It can be seen that the catalytic 
performance of Na-Y was inactive due to the catalyst did 
not own acid [3]. Be surprised to discover that the catalytic 
performance of H-Y was also worse due to the temperature 
activated of H-Y catalyst was as high as 550–600 °C [21]. 
However, when  Na+ was introduced, the activity of the 
catalyst would change dramatically. And the mass fraction 
of  Na+ was 2.136%, the conversion of benzene and the 
selectivity of toluene over  Na3-H-Y was just 43.9% and 
87.7%, respectively. Hence, the presence of  Na+ played an 
important role in the activity of the catalysts.

Location of  Na+ in Na‑Y and  Na3‑H‑Y

Zeolite Y was a synthetic material with 56  Na+ in the unit 
cell and Si/Al ratio greater than 1.5 [22]. There were 3 differ-
ent locations about  Na+ in NaY zeolite (seen Fig. 1), namely 
 S1,  S2 and  S3. Thereinto,  Na+ of  S2 and  S3 positions was easy 
to exchange by ion exchange method. However,  Na+ of  SI 
position(16  Na+) in the center of hexagon prism cage was 
hard to get swapped [21]. Therefore, when  Na+ of  S2 and  S3 
positions was completely displaced by ion exchange method, 
exchange degree of  Na+ was 71.4%. While the amount of 
residual  Na+ was 30.5% (2.136/6.993) from experimental 
results (using ICP). It was noteworthy that the theoretical 
and experimental values was added up to approximately 
100%. From the above,  Na+ of  S2 and  S3 positions was 
completely displaced and one  Na+ was added into the FAU 
zeolite and the  Na+ was located in a small cage, as depicted 
in Fig. 1.

Results and discussion

The stepwise pathway of B/MTT reaction

According to the literature and the results from research 
works [17], the stepwise pathway included that methanol 
was dehydrated to form methoxy group and benzene was 
attacked by methoxy group to form alkylation products. The 
optimized geometries of methanol to methoxy group was 
displayed in Fig. 3, which was initiated by the adsorption 
of methanol on acid site of  Na3-H-Y catalyst. The energy 
diagram of methanol to methoxy group was manifested in 
Fig. 4, which was calculated as being − 71 kJ/mol about the 
adsorption energy of methanol over  Na3-H-Y.

Intrinsic energy barriers of methanol dehydration to form 
methoxy group was 141 kJ/mol over  Na3-H-Y, which was 
consistent with others obtained in HZSM-5 (149 kJ/mol) 
and mordenite (150 kJ/mol) [17], are deduced to form meth-
oxy group from methanol dehydration over  Na3-H-Y. The 
presence of methoxy group had been proved to be a very 
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Fig. 2  Products content of benzene alkylation with methanol over 
the different catalysts. Reaction Condition: Catalyst = 0.5  g; T = 400 
°C; Reaction time = 3 h; Pressure = the atmospheric, Feed (Benzene/
Methanol) ratio = 1:1. Type of catalyst: Na-Y (6.993%);  Na1-H-Y 
(0.078%);  Na2-H-Y (1.542%);  Na3-H-Y (2.136%);  Na4-H-Y (3.506%); 
the numbers in parentheses refer to mass fraction of Na

Fig. 3  Optimized geometries 
involved in methanol dehydra-
tion over  Na3-H-Y a Methanol 
adsorption; b Transition state
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important conclusion by FTIR and NMR experiments, which 
had provided the basis for the rationality of the stepwise 
pathway [18, 19].

When benzene molecule entered into the channel of 
 Na3-H-Y and then was attracted by a methoxy group. As 
shown in Fig. 5a, due to the size of benzene molecule was 
about that of the Y zeolite pore, which was adsorbed in the 
center of the Y zeolite pore. Moreover, the calculations 

showed that the adsorption energy of methoxy group vis 
benzene molecule over  Na3-H-Y (Fig. 6) was − 51 kJ/mol. 
And the transition state geometry was portrayed in Fig. 5b. 
It was observed that the spatial pattern of methyl group was 
almost parallel to that of benzene molecule. Happen to find 
that the obtained energy barrier to form toluene was 141 kJ/
mol over  Na3-H-Y, which was equal to that of formation of 
the methoxy group.

Furthermore, the C–C bond between benzene ring and the 
methyl group might be broke in Fig. 5e, where would gener-
ate methane in benzene alkylation with methanol and  C6H5

+. 
Methane was easy to escape from the pores of  Na3-H-Y 
because methane was not easily adsorbed. Once methane 
was formed,  C6H5

+ was remained resulting in the absence 
of protons. In other words,  C6H5

+ could no longer supply 
a proton to the bridging oxygen. It might connect with the 
bridging oxygen to compensate the negative charge in the 
acid sites (recorded as  C6H5-Z in Fig. 5e), which would 
pile up and become also a possible reason for the activity 
reduced of the catalyst.

As can be seen in Fig. 6, the predicted energy barrier to 
form methane over  Na3-H-Y was − 33 kJ/mol, which was 
much less than that of HZSM-5. So it also illustrated the 

Fig. 4  Relative energy of each state involved in methanol dehydration

Fig. 5  Optimized geometries 
of benzene methylation over 
 Na3-H-Y: a Benzene adsorbed 
in methoxy group; b Transi-
tion state of forming toluene; 
c Intermediate; d Toluene 
adsorbed; e Transition state of 
methane formation
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likelihood that this step would occur. However, the predicted 
energy barrier to form  C6H5-Z over  Na3-H-Y was much 
higher than that of Tol_Ads, which would decide that the 
production of toluene was the preferred step.

The concerted pathway of B/MTT reaction

The co-adsorption geometries of benzene and methanol 
over  Na3-H-Y for B/MTT reaction were shown in Fig. 7. 
Due to methanol molecule was relatively small (in Fig. 8) 
and the characteristic of methanol molecule (–OH), which 
was adsorbed on the acid site by bridge oxygen bond in Y 
zeolite, forming hydrogen bonds between the oxygens of 
the deprotonated acid site and the hydrogens on protonated 
methanol. This conclusion was in good agreement with other 
theoretical studies reported in the literatures [17]. However, 

due to the size of benzene molecule was about that of the 
Y zeolite pore, which was adsorbed in the center of the Y 
zeolite pore. Figure 9 provided the relative energy varia-
tions of concerted pathway. The co-adsorption energy of 
benzene/methanol was − 124 kJ/mol over  Na3-H-Y catalyst. 
The energy barrier to form toluene over  Na3-H-Y catalyst in 
concerted pathway was 143 kJ/mol, showing a lower energy 
barrier over  Na3-H-Y for benzene alkylation compared with 
HZSM-5 (149 kJ/mol) [17]. The carbon atom of benzene 
ring would be attacked the carbon atom of the methyl group 
to form intermediates in Fig. 7b–d. During this process, the 
permittivity of water molecules must effectively shield the 
cationic field (namely solvent effect), so the water molecule 
would be taken into account. Finally, the reason for the fast 
deprotonation of  C7H9

+ was that the deprotonation of  C7H9
+ 

was virtually barrierless (5–15 kJ/mol) [23], generating 
 C7H8 and regenerating the acid sites of  Na3-H-Y. Ultimately, 
the catalyst would return to its original state.

B/MTT reaction mechanism and discussion

During the benzene alkylation,  CH4,  C2H4,  C3H6 and other 
gaseous products, Toluene(T), Xylene(X), Ethyl-benzene 
(EB), propylbenzene (PB), tri-methylbenzene (TMB), tetra-
methyl-benzene (TTMB), etc. were measured using GC7900 
and coke deposition was observed. Meanwhile, all the reac-
tions were exothermic except for the coke deposition reac-
tion in B/MTT reaction. There might be many reactions in 
the process of benzene and methanol alkylation. The main 
reaction & possible secondary reaction was as follows [24].

Fig. 6  Relative energy of each state involved in benzene methylation 
step

Fig. 7  Optimized geometries 
involved in concerted pathway 
over  Na3-H-Y a Co-adsorption 
of benzene and methanol; b 
Transition state; c Intermediate 
 H2O; d Intermediate
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Fig. 8  Size of main organic molecules

Fig. 9  Relative energy of each state involved in concerted pathway

(1) Main alkylation reaction:
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(2) Methanol self reaction:

(3) Other alkylation reactions:

Table 1  The Gibbs energy change ΔGT and equilibrium constant Kp

Thermodynamic data T No.

1 2 3 4 5 6 ~ 7 8

ΔGT
(kJ  mol−1)

623 ~ 723 K − 79 ~ − 85 − 68 ~ − 73 − 67 ~ − 70 − 62.5 ~ − 63 − 60 ~ − 62 − 40 ~ − 21 − 41 ~ − 20

InKp 623 ~ 723 K 15.5 ~ 14 13 ~ 12 13 ~ 11.5 12 ~ 10 11.5 ~ 10 7.1 ~ 4.5 8 ~ 3

Thermodynamic data T No.

9 10 11 12 13 ~ 15 16

ΔGT
(kJ  mol−1)

623 ~ 723 K − 12.7 − 90 ~ − 120 − 25 ~ − 14 11 ~ 38 − 9 ~ 7  < − 43

InKp 623 ~ 723 K 2 17 ~ 20 5 ~ 2  < 2 1.5 ~ − 1.5 3 ~ 10.5
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Scheme 1  Possible mechanism 
for benzene alkylation with 
methanol
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Fig.10  Gas phase composition 
of  Na3-H-Y and other catalyst

The four primary reactions could occur spontaneously 
in the range of 623–723 K because Gibbs energy change 
ΔGT < 0. EB, TMB, TTMB could also occur spontaneously 
in Table 1. And the formation reaction of propyl-benzene, 
isopropyl benzene and ethyl-4-methylbenzene couldn’t be 
proceeded spontaneously at this temperature because Gibbs 
energy change ΔGT > 0.

According to the relationship between Gibbs energy 
change ΔGT and equilibrium constant Kp, the Kp value of 
the reactions (1–4) was very large and close, indicating that 
the main reaction was considered to be irreversible. Ole-
fin especially ethylene (10) was more likely to happen than 
main reactions because Kp value was one of the biggest. 
Therefore, MTO was mainly competing reaction. EB, TMB 
and TTMB had a lower degree of reaction than the main 

(4) Carbon deposition reaction
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reaction. The equilibrium constant of propyl-benzene, iso-
propyl-benzene and ethyl-4-methyl-benzene was less than 
1.5 or even 0, indicating that high temperature could inhibit 
their generation. The equilibrium constant Kp of EB was 
more than 10. The equilibrium constant Kp of TMB, TTMB 
was less than 10, but was large relatively compared with oth-
ers reaction. Results showed that TMB, EB, TTMB were the 
main byproducts in benzene/methanol alkylation. The equi-
librium constant Kp of ethylene constant from self-methanol 
reaction was much larger than 0, indicating that methanol 
could spontaneously generate alkene. Other researchers [25, 
26] reported that ethylene was the key reactant for the forma-
tion of EB and ethylene content decreased was a possible 
way to solve the problem of EB.

In conclusion, the selectivity of T and PX were enhanced, 
the critical point lied in the fact that:

(1) MTO was mainly competing reaction and must be sup-
pressed.

(2) The temperature couldn’t be too high.

Therefore, through theoretical analysis, thermodynamic 
calculation, laboratory testing and density functional theory 
(DFT) analysis, a possible mechanism of catalytic reaction 
for clarifying the benzene alkylation with methanol over the 
 Na3-H-Y catalyst was depicted in Scheme 1.

Among the product of the benzene alkylation,  CH4,  C2H4, 
 C3H6 and other gaseous products were formed through the 
reaction of the methanol itself, eventually triggering the for-
mation of EB and PB. Furthermore, the C–C bond between 
benzene ring and the methyl group might be broke, where 
would generate an obbligato gaseous product (methane) in 
benzene alkylation with methanol and  C6H5

+ carbocation 
by DFT analysis.  C6H5

+ could no longer supply a proton 
to the bridging oxygen. It might connect with the bridging 
oxygen to compensate the negative charge in the acid sites, 
which would pile up and become also a possible reason for 
the reduced activity of the catalyst.

Whether it was a synergistic mechanism or a step by step 
mechanism, the data obtained about B/MTT reaction over 
 Na3-H-Y catalyst by DFT was very useful. Although B/MTT 
reaction excited over  Na3-H-Y catalyst needed more energy 
than using HZSM-5 catalyst, the energy barrier to form tolu-
ene over  Na3-H-Y catalyst in concerted pathway showed a 
lower energy barrier over  Na3-H-Y for benzene alkylation 
compared with HZSM-5. As a consequence,  Na3-H-Y cata-
lyst showed great potential for the preparation of toluene.

Coke deposition was mainly caused by the side effects 
of self-methanol. This conclusion could be evaluated by 
testing with only methanol or only benzene as raw mate-
rial. The coke rate of only methanol as a reactant was 
much higher than that of only benzene. But the MTO reac-
tion could be inhibited. For example, our research group 

have found that the amount of ethylene and propylene were 
plentiful over  Na3-H-Y catalyst. By contrast, the amount 
of ethylene and propylene were almost none over other 
catalyst in Fig. 10. Therefore, the stability of the alkyla-
tion catalyst was enhanced by preparing the appropriate 
catalyst.

From the above,  Na3-H-Y catalyst was the most poten-
tial and first choice for the preparation of toluene in B/
MTT reaction.

Conclusions

Alkylation of benzene with methanol was one of the 
important reactions in organic chemistry for the prepara-
tion of toluene. But in order to use resources more effi-
ciently, it was important to understand the mechanism of 
B/MTT reaction. In this contribution, the activity of vari-
ous catalysts was evaluated and when the mass fraction of 
 Na+ was 2.136%, the benzene conversion and selectivity of 
desired toluene over  Na3-H-Y was just 43.9% and 87.7%, 
respectively. Hence, the presence of  Na+ played an impor-
tant role in the activity of the catalyst. During the benzene 
alkylation,  CH4,  C2H4,  C3H6 and other gaseous products, 
T, X, EB, PB, TMB, TTMB, etc. were measured using 
GC7900 and by thermodynamic calculation. Whether it 
was a synergistic mechanism or a step by step mechanism, 
B/MTT reaction excited over  Na3-H-Y catalyst need more 
energy than using HZSM-5 catalyst, the energy barrier to 
form toluene over  Na3-H-Y catalyst in concerted pathway 
showed a lower energy barrier over  Na3-H-Y for benzene 
alkylation compared with HZSM-5. As a consequence, 
based on through theoretical analysis, thermodynamic cal-
culation, laboratory testing and DFT analysis, a possible 
mechanism of catalytic reaction was proposed to clarify 
the alkylation of benzene with methanol over the  Na3-H-Y 
catalyst. At the same time showed that  Na3-H-Y catalyst 
was great potential for the preparation of toluene.
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