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Abstract

Mordenite (MOR) has demonstrated potential as a catalyst for alkylation due

to high variability, intrinsic porosity, and outstanding stability. However, the

contact probability of benzene and methanol has been limited by typical lay-

ered structures of MOR and there is no connection between layers. Here, we

report the preparedness of H-MOR via a sequential post-treatment method

based on a commercial MOR. H-MOR sample had appeared lattice imperfec-

tions inferred from characterization means. The samples were tested with

benezene methylation reaction. Results show that the high conversion of ben-

zene and the high selectivity of toluene were obtained from the miracle role of

lattice imperfections in the H-MOR sample. Sequentially, based on the study

of all catalyst structure and physical properties, a plausible reaction mecha-

nism for the selectivity of the desired toluene was proposed.
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1 | INTRODUCTION

Hydrocarbon conversions catalyzed by acidic catalyst are a
major class of reactions used for the wide number of indus-
trial applications related to petrochemical, military industry,
fine chemical, agriculture, and pharmaceuticals.[1–3] Here,
we would introduce one of the brightest chemicals—
toluene.

Toluene, an important chemical intermediate, is
widely used for the production of fine chemicals from
basic knowledge. Currently, the alkylation of benzene
with methanol to produce toluene has attracted a lot of
attention due to the decline of crude oil resources and
the increase of demand for isocyanates.[4–7] Furthermore,
because of the excessive production of benzene in petro-
chemical industry and the production overcapacity of
methanol in coal chemical industry, it is imperative that
the technology of benzene/methanol reaction to toluene

is systematically researched to further implement the
coupling cycle development strategy of coal chemical
industry and petrochemical industry.[8–10]

Generally, such reactions were carried out in the pres-
ence of homogeneous acid catalysts such as AlCl3, ZnCl2
in the presence of HCl or H2SO4.

[11,12] Although the liq-
uid acids were very effective for conversion, they also had
drawbacks such as corrosion and difficulty in separation
and recovery. Therefore, there had been many attempts
to replace these homogenous catalysts with heteroge-
neous solid catalysts.[12,13]

In industry, zeolites catalysts were first introduced in
oil-cracking, it was estimated that the higher gasoline
yield resulting from the zeolite catalyst corresponded to
an added value of 40 billion U.S. dollars/year.[14] The key
point is that much of the success of zeolite catalysis can
be attributed to the presence of micropores. However, in
many cases, the sole presence of micropores can also be a
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major limitation because mass transport to and from the
active sites located within the micropores is slow, which
is often limiting the performance of industrial catalysts.
For benzene/methanol alkylation, general research was
the preparation of p-xylene, but toluene as the ultimate
product was a relatively difficult point and had been
rarely reported.

To overcome this limitation, the synthesis of hierar-
chical zeolites with different framework types, such as
ZSM-5,[15–22] Beta,[18,23] MWW,[24] X type,[25,26] and SSZ-
13,[27] have been reported by means of several prepara-
tive methods. Of these, the synthesis of hierarchical
mordenite (MOR) is of practical importance because
MOR, with low preparative cost and strong acidity, has
been used for catalytic reforming, alkylation, and isomer-
ization processes in industry. On the other hand, large
pore zeolites of the type MOR, Y, Beta, and MCM-22 do
not exhibit p-selectivity, but are advantageously used in
the synthesis of monoalkyl benzene (such as ethyl-
benzene and cumene).[15,28,29] So, we chose MOR as the
catalyst of benzene alkylation with methanol.

The purpose of our study was to obtain a highly effi-
cient catalyst for alkylation based on MOR. We prepared
hierarchical MOR by using the post-treatment method
based on a commercial MOR. The catalysts were charac-
terized by using X-ray diffraction (XRD), N2 adsorption/
desorption, Fourier transform infrared absorption spectra
(FT-IR), scanning electron microscope (SEM), and
Temperature-Programmed Desorption (NH3-TPD). The
performance of H-MOR catalyst in alkylation of benzene
was deeply investigated. Furthermore, based on the dis-
cussion of the relationship between the structural proper-
ties and the catalytic performance, a plausible reaction
mechanism for the selective formation of toluene was
proposed.

2 | EXPERIMENTAL

2.1 | Materials

Commercial MOR, Benzene (≥99.5%), Methanol
(≥99.5%), Methanoic acid (MA ≥ 99.5%), Ammonium
nitrate (AN ≥ 99.5%), and Citric acid (CA ≥ 99.5%) were
purchased from the Catalyst Plant of Lanzhou (China).
All commercial chemicals were used directly without fur-
ther purifications.

2.2 | Preparation of catalysts

Commercial MOR was retreated by the high-temperature
(823 K) processing for 4 hr, and then MOR was ion-

exchanged with a solution of 1 M MA at 353 K for 1 hr
under stirring (repeated three times). Then filtered,
washed with distilled water, and dried at 453 K. The
dried sample was calcined in air at 823 K for 4 hr. The
obtained sample was labeled H-MOR.

The catalysts were named on the basis of the concen-
tration of MA used for the treatment of MOR, where H-
MOR-1, H-MOR, and H-MOR-2 represent the MOR
treated with 0.5 N, 1 N, and 1.5 N MA, respectively.

Other kinds of the catalyst were named on the basis
of different kinds of modifiers used for the treatment of
MOR, where H-MOR-AN and H-MOR-CA represent the
MOR treated with AN and CA, respectively.

2.3 | Catalyst characterization

BET surface areas of reduced catalysts were measured by
N2 adsorption/desorption at 77 K using a Micromeritics
ASAP 2010 instruments. Before measurement, the sam-
ples were degassed under vacuum at 130�C overnight.

XRD patterns of catalysts were obtained with a
D/MAX-2400 X-ray diffractometer equipped with atmo-
sphere and temperature control stages and using Cu-Kα
radiation (λ = 1.542 Å) operated at 40 kV and 50 mA. In
these experiments, XRD patterns were recorded every
50�C with a ramp rate of 10�C/min up to 700�C under 5%
H2/N2.

FT-IR of the materials were acquired on a Nicolet
Nexus 670 FT-IR spectrometer (Thermo Nicolet, USA) at
room temperature in KBr pellets over the range of
7,400~350 cm−1 under the atmospheric conditions.

NH3-TPD was performed by AutoChem2920
(Micromeritics) aiming to determine the nature of acids
sites.

2.4 | Catalytic activity tests

Catalytic activity of the samples was measured in a
continuous-flow jet bubbling reactor with a glass tube
(8 mm i.d.) at atmospheric pressure. The catalyst (0.5 g)
was heat-treated in situ from environmental temperature
to 673 K at 10 K/min. Then benzene/methanol mixture
(1:1) was fed into the reactor (WHSV = 2.0 hr−1).

3 | RESULTS AND DISCUSSION

3.1 | Catalyst characterizations

Figure 1 shows the XRD patterns of MOR and H-MOR
catalysts. All the samples exhibited the typical
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characteristic patterns with peaks observed at 2θ of 6.50�,
8.60�, 9.76�, 13.44�, 13.82�, 22.18�, 25.60�, and 27.66�,
which corresponded to the structure of MOR topology in
comparison with standard MOR from Database of Zeolite
Structures. The broadening of the observed peak indi-
cated the nanoscale character of MOR and H-MOR sam-
ples.[30] Notably, the crystallinity of H-MOR showed a
slight decrease from that of MOR, which meant that
dealumination had a minor influence on the crystallinity
of MOR. Compared with standard MOR from Database
of Zeolite Structures, 12 member-rings (12-MR) (110) was

decreased greatly in Figure 1.[31] The results show that
110 crystal plane (12-MR) has been damaged or cut off,
where the defect of the surface structure was increased,
the strain was produced, and the peak area was
decreased. These results are in accordance with the phe-
nomenon of SEM in Figure 2.

SEM images of all the samples are shown in Figure 2.
Obviously, the MOR sample was typically layered struc-
tures and stack together (length of about approximately
1 μm) (Figure 2a). In comparison, for H-MOR samples,
the crystal shape becomes similar to round and crystal
size was about a third of MOR. The results show that the
crystal structure has been deformed, which was attrib-
uted to decrease greatly of 12-ring in Figure 1. Straight
cylindrical pores were distorted or disconnected to some
extent and each layer was not overlapping with each
other because there is a certain displacement. Therefore,
the average diameter may be reduced from 0.66 to
0.4 nm.[32] These results indicated that the process of
post-treatment had an effect on the particle size and mor-
phology of MOR. These results are in accordance with
the results from XRD.

Nitrogen sorption isotherms are shown in Figure 3.
Both MOR and H-MOR exhibited type IV nitrogen sorp-
tion isotherms typical of zeolites,[8] which was typical for
a porous material with a mesoporous structure. The tex-
tural properties of samples are listed in Table 1, which
compares the surface area and pore volume of MOR and
H-MOR samples. Compared with the original MOR,
H-MOR samples showed a slight increase in the pore
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FIGURE 1 XRD patterns of MOR and H-MOR

FIGURE 2 SEM images of MOR
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volume (VMicro) of the micropores. For H-MOR, the
micropores are filled at a relative pressure of <0.1. How-
ever, for conventional MOR, the mesopores are filled at
total relative pressure range showing a large number of
mesopores present in these MOR materials, as evidenced
by the uptake of N2.

The FTIR transmittance patterns of the samples also
indicated that zeolite structure was basically protected
during acid treatment (Figure 4), which shows the FTIR
spectra ranging from 400 to 4,000 cm−1 of MOR and
H-MOR or the comparison and explanation of MOR and
H-MOR samples about FTIR spectra are shown in
Table 2.

Skeleton changes of MOR and MOR treated by MA
are no significant change, where are mainly the vibration
strength of skeleton. In contrast, the main band
(1,070 cm−1) is slightly shifted to the high band
(1,080 cm−1), the band narrow, and intensity increases
(Figure 4b), which are caused by the treated MA bringing
about decreasing of Al. As is well-known, the length of
the Si-OH (0.161 nm) is less than Al-OH (0.175 nm),
which changes the structure parameters of MOR.
According to Man Li, etc.[35]:

1. The silicon atoms are more electronegative than alu-
minum atoms in the tetrahedron of Si-Al-O.

2. The length of the Si-OH groups is less than Al-OH
groups.

Therefore, the Al atoms of H-MOR are gradually
removed, which result in the increase of the force con-
stant, so the (Si, Al) OH groups are shifted to the high
bands. Meanwhile, the intensity of the (Si, Al)-OH tetra-
hedron at 803–1326 cm−1, the stretching vibration of
OH groups at 1,630 cm−1 and 3,470 cm−1 to H-MOR is

increased for the above reasons. In conclusion, the above
analysis shows that the skeletal structure of MOR has not
changed much after the process of MA treatment and Al
is decreased.

The acidity of the samples is measured by (TPD) of
NH3, where the samples exhibited a two-peak pattern;
the one located below 250�C correlated to the weak acid
sites and the second peak situated above 300�C correla-
tion to strong acid sites (Figure 5).[1]

The strong acid strength to an extent was increased
and reduced the weak acid to an extent using MA treat-
ment, but the acid amount was not increased. Therefore,
compared with MOR, H-MOR had a lower weak acid
strength and more strong acid sites, which are associated
with the degree of further alkylation.

Figure 6 shows Py-IR spectra of these catalysts at a
specific temperature. The spectra of these samples
exhibit four bands at frequencies 1,540, 1,490, and
1,450 cm−1. Bands at 1,450 cm−1 indicate the presence
of coordinated pyridine of the Lewis acid sites of the
catalyst. IR band appearing at 1,490 cm−1 is associated
with the vibration of the pyridine ring on Brönsted
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TABLE 1 Physicochemical properties of MOR and H-MOR samples

Sample SBET/(m
2 g−1) Vtotal/(cm

3 g−1) Vmeso/(cm
3 g−1) Vmicro/(cm

3 g−1) Average pore diameter/nm

MOR 387 0.25 0.05 0.20 2.58

H-MOR 466 0.26 0.04 0.21 2.25
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FIGURE 4 FT-IR spectra of MOR and H-MOR samples
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and Lewis acid sites. In addition, IR band nearly
1,540 cm−1 are due to the adsorption of pyridine coor-
dinated on Brönsted acid sites.[22,36,37] However, the
results show that the peak of B acid at 1,540 cm−1 was
reduced and the peak at 1,450 cm−1 shifted to the high
wave, which might be because of the removal of Al. At
the same time, it was shown that the lattice defects of
H-MOR resulted from the modification, which was
beneficial to the migration of the reactants in the pore
channels of H-MOR and enhanced the probability of
approaching the active sites.[38]

From the research above, we concluded that acid
treatment did not only improve the pore accessibility
but also further adjusted the acid properties of MOR.
H-MOR catalyst would help to increase efficiently the
conversion of benzene and the selectivity of toluene.
The results were interesting and lead to further
scientific work.

3.2 | Catalytic activity

The catalytic test of MOR, H-MOR, H-MOR-1, H-MOR-2,
H-MOR-AN, and H-MOR-CA catalysts is presented in
Table 3. Toluene and xylene were found to be the pre-
dominant products after alkylation, but a significant dif-
ference was shown. The best result especially toluene
was found to be the predominant products over the H-
MOR catalyst. Other byproducts such as ethylbenzene,
tri-methylbenzene, coke, etc. are also detected in small
amounts (sel. % = 4.1–5.7%) except for the H-MOR-AN
catalyst (11.7%).

Obviously, MOR exhibited a low catalytic activity,
with benzene conversion of 34.0% and toluene selectiv-
ity of 80.9%. Interestingly, H-MOR gave much higher
catalytic activity than MOR. The benzene conversion
reached 48.4% and toluene selectivity of 90.3%, even a
little better than that of H-MOR-1 (0.5 mol/L, 41.3%
and 84.4%) and H-MOR-2 (1.5 mol/L, 45.4% and
86.7%). These differences might be due to different
concentration of MA, which would lead to the changes

TABLE 2 Comparison and explanation of MOR and H-MOR samples about FT-IR spectra

Construction unit

Wave number/cm−1 Changing situation Remarks

MOR H-MOR Shifted Peak shape changed References

(Si, Al) OH tetrahedron 457 457 No No [33,34]

5MR 540–620 540–620 No No

(Si, Al) OH tetrahedron 1,070 1,080 Slightly shifted to the
high band

The band narrow and intensity
increases

[34,35]

803–1,326 803–1,273

Stretching vibration of OH
groups

1,630 1,630 No Intensity increases [34]

3,470 3,470 No Intensity increases [34]
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of physicochemical properties (Figure 7) for the cata-
lyst and reduce the yield of toluene. Notably, the dif-
ference was: as showed in Figure 7b,d of the crystals of
H-MOR-2, H-MOR-CA exhibited more disorderly
shape with rough surfaces and even the phenomenon
of agglomeration. This morphology arose from
modified agent to bring about more dealumination,
which leaded to collapse of catalyst tunnel, even
agglomerate. For H-MOR-AN, the crystal shape
became similar to round and crystal size was not chan-
ged in Figure 7c. These results indicated that the dif-
ferent acid concentrations (Figure 8) and different
acids had an effect on the particle size and morphology
of MOR.

3.3 | Mechanism of catalytic reaction

To sum up, the reaction was initiated on acid sites where
protons on zeolites attacked benzene to form protonated
benzene and methanol was activated by acid sites to gen-
erate CH3

+OH−, then protonated benzene and activated
CH3

+OH− generate toluene. Deprotonation regenerated
the sites to its original state. Toluene could be alkylated
further forming xylene or tri-benzenes via a similar
mechanism after sequential methylations as suggested by
the reaction network in Figure 9. The source of carbon
production had been evaluated by testing with only
methanol, only benzene, or benzene/methanol (1:1) as
raw material. Results show that the carbon production

TABLE 3 Products content of benzene alkylation with methanol over the different catalysts

Catalysts Benzene conversion/%

Product selectivity/%

Toluene Xylene Toluene + Xylene Others

MOR 34.0 80.9 12.9 94.8 6.2

H-MOR 48.4 90.3 5.6 95.9 4.1

H-MOR-1 41.3 84.4 10.2 94.6 5.4

H-MOR-2 45.4 86.7 8.6 95.3 5.7

H-MOR-AN 34.8 72.9 15.4 88.3 11.7

H-MOR-CA 48.3 81.0 14.4 95.4 4.6

Note: Reaction optimum condition: Catalyst = 0.5 g, T = 400�C, Reaction time = 3 hr, Pressure = normal atmosphere, WHSV = 2.0 hr−1, Feed (Benzene/
Methanol) ratio = 1:1.

FIGURE 7 SEM images of H-MOR

(a, 1 mol/L), H-MOR-2 (b, 1.5 mol/L),

H-MOR-AN (c, 1 mol/L), and H-MOR-

CA (d, 1 mol/L)
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rate of only methanol as a reactant was much higher
than that of only benzene. The former was equivalent to
that of benzene/methanol.

The reasons for the high conversion of benzene and
the high selectivity of toluene were analyzed as follows
by optimized geometries in Figure 10.

1. The acidity of the catalyst: more strong acid sites were
associated with the high conversion of benzene.

2. Lattice Imperfections: Firstly, the crystal shape
of the H-MOR sample became similar to round
and crystal size diminished about a third of MOR in
Figures 2 and 10, which was conducive to the

rational use of space. The residence time of benzene
in a microreactor was increased because straight
cylindrical pores were distorted or disconnected to
some extent and each layer was not overlapping
with each other. Secondly, a lot of OH in the
8-MR was exposed and the activation of CH3

+ in
the 8-MR was much better than in the
12-MR. Third Point, because the channel of the cat-
alyst becomes short, the update rate of benzene in
the system was accelerated. Finally, the y direction
was not connected in Figure 10a, which greatly
reduces the contact probability of benzene and
methanol. Therefore, these factors would enhance
the conversion of benzene. Similarly, there was a
long porous channel in the MOR in the m direction
of Figure 10a, where the chance of both further
react of toluene with CH3

+ and the side reaction of
methanol were greatly increased, resulting in the
selectivity of toluene being decreased.

3. Other research materials: Large pore zeolites of the
type MOR, Y, Beta and MCM-22 were advanta-
geously used in the synthesis of mono-alkyl
benzene.[15,28,29,39,40]
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4 | CONCLUSIONS

In our research, MOR catalysts with different concentra-
tions of MA and other modifier were investigated in the
alkylation of benzene with methanol. The experiment
result shows that the high conversion of benzene (48.4%)
and the selectivity of the desired toluene (90.3%) were
mainly controlled by lattice imperfections and external
acid sites that were affected by dealumination degree of
the H-MOR catalyst. Based on literature investigation,
catalyst characterization, and catalytic activity tests,
results show that the H-MOR catalyst is of great impor-
tance for potential industrial application.
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