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on the aromatization of methanol
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Abstract HZSM-5-based catalyst is a recognized catalyst

which is particularly selective towards the formations of

aromatics in the methanol reaction. However, studies on

HZSM-5-based catalyst were mainly focused on the addi-

tion of metallic or/and nonmetallic element. Quite few

studies have reported the effect of active matrix such as c-
alumina on the aromatization of methanol. In this study, c-
alumina was introduced into HZSM-5-based catalyst for

the purpose of investigating the effect of c-alumina in

methanol to aromatics reaction. The catalysts were char-

acterized by X-ray diffraction, Temperature-programmed

Desorption of NH3 (NH3-TPD), Pyridine adsorption FT-IR

diffuse reflection spectroscopy and adsorption–desorption

measurements of nitrogen, respectively. Characterizations

showed that the introduction of c-alumina increased the

amount of mesopores and acid sites in the catalyst. The

experimental mainly includes two parts. Firstly, separate

reaction performances over the catalyst with/without c-
alumina and c-alumina showed that c-alumina could sig-

nificantly promote the formations of aromatics. However,

c-alumina alone could merely convert methanol to dime-

thyl ether with a minor quantity of gaseous hydrocarbons.

Acid properties showed that the introduction of c-alumina

increased the percentage of Lewis acid on catalyst surface

and enhanced acid strength, as a result, promoted the

production of active intermediates which was essential for

aromatic formation. The rise of aromatics selectivity might

be caused by the combined effect of acid site density and

acid strength. Follow-up work was mainly focused on the

effect of the loading amount and loading order of the cat-

alyst with c-alumina. Results indicated that the total aro-

matic yield increased gradually with the increasing amount

of catalyst with c-alumina regardless of the loading order

of the catalyst with c-alumina. Gasoline compositions

showed that the increased aromatics were at the expense of

paraffins, olefins, and naphthenes. Besides, all single aro-

matic hydrocarbons increased gradually with the increasing

amount of catalyst with c-alumina. And the aromatics had

a larger variation change when methanol first passed

through the catalyst with c-alumina.

Keywords Methanol � Aromatization � c-Alumina �
Loading amount � Loading order

Introduction

Light aromatics, especially benzene, toluene, and xylene

(BTX), are very important fundamental organic chemicals.

Conventional BTX mainly originates from crude oil routes,

such as catalytic reforming of naphtha and steam pyrolysis

of naphtha [1]. However, so far, there has been a contro-

versy existing especially in China, namely the shortage of

crude oil and the increasing demand for BTX. In order to

alleviate this severe situation, the conception of methanol

to aromatic (MTA) via coal and natural gas routes has been

put forward a few years ago, which was derived from the

notion of methanol to gasoline (MTG) [2–5]. The most

frequently employed active component for MTA is HZSM-

5 zeolite because of its peculiar three-dimensional network

which is particularly selective towards the formation of

aromatics [6–8]. After the proposal of MTA was lifted,
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many efforts have been made to investigate the MTA

process with respecting to both reaction conditions and

catalyst modifications. Among the studies conducted,

researches on the modifications of HZSM-5 are dominant.

And the most direct and simple method to modify catalyst

was to introduce metallic or/and nonmetallic element onto

HZSM-5 to enhance the yields of BTX and strengthen the

stability of the catalyst. Previous researches [9–11] have

demonstrated that silver modified HZSM-5 catalyst could

significantly improve the aromatic selectivity among the

hydrocarbons formed, but the catalyst was prone to

undergo deactivation [12]. Likewise, gallium modified

HZSM-5 catalyst also had a capability of considerably

elevating the selectivity towards aromatics [13–16], how-

ever, due to its high price, gallium was not appropriate for

commercial application. In addition, zinc modified HZSM-

5 catalyst was also widely reported in large numbers of

papers [17–24], but the activity of the catalyst was unable

to last long.

In contrast, quite few literatures have reported the effect

of the addition of active matrix, such as c-alumina, in the

HZSM-5 catalyst on MTA. Although the functions of c-
alumina in methanol reaction have been reported in several

previous studies, their emphasis was simply focused on the

crucial role of c-alumina in the dehydration reaction of

methanol into dimethyl ether (DME) [25–32]. According to

above studies, the reaction of methanol could be promoted

by c-alumina, it was an intuitive guess that c-alumina

could facilitate the formation of aromatics from methanol.

MTA is a complex process which includes a series of

reactions, such as oligomerization, cracking, cyclization,

and hydrogen transfer reaction. Cheng et al. have reported

that Brönsted acid could contribute to the olefin

oligomerization, cracking, cyclization, and hydrogen

transfer reactions, while Lewis acid played a considerably

important role in the dehydrogenation of alkanes and

cycloalkene intermediates [19]. And it was generally

known that there were large amounts of Lewis acid existed

in the c-alumina. Therefore, a reasonable conjecture can be

made that the introduction of c-alumina can adjust the

Lewis acid/Brønsted acid ratio (L/B). As a result of com-

bining the peculiar acidic property of c-alumina and the

capability for aromatization of HZSM-5 itself, MTA may

get a significant promotion.

To investigate the effect of c-alumina added into the

catalyst composed of HZSM-5 in MTA, a series of

experiments were performed in this study. In the first work,

MTA reaction was carried out over the catalyst without c-
alumina, catalyst with c-alumina, and c-alumina alone,

respectively. Then, two groups of experiments with a two-

layer catalyst bed were conducted for the purpose of

investigating the effect of the loading amount and loading

order of the catalyst with c-alumina in MTA.

Experimental

Catalyst preparation

The c-alumina was achieved through sol–gel method using

boehmite as raw material. The catalyst without c-alumina,

denoted as Catalyst I, was obtained by blending 30 wt% of

HZSM-5 zeolite (SiO2/Al2O3 ratio is 38, Nankai University

Catalyst Factory) with 5 wt% of silica (silica is in the form

of silica sol) as binder and 65 wt% of kaolin as inert

matrix. The catalyst with c-alumina, denoted as Catalyst II,

was prepared through the sol–gel method, in which c-alu-
mina was introduced as an active matrix and partly took the

place of kaolin. The content of HZSM-5 zeolite in the

Catalyst II was consistent with that in the Catalyst I. Then,

after thorough stirring, c-alumina, Catalyst I, and Catalyst

II were all dried at 140 �C overnight and calcined at

700 �C in static air for 2 h. After that, three kinds of cat-

alysts were crushed and sieved to 80–180 mesh particles

for later experiments.

Catalyst characterization

X-ray powder diffraction (XRD) patterns were recorded on

an X’Pert PRO MPD diffractometer system using Cu Ka
radiation at 40 kV and 40 mA, running from 5� to 75� with
a speed of 10�/min. The type of the acid sites was measured

by FT-IR spectra of pyridine adsorption with a Mercury

Cadmm Telluride (MCT) detector using a NexsusTM FT-IR

spectrometer. The spectra were recorded with 4 cm-1 and

64 scans. Textural properties were determined by adsorp-

tion–desorption measurements of nitrogen at liquid nitro-

gen temperature using a Quadrasorb SI instrument. Prior to

the measurement, all samples were evacuated at 300 �C for

4 h at the pressure of 1.0 9 10-3 kPa so that the adsorbed

moisture on the samples could be completely removed.

And total acidity was obtained by Temperature-pro-

grammed Desorption of NH3 (NH3-TPD). During the test,

0.1 g of sample was loaded into the apparatus, preheated in

a flow of helium to 650 �C at which the treatment remained

for 30 min, and then cooled down to 100 �C. Later, the
catalyst was treated in a flow of NH3 for 30 min until the

catalyst reached the top adsorption point. After the baseline

went smoothly, the chemical desorption was carried out by

heating the catalyst to 650 �C with a speed of 10 �C/min.

Reaction performance evaluation

The experimental program was carried out in a continuous

fixed bed microreactor of 15 mm i.d. and 24.5 cm length,

which was manufactured by stainless steel (shown in

Fig. 1), at 400 �C under atmospheric pressure with a fixed
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value of 3 g (mesh size: 80–180) of catalyst loaded at the

bottom of the reactor. Prior to the reaction, the catalyst was

degassed at reaction temperature in a nitrogen flow to

remove the physical adsorbed water from the catalyst

surface. During the reaction, pure methanol was fed into

the reactor at a fixed flow rate of 0.4 mL/min for 30 min.

After that, the reactor was purged with a nitrogen flow for

100 s in order to drive the residual products out of the

reactor.

In this study, the experimental program mainly con-

sisted of two parts. One part was carried out over the

Catalyst I, Catalyst II, and c-alumina, respectively. The

other part was performed over a two-layer catalyst bed

comprised the Catalyst I and Catalyst II for the purpose of

investigating the loading amount and loading order of the

HZSM-5 catalyst with c-alumina. And the schematic of the

catalyst loading is shown in Fig. 2. In the first group, the

Catalyst I was in the upper with a loading amount of 0.5,

1.0, 1.5, 2.0, and 2.5 g, respectively. Correspondingly, the

loading amount of the Catalyst II in the lower was 2.5, 2.0,

1.5, 1.0, and 0.5 g, respectively. Then in the other group,

the filling order was reversed.

The effluent mainly encompassed four phase products

which were gas phase, water phase, oil phase, and solid

phase products. The compositions of gaseous products

were analyzed by a Bruker 450 Gas Chromatograph

equipped with a FID detector to determine the composi-

tions of hydrocarbons and two TCD detectors to analyze

the content of hydrogen, carbon monoxide, and carbon

dioxide. The methanol content in the water phase was

determined by an Agilent 6820 Gas Chromatograph with

ethanol as the internal standard. The compositions of oil

phase were confirmed by combination of a PerkinElmer

PONA Gas Chromatograph to analyze the gasoline com-

positions and a Bruker 450 Simulated Distillation Gas

Chromatograph according to the ASTM-2887 method to

determine the gasoline and diesel contents. The solid pro-

duct content, namely the amount of the coke deposited on

the catalyst after reaction, was determined by analyzing the

amount of the carbon oxide obtained from the burning of

the coke using a TengHai 2000 Gas Chromatograph with

CaCO3 as the contrast sample.

Correction factor for methanol, methanol conversion,

and aromatic yield are calculated as follows:

correction factor for methanol

¼ mmethanol � Sethanol

methanol � Smethanol

� 100wt%

methanol conversion ¼ mmethanol;in � mmethanol;out

mmethanol;in

� 100wt%

aromatic yield ¼
mgasoline � Saromatic=gasoline

mmethanol;in
� 100wt%

00.0

Constant-flux Pump

Inlet
Outlet

Methanol

Thermocouple

Nitrogen

Reactor

Furnace

Condenser

Gas Chromatograph

Fig. 1 Schematic of the reaction and analysis units

Quartz SandCatalyst 
(or    )

Catalyst 
(or   )

Fig. 2 Schematic of the catalyst loading
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mmethanol and methanol were the masses added to the standard

sample, Smethanol and Sethanol were the peak areas obtained

from the chromatograph.

Results and discussion

Separate reaction performance of the Catalyst I,

Catalyst II, and c-alumina

Reaction product distributions over the Catalyst I, Catalyst

II, and c-alumina, respectively, are listed in Table 1. On

the basis of Table 1, it could be seen that the pure methanol

reacted at a nearly full conversion over both the Catalyst I

and Catalyst II, while the conversion over the c-alumina

merely reached 83.33 wt%. Different from the product

distributions over the Catalyst I and Catalyst II, the primary

products formed on the c-alumina were DME accompanied

by a minor quantity of gaseous hydrocarbons, which were

in line with the previous literature that Lewis acid sites on

the surface of c-alumina only had effect on the dehydration

of methanol and the dehydrogenation of intermediate

products (such as alkane et al.) [33, 34]. As mentioned

before, the combined effect of both Brönsted acid site and

Lewis acid sites was an essential part in MTA reaction.

Under the condition that no Brönsted acid site existed on

the surface of c-alumina, intermediates (such as alkane and

light olefins) could not react easily to form aromatics. In

addition, it could also be found that the yield of dry gas

over the Catalyst II was lower than that over the Catalyst I,

while the yields of liquefied petroleum gas (LPG), gaso-

line, diesel, and coke were relatively higher. Furthermore,

it was very interesting to note that the yields of the light

alkenes, such as ethene, propene, and butane over the

Catalyst II were much lower compared with those over

Catalyst I, which might result from the fact that light

alkenes over the Catalyst II could further undergo a series

of subsequent reactions, such as oligomerization, cycliza-

tion, and hydrogen transfer, more readily. It might be

ascribed to the addition of c-alumina. On one hand, it

might be ascribed to the increased acid amount which was

brought about by the addition of c-alumina. On the other

hand, a higher quantity of mesopores might exist in the

Catalyst II which was also in favor of the occurrence of the

above-mentioned reactions due to the reduction of the

diffusion limit.

In theory, more formations of higher molecular hydro-

carbons after reaction implied a higher tendency to the

increase of aromatics. The obvious increase in the yields of

higher molecular hydrocarbons, such as the above-men-

tioned LPG, gasoline, and diesel, over the Catalyst II

probably indicated an increase in the yields of aromatics.

To validate this speculation, a comparison chart of the total

aromatic yield and single aromatic yields with different

carbon numbers over the Catalyst I and Catalyst II is given

in Fig. 3.

As expected, total aromatic yields over Catalyst II

reached 18.21 wt%, which was obviously higher than that

over Catalyst I. Besides, it could also be observed that it

was the significant elevation in the yield of C7 aromatic

hydrocarbon over the Catalyst II that primarily gave rise to

the enhancement of the total aromatic yield. The appre-

ciable increase of C7 aromatic hydrocarbon might be in

correlation with the enhanced aromatization of propene and

butene. As has been mentioned above, the addition of c-
alumina gave rise to the decrease of the propene and

Table 1 Product distributions over three kinds of catalysts

Items Catalyst I Catalyst II c-Alumina

Product distribution (wt%)

Conversion 99.95 99.95 83.33

CH4 0.33 1.15 2.58

C2
= 4.23 1.82 0.05

Dry gas 4.62 3.16 2.69

C3
= 4.12 2.53 0.07

C4
= 1.82 1.26 0.00

LPG 9.50 11.30 0.07

Gasoline 26.39 26.49 0.00

Diesel 0.27 0.91 0.00

Coke 0.10 0.18 0.00

Water 56.25 56.25 46.86

DME 2.71 1.11 28.46

234 Appl Petrochem Res (2015) 5:231–243

123



butene, which indicated that the subsequent aromatization

process of the propene and butene was promoted. In con-

trast, other single aromatic hydrocarbons had a relatively

close yield for both catalysts. Kim et al. [35] have reported

that alumina had good hydrophilicity, so methanol which

was a polar molecular was easily absorbed by the alumina.

Similarly, methanol which was a polar molecular was

easily absorbed by Catalyst II. In contrary, reaction product

had a high nonpolar content that could easily desorb from

the surface of Catalyst II, as a result, the reaction depth

would be reduced. Therefore, the character of good

hydrophilicity might be a key factor in MTA reaction.

Above all, despite the fact that c-alumina alone could not

promote the aromatization of methanol, the introduction of

c-alumina as an active matrix into the HZSM-5 catalyst

could greatly enhance the total aromatic yield, in particular

of C7 aromatic hydrocarbon.

Characterization

The XRD patterns of the Catalyst I, Catalyst II, and c-
alumina are shown in Fig. 4. It could be seen that the

prepared Catalyst II had the characteristic diffraction peaks

in common with the c-alumina, while the Catalyst I did not.

Accordingly, the result above proved that c-alumina was

successfully incorporated into the Catalyst II, which could

be used as a contrast sample in this study.

In view of the results determined by NH3-TPD and

adsorption–desorption measurements of nitrogen, the

acidity and textural properties for the Catalyst I, Catalyst II,

and c-alumina are listed in Table 2. According to the data

from Table 2, it could be seen that the c-alumina had a

higher specific surface area and a larger pore volume than

those of Catalyst I and Catalyst II, while its total acid

amount among the three catalysts was the least. In addition,

by comparison with Catalyst I, Catalyst II had a higher

acidity and a specific surface area, which might be caused

by the introduction of c-alumina.

Furthermore, in the light of adsorption–desorption

measurements of nitrogen, we could also get the nitrogen

adsorption and desorption isotherms for c-alumina, Cata-

lyst I, and Catalyst II (shown in Fig. 5). It was very

interesting to note that the isotherms for both catalysts

exhibited hysteresis loops, which were usually accompa-

nied by the filling and emptying of mesopores by capillary

condensation [4]. By comparison, Catalyst II had a far

larger hysteresis loop than that of Catalyst I, which indi-

cated that more mesopores were generated in Catalyst II.

This result might arise from the way of the incorporation of

c-alumina. As has been mentioned above, the HZSM-5

catalyst with c-alumina was prepared through sol–gel

method. Previous reports [36, 37] have demonstrated that

mesopores were prone to generate through sol–gel

synthesis.

It was generally known that HZSM-5 zeolite itself had a

capability of promoting the aromatization of methanol

because of its peculiar three-dimensional network that was

extremely selective for the formations of aromatics. To
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Fig. 4 XRD patterns of the Catalyst I, Catalyst II, and c-alumina

Table 2 Textural properties and acidity of the Catalyst I, Catalyst II,

and c-alumina

Samples Total acid amount

(mmol/g)

Specific surface

area (m2/g)

Pore volume

(cm3/g)

Catalyst I 0.120 118.4 0.03

Catalyst II 0.223 172.1 0.15

c-Alumina 0.082 215.2 0.55
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enhance the yields of aromatics, much work specialized in

producing mesopores by alkali treatment has been done.

Both Zhang et al. [38] and Li et al. [39] have proposed that

mesopore generations in the HZSM-5 catalyst cooperating

with micropores could significantly elevate the formations

of aromatics. On the basis of above analysis, the contact

efficiency between methanol and catalyst was enhanced as

a result of the increase of surface area, which would

enhance the aromatization of intermediates in the subse-

quent reaction. Mesoporous and macroporous in Catalyst II

could decrease the diffusion resistance of final products, it

was much easier for high-molecular-weight hydrocarbons

to desorb from internal channel surface to outside, then

reaction depth would be controlled to reduce coke deposit.

Therefore, the existence of mesopores in the Catalyst II

might also boost the MTA reaction to an unexpected

extent.

Lewis acid and Brönsted acid sites interacted with each

other in MTA process through synergistic effect. Surface

acid property of catalysts with and without c-alumina was

analyzed by FT-IR spectra of pyridine adsorption. As

shown in Fig. 6, the FT-IR spectra of catalysts were

recorded in the range of 1400–1600 cm-1. The bands near

1445 cm-1 and 1550 cm-1 represented Lewis acid and

Brönsted acid, respectively. And the band at 1490 cm-1

was characterized to both Lewis and Brönsted acid.

Integral area of Lewis and Brönsted acid were got

from FT-IR spectra, and then calculated Lewis acid/

Brönsted acid ratio (Fig. 6). Calculations indicated that,

the proportion of Lewis acid sites on Catalyst II was

greater than Catalyst I (increased from 0.58 to 0.69).

Though the calculation of L/B was semi-quantitative

analysis, the effect of the introduction of c-alumina in

Catalyst II could be proved to a certain extent. The

percentage of Lewis acid on catalyst surface increased

due to the introduction of c-alumina. The combined

effect of both Lewis acid and Brönsted acid on catalytic

surface was necessary in MTA reaction. In methanol

conversion reaction, Brönsted acid played an important

role in the oligomerization, circularization, hydrocracking

and hydrogen transfer of reaction intermediates, in the

meantime, Lewis acid was effective on dehydration of

methanol [34] and dehydrogenation of reaction interme-

diate, such as alkane. As a result of the introduction of

c-alumina in Catalyst II, the percentage of Lewis acid

increased, and then promoted the dehydrogenation of

reaction intermediates. Compared to alkane, olefins’

aromatization capability was stronger. Combine the pro-

duct distribution (Table 1) of Catalyst I and II with the

data in Fig. 6, the introduction of c-alumina increased

the opportunities for further dehydrogenation of alkane

[40], and improved the catalytic dehydrogenation of

aromatic precursors which were produced on Brönsted

acid sites (such as C6 and C7 cycloolefins), then changed

reaction pathways to produce more intermediates which

could participate in the aromatization reaction, finally got

high selectivity of aromatic hydrocarbon.

As the NH3-TPD profiles of Catalyst I and Catalyst II

are shown in Fig. 7, it was clearly to see that the intro-

duction of c-alumina effectively increased the acid site

density. Acid site density of Catalyst I and Catalyst II were

0.120 and 0.223 mmol/g, respectively. Meanwhile, des-

orption peak of Catalyst II shifted to high temperature,

which indicated the enhancement of acid strength.

According to other literature [40, 41], medium strong acid

was conductive to the secondary reaction (oligomerization,

hydrogen transfer reaction, et al.) of intermediate product

(such as olefins), medium strong acid was a final decisive

factor in the formation of aromatics.
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In conclusion, the result from Py-FT-IR spectra and

NH3-TPD profiles indicated that both acid site density and

acid strength were the affection factors of the rise of aro-

matics selectivity.

Investigation on the loading amount and loading

order of the catalyst with c-alumina

Based on the above-mentioned discussion, we could con-

clude that c-alumina added to HZSM-5 catalyst could

considerably contribute to the aromatization of methanol.

To further investigate the effect of c-alumina on MTA, the

loading amount and loading order of the catalyst with c-
alumina were also observed and studied in this study. With

a fixed value of 3 g of total catalyst loaded at the bottom of

the reactor, in the first group, denoted as Group I, the

Catalyst I was put in the upper of the catalyst bed with a

loading amount of 0.5, 1.0, 1.5, 2.0, and 2.5 g, respectively.

And in the other group, denoted as Group II, the filling

order for both catalysts was reversed.

General product distributions involving dry gas, LPG,

gasoline, diesel, coke, and COx, are exhibited in Fig. 8.

With referencing to Fig. 8, it could be seen that with the

decrease of the Catalyst II in the Group I, the yields of dry

gas and diesel had an obvious decrease, meanwhile, the

total coke deposited on the Catalyst I and Catalyst II, and

COx also had a slight drop. In addition, it could also be

found that the yield of LPG was raised, while the gasoline

fractions changed little. It was not hard to see that the

introduced amount of c-alumina played a critical role in

altering the product distributions for methanol reaction.

Moreover, it seemed that with the decrease of c-alumina,

the process of light hydrocarbons, like LPG compositions,

into higher molecular hydrocarbons tended to be

suppressed, which might result from the deficiencies of

mesopores and acid amount caused by the addition of c-
alumina. And from the perspective of total yields of higher

molecular hydrocarbons, less higher molecular hydrocar-

bons implied a downward trend in the total aromatic yield.

After adjusting the loading order of the Catalyst II, the

product distributions in the Group II displayed some sim-

ilarities with those obtained in the Group I. For example,

the yields of diesel, coke and COx still increased with the

increasing of the Catalyst II. However, there were also

some differences. The yield of dry gas went down with the

increasing of Catalyst II, which totally differed from the

variation trend of the dry gas in the Group I. It indicated

that the formation of dry gas had no direct relationship with

the addition of c-alumina. In addition, unlike the essen-

tially invariant yield of the gasoline in the Group I, the

gasoline content in the Group II showed an upward trend

with the increase of Catalyst II, which demonstrated that

the formation of gasoline had a positive correlation with

the introduced amount of c-alumina when methanol first

passed through Catalyst II. With regard to the coke

deposited on both catalysts, it had a remarkable growth

with the increasing Catalyst II, which indicated that it was

much easier to generate the precursors of the coke with the

Catalyst II in the upper of the catalyst bed.

Similar to the variation tendency of the coke, the COx

including CO and CO2, also had an appreciable increase

with the increase of the Catalyst II in the Group II. To the

best of our knowledge, the formation of COx mainly

originated from three pathways which was consist of direct

pyrolysis of methanol, transformation reaction of methanol

with steam, and methanation reaction of methanol. The

reaction temperature for two groups of experiments was

same, while the direct pyrolysis of methanol was in cor-

relation with reaction temperature, thus the effect from

direct pyrolysis of methanol could be ruled out. We could

suspect that it was the latter two factors that predominantly

gave rise to the increase of COx.

Considering the above-mentioned changes of general

product distributions caused by the loading amount and

loading order of the Catalyst II, we could suspect that the

generations of aromatics must be affected, as well.

Therefore, a comparison table about the total aromatic

yields for both groups is given in Table 3 for the purpose of

investigating the variation trends of aromatics.

According to Table 3, it could be observed that despite

the filling order, with the increase of the Catalyst II, the

total aromatic yields for both groups showed an upward

trend. It further proved that the formations of aromatics had

a direct relationship with the increase of mesopores and

acidity of the catalyst because of the addition of c-alumina.

However, there was also a slightly larger discrepancy in the

aromatic yields for both groups when the loading amount
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of the Catalyst II held the same. It indicated that the

loading order of the Catalyst II also exerted an effect on the

productions of aromatics. Besides, it could also be seen that

the Group II had a larger range of aromatic yield from

12.28 to 20.27 wt% compared with that of the Group I. The

reason for this case was probably in connection with the

intermediate products formed after the methanol passing

through the upper catalyst.

To further investigate the formations of aromatics, a

comparison graph of gasoline compositions for both groups

is given in Fig. 9. It was very interesting to find that the

gasoline compositions for both groups had a similar variation

trend. As could be seen from Fig. 9, the increased selectivity

towards aromatics was at the expense of paraffins, olefins,

and naphthenes. It was generally known that MTA reaction

was an acid-catalyzed process which included a series of

reactions such as olefinic oligomerization, cracking,

cyclization, and hydrogen transfer. With referencing to

Fig. 9, with the increase of the Catalyst II, the selectivity

towards olefins had a downward trend for both groups, which

indicated that the addition of c-alumina might promote the

subsequent aromatization process of the olefins.

Table 4 gave the variation trends of the light alkenes.

On the basis of the decreasing yields of the propene and

butene with the increasing Catalyst II, it could be suspected

that c-alumina could enhance the oligomerization of light

alkenes. Furthermore, combined with the downward trend

in the naphthenes, c-alumina could also promote the final

aromatization of naphthenes. Zhang et al. [42] have

reported that Lewis acid was conductive to the dehydro-

genation of naphthenes, and it was generally recognized

that the introduction of c-alumina mainly added to the

amount of Lewis acid in the HZSM-5-based catalyst.

Therefore, with the increase of the Catalyst II, more Lewis

acid would exist, thus contributing to the dehydrogenation

of naphthenes and in turn boosting the subsequent forma-

tions of aromatics.

As for the effect of the loading order of the Catalyst II

on the gasoline compositions, it can be observed that the

gasoline compositions had an appreciably larger variation

range when methanol first passed through the Catalyst II.

Moreover, among the gasoline compositions, the variations

of the olefins and aromatics were particularly prominent.

The selectivity towards olefins for the Group I and Group II

ranged from 13.08 and 8.59–16.49 and 18.34 wt%,

respectively. And the aromatic selectivity for both groups

ranged from 54.65 and 51.74–64.73 and 66.84 wt%,

respectively. The above-mentioned changes demonstrated

that at lower loading amount of the Catalyst II, it was not

beneficial for the formations of olefins or subsequent

aromatization process of olefins when methanol first passed

through the Catalyst II. However, with the increasing

loading amount of the Catalyst II, the aromatization of

methanol in the Group II could get a significant promotion.

With regard to the effect of the loading amount and

loading order of the Catalyst II on the single aromatic

hydrocarbons, it was also investigated (shown in Fig. 10).

On one hand, regardless of the loading order of the Catalyst

II, all single aromatic hydrocarbons increased gradually

with the increase of the Catalyst II. They were in agree-

ment with the variation trend of the total aromatic yields

for both groups. Besides, previous research [35] has

reported that c-alumina had a hydrophilic property.

Therefore, the addition of c-alumina was bound to adsorb

the methanol much more readily during the reaction, which

greatly increased the possibility of the contact between

methanol and HZSM-5 catalyst and in turn boosted the

subsequent aromatization of methanol. However, there was

also a discrepancy between the two groups. In contrast with

the single aromatic hydrocarbons in the Group I, the single

aromatic hydrocarbons in the Group II showed a larger

variation change.

On the other hand, it could be seen that the primary

single aromatic hydrocarbons formed were C8 (ethylben-

zene and xylenes) aromatic hydrocarbons followed by C7

(toluene) and C9 (trimethylbenzenes) aromatic hydrocar-

bons. Considering the limited pore size of HZSM-5-based

catalyst, larger aromatic hydrocarbons such as C9
? aro-

matic hydrocarbons (mainly including C10 and C11

bFig. 8 General product distributions for investigation on the loading

amount and loading order of the catalyst with c-alumina (filled square

Catalyst I in the upper, filled circle Catalyst II in the upper)

Table 3 Total aromatic yields for the Group I and Group II

Catalyst loading amount in the upper (g)

0.5 1.0 1.5 2.0 2.5

Total aromatic yield (wt%)

Group I 18.58 18.87 16.73 17.34 15.37

Group II 12.28 15.94 15.32 18.60 20.27
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aromatic hydrocarbons) were difficult to generate. Even if

C9
? aromatic hydrocarbons could form in the pore volume,

considering the diffusion limitations caused by the con-

fined pore diameter, they could not pass through the

channel readily and then came out of the catalyst. The

above-mentioned restriction effect could be reflected by the

variation trends of C9
? aromatic hydrocarbons with the

increasing loading amount of the Catalyst II. The more

loading amount of the Catalyst II indicated more meso-

porous existence, the more C9
? aromatic hydrocarbons

formed. With regard to the rather low selectivity towards

C6 aromatic hydrocarbon, Tian et al. [9] have proposed that

methanol had a high capability of alkylation. Thus, the

alkyls formed during the reaction could easily add to

benzene rings through electrophilic attack, and as a result,

xylenes and trimethylbenzenes were formed.
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Fig. 9 Gasoline compositions for the Group I and Group II (filled square Catalyst I in the upper, filled circle Catalyst II in the upper)

Table 4 Yields of the propene and butene for the Group I and Group II

Yield (wt%) Catalyst loading amount in the upper (g)

0.5 1.0 1.5 2.0 2.5

Group I

C3
= 2.99 2.37 3.00 2.61 3.31

C4
= 0.75 0.81 1.18 0.99 1.30

Group II

C3
= 3.68 2.70 3.01 1.90 1.97

C4
= 1.70 1.35 0.85 0.81 0.71
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Conclusions

The introduction of c-alumina to the HZSM-5 catalyst by

the sol–gel method could produce more mesopores in the

catalyst. Meanwhile, the acid amount of the catalyst was

also raised, as well as the percentage of Lewis acid sites on

catalyst surface. According to the separate reaction per-

formance of the catalyst with/without c-alumina, and c-
alumina, the addition of c-alumina could considerably

promote the aromatization of methanol with the total aro-

matic yield reaching 18.21 wt% from 14.31 wt%. And the

increased amount of the total aromatic yield mainly orig-

inated from the increase of C7 aromatic hydrocarbon.

However, c-alumina alone could merely convert methanol

to DME with a minor quantity of gaseous hydrocarbon

products. In addition, the general product distributions also

changed after the c-alumina was introduced. Except the dry

gas, the yields of LPG, gasoline, diesel, and coke had a
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relatively higher value over the catalyst with c-alumina

than those over the catalyst without c-alumina.

With respect to the effect of the loading amount and

loading order of the catalyst with c-alumina, it could be seen

that the general product distributions were affected to a

certain extent. The result showed that the formations of dry

gas had no direct relationship with the loading order of the

catalyst with c-alumina. In contrast with the mild change of

the gasoline in the Group I, the gasoline in the Group II had a

sharper increase with the increasing catalyst with c-alumina.

And the coke deposited on the catalyst demonstrated that it

was much easier to form the precursors of the coke when

methanol first passed through the catalyst with c-alumina. In

addition, methanol first passed through the catalyst c-alu-
mina could enhance a markedly larger improvement of COx.

Moreover, the loading amount and loading order of the

catalyst with c-alumina played a vital role in the forma-

tions of aromatics. Despite the loading order of the catalyst

with c-alumina, the total aromatic yields for both groups

had an upward trend with the increase of the catalyst with

c-alumina. And the gasoline compositions for both groups

demonstrated that the increased aromatics were at the

expense of paraffins, olefins, and naphthenes. Besides, be

compared with the Group I, the Group II had a larger range

of aromatic yield from 12.28 to 20.27 wt%. Meanwhile, all

single aromatic hydrocarbons went up gradually with the

increasing catalyst with c-alumina. Among the single

aromatic hydrocarbons formed, the C8 aromatic hydrocar-

bons were the maximum followed by C7 and C9 aromatic

hydrocarbons. Due to the limited pore structure and

methylation of methanol, the formations of C9
? and C6

aromatic hydrocarbons were relatively lower. With respect

to the effect of the loading order of the catalyst with c-
alumina on the single aromatic hydrocarbons, the single

aromatic hydrocarbons in the Group II showed larger

variations than those in the Group I.
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