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Abstract Two series of catalysts with nickel oxide or

molybdenum oxide as the active component and with dif-

ferent zeolites as supports were prepared by incipient

wetness impregnation method, and their structural proper-

ties and acidity were characterized by means of XRD,

H2-TPR, N2 adsorption and desorption, FTIR spectrum of

adsorbed pyridine and NH3-TPD. The catalytic activity of

the prepared materials was investigated for the hydro-

dealkylation of commercial C9
? heavy aromatics to BTX.

The results show that the catalytic performance is greatly

influenced by the specific surface area, the acidity and the

interaction between zeolite and metal oxide, and little

affected by the pore diameter of catalysts. For NiO cata-

lysts, the samples with the moderate interaction between

zeolite and NiO exhibit the relatively high selectivity of

BTX. And for MoO3 catalysts, the presence of the

molybdenum species associated with Brønsted acid site

causes the remarkable reduction of selectivity. The pres-

ence of Brønsted acid sites, the growth of the strength of

Lewis acid sites and the increase of acid amount and the

specific surface area can all enhance the conversion of C9
?

aromatics. Finally, compared with other zeolites, the

HMCM-56 catalysts show the excellent overall catalytic

performance with the yield of BTX more than 60 mol%,

whether using NiO or MoO3 as the active component.
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1 Introduction

With more large aromatics complex processes put into

production, the throughput of by-product heavy aromatics

which have more than nine carbon numbers will be

increased to a great extent. Heavy aromatics are of low

industrial value and are usually consumed as fuel, which

wastes the aromatic resources and has been restricted by

new environmental regulations. Meanwhile, as the three

basic aromatic starting reactants, benzene, toluene, and

xylenes (BTX) are in great demand for the manufacture of

monomer for polyesters and phthalates, engineering plas-

tics, pharmaceuticals, etc. But there is a large mismatch

between the supply and the market demand. Catalytic

hydrodealkylation of C9
? heavy aromatics can be

employed to produce BTX with its advantages of low

hydrogen consumption, high conversion and high selec-

tivity. So many big companies and research institutes

devote their attention to the catalytic hydrodealkylation

technology and several commercial processes such as

TAC9, ZEOLYST/SK, Detol and etc., have been devel-

oped. Now the major aim of investigation is the

development of new types of catalysts.

Catalysts employed in hydrodealkylation of C9
? heavy

aromatics or alkylaromatics are mainly transitional metal

or transitional metal oxide catalysts supported on oxides

[1–5] or zeolites. Hydrodealkylation over zeolite catalysts

occurs at relatively lower temperature and helps to

restraining the deactivation of catalysts. So recently studies

on zeolite catalysts become the principal direction and
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some catalysts have been developed [6–13]. The involved

zeolite supports include ZSM-5, Beta, mordenite, Y,

MCM-22 and etc., but in most literatures the influence of

various zeolies on the catalytic performance is scarcely

studied. And in most catalysts noble metals such as Pt, Re,

and Pd are used as active components, which increases the

production cost. In addition, many of investigated feeds are

model aromatic compounds, such as ethylbenzene, trim-

ethylbenzene, and ethyltoluene, and not commercial C9
?

heavy aromatics with more C10 ingredients, which limits

the application of hydrodealkylation catalysts.

In the current paper, the main objective is to investigate

the effect of different zeolites on the structural properties

and acidity of zeolite-supported metal oxide catalysts and

their catalytic performance in hydrodealkylation of com-

mercial C9
? heavy aromatics. For this purpose, two series

of catalysts with cheap NiO or MoO3 as the active com-

ponent and with different zeolites as supports were

prepared by incipient wetness impregnation method and

characterized by means of XRD, H2-TPR, N2 adsorption

and desorption, FTIR spectrum of adsorbed pyridine and

NH3-TPD. And the correlation between the structural

properties and acidity of the catalysts and their catalytic

activity was discussed.

2 Experimental

2.1 Catalyst Preparation

HZSM-5 and Hb zeolites were commercial shaped samples

supplied by the Catalyst Plant of Nankai University.

Zeolite KL (Refinery of Sinopec’s Jinling Petrochemical

Corp., Ltd.), Na-MCM-22 (Jilin University), and Na-

MCM-56 (Jilin University) were converted into the acid

form by ion exchange with an aqueous solution of NH4NO3

at 85 �C for 6 h and ulterior calcination at 540 �C for 6 h.

Then the H-type zeolites were shaped by adding an alu-

mina binder, kneading, and extrusion. Nickel oxide or

molybdenum oxide catalysts supported on above H-type

zeolites with the loading of 15 wt% were prepared by

incipient wetness impregnation method. The zeolite sup-

ports with sizes ranging from 20 to 40 meshes were

impregnated with an aqueous solution of Ni(NO3)2 � 6H2O

or (NH4)6Mo7O24 � 4H2O at room temperature for 24 h.

Then the samples were dried at 120 �C and calcined in air

at 500 �C for 6 h. Here the NiO or MoO3 loading repre-

sents the mass ratio of NiO or MoO3 to dry zeolite support.

2.2 Catalyst Characterization

X-ray diffraction characterization was performed in a

Rigaku D/max 2550 VB/PC X-ray diffractometer with

CuKa radiation. BET specific surface area, pore volume

and pore diameter of the catalysts were determined by N2

adsorption and desorption data acquired through a

Micromeritics ASAP 2020 instrument.

A Micromeritics AutoChem 2920 system was used to

carry out H2-TPR measurements of the catalysts. Thus, the

samples were degassed under Ar flow (30 mL min-1) at

300 �C for 2 h and cooled down to room temperature.

Then the samples were subjected to reduction under 10%

H2/Ar (v/v) flow (30 mL min-1) and heating rate of

10 �C min-1. The H2 consumption was measured by a

TCD.

A Nicolet NEXUS 470 FTIR spectrometer was used to

follow the pyridine adsorbed on the acid sites of the cata-

lysts. To do this, self-supported wafers were pretreated

under vacuum at 300 �C for 4 h and then cooled down to

room temperature. After acquisition of the background

spectrum, pyridine vapor was admitted to the cell until

equilibrium was reached. The samples were then desorbed

at 100, 150, 200, 250, and 300 �C with spectra acquisition.

NH3-TPD measurements were carried out in a PX200A

TPD equipment with a TC detector made by China

Tianjin Golden Eagle Technology Co., Ltd. Before NH3

adsorption, the samples were pretreated in a He flow

(30 mL min-1) at 500 �C for 1 h, then cooled down to less

than 150 �C and saturated with a 5% NH3/He (v/v) mix-

ture. Finally the samples were purged with a He stream for

desorption at a heating rate of 10 �C min-1 until a constant

base line was obtained.

2.3 Catalytic Test

The catalytic performance in hydrodealkylation of C9
?

heavy aromatics was measured in a continuous high-

pressure fixed-bed stainless steel microreactor with an

inner diameter of 12 mm and 1.5 g of catalyst was loaded.

A cooler and a gas–liquid separator were also included in

the experimental system. The liquid feed flow, the H2

flow and the total pressure were controlled with a high-

pressure piston pump, a mass-flow controller and a back-

pressure regulator, respectively. The feed and liquid

products were quantitatively analyzed in an Agilent 6820

GC with a HP-5MS capillary column and a flame ioni-

zation detector. The feed of commercial C9
? heavy

aromatics which consisted of 59.82 wt% of C9 aromatics,

37.03 wt% of C10 aromatics and 3.16 wt% of C10
? aro-

matics was heavy reformate supplied by Refinery of

Sinopec’s Jinling Petrochemical Corp., Ltd. And H2

(99.99%) was supplied by Shanghai Donghui Gas

Corporation.

Conversion of C9
? heavy aromatics [X(C9

?)], selectiv-

ity of BTX [S(BTX)] and yield of BTX [Y(BTX)] were

calculated as follows:
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X Cþ9
� �

¼ nfðCþ9 Þ � npðCþ9 Þ
nfðCþ9 Þ

� 100%

S BTXð Þ ¼ npðBTXÞ � nfðBTXÞ
nfðCþ9 Þ � npðCþ9 Þ

� 100%

Y BTXð Þ ¼ X Cþ9
� �

� S BTXð Þ

where nf(C9
?) = mole of C9

? aromatics in the feed (mol);

np(C9
?) = mole of C9

? aromatics in liquid products (mol);

nf(BTX) = mole of BTX in the feed (mol); np(BTX) =

mole of BTX in liquid products (mol).

3 Results and Discussion

3.1 Catalyst Characterization

3.1.1 XRD

XRD patterns of nickel oxide catalysts with different

zeolites as supports are shown in Fig. 1. It can be found

that the characteristic diffraction peaks of NiO crystal at

2h = 37.2�, 43.3�, and 62.9� all appear for each of above

five catalysts, which indicates that the active component of

nickel exists as NiO crystallite in these catalysts. But the

strength of the peaks differs depending on the zeolite

support. So the interaction between NiO and zeolite, i.e.,

the dispersion state of NiO on the surface of zeolite, is

affected by different zeolites. In addition, the characteristic

diffraction peaks of involved zeolites also appear distinctly

in Fig. 1, which indicates that the crystal structures of

zeolite supports are not destroyed after impregnation and

calcination.

From the XRD patterns shown in Fig. 2, the character-

istic diffraction peaks of MoO3 crystal can be observed in

part for these zeolite-supported molybdenum oxide cata-

lysts, which indicates that the active component of

molybdenum exists as MoO3 crystallite in them. For

MoO3/HZSM-5 and MoO3/HMCM-56, the diffraction peak

appears at 2h = 27.3� corresponding to the {0 2 1}

reflection of MoO3. And for MoO3/HL, the diffraction

peaks at 2h = 23.4� and 26.2� which are ascribed to the

{1 1 0} and {0 4 0} reflections of MoO3, respectively, can

be detected. The peak at 2h = 26.2� which is ascribed to

the {0 4 0} reflection of MoO3 is found for MoO3/Hb while

the peak at 2h = 23.4� corresponding to the {1 1 0}

reflection of MoO3 is observed for MoO3/HMCM-22. As

indicated for above NiO catalysts, the crystal structures of

zeolites involved in these MoO3 catalysts are not destroyed

similarly.

3.1.2 H2-TPR

Temperature-programmed reduction of hydrogen (H2-TPR)

was employed to determine the reduction performance of

zeolite-supported nickel oxide and molybdenum oxide

catalysts described in Figs. 3 and 4, respectively, so as to

investigate further the interaction status between NiO or

MoO3 and zeolite.

From Fig. 3, for the NiO/HZSM-5 sample, three

reduction peaks appear at 388, 500, and 570 �C, which

indicates the presence of three different nickel species. The

peak at 388 �C can be assigned to the reduction of NiO

particles with normal crystal size, and the peak at 500 �C

can be due to the reduction of NiO particles interacting

with HZSM-5 and not easy to be reduced. Finally, the peak

at 570 �C may be associated with the reduction of nickel
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Fig. 1 XRD patterns of zeolite-supported nickel oxide catalysts: (a)

NiO/HZSM-5; (b) NiO/HL; (c) NiO/Hb; (d) NiO/HMCM-22 and (e)

NiO/HMCM-56
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Fig. 2 XRD patterns of zeolite-supported molybdenum oxide cata-

lysts: (f) MoO3/HZSM-5; (g) MoO3/HL; (h) MoO3/Hb; (i) MoO3/

HMCM-22 and (j) MoO3/HMCM-56
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species located in the framework of HZSM-5 and hard to

be reduced [14]. Two peaks at 340 and 514 �C corre-

sponding to the reduction of relatively big NiO particles

and nickel species interacting with HL and not easy to be

reduced, respectively, are observed in the TPR profile of

NiO/HL. For the NiO/Hb sample, the peak at about 400 �C

can be due to the reduction of NiO particles with normal

crystal size, whereas the peak at 556 �C may be assigned to

the reduction of nickel species located in the framework of

Hb and hard to be reduced [15]. The NiO/HMCM-22

sample also shows two peaks at about 400 and 526 �C

corresponding to the reduction of NiO particles with nor-

mal size and nickel species interacting with HMCM-22 and

not easy to be reduced, respectively. Only one peak at

537 �C appears in the TPR profile of NiO/HMCM-56, and

it can be assigned to the reduction of NiO particles inter-

acting with HMCM-56 and not easy to be reduced.

So the H2-TPR results reveal that nickel species exists

only as NiO crystallite in these nickel oxide catalysts,

though the interaction status between NiO and zeolite

differs depending on the zeolite support. And this just

accords with the XRD results.

It can be seen from Fig. 4 that there are several

molybdenum species in each of above MoO3 catalysts.

Generally, the reduction process of MoO3 in H2 atmo-

sphere follows the order: MoO3 ? MoO2 ? Mo [16]. For

MoO3/HZSM-5 prepared by impregnation method, the

possible molybdenum species [17] includes MoO3 located

on the outer zeolite surface and existing as a monolayer

dispersion state, MoO3 located on the outer zeolite surface

and existing as an aggregate state, the molybdenum species

located in the channels of HZSM-5 zeolite and associated

with Brønsted acid site, and Al2(MoO4)3, i.e., the molyb-

denum species interacting strongly with the framework Al

in tetrahedral coordination. In the present work, five

reduction peaks appear in the TPR profile of MoO3/HZSM-

5. Firstly, the peak at 413 �C can be assigned to the

reduction of molybdenum species located on the outer

zeolite surface and existing as a monolayer dispersion state

from MoO3 to MoO2 (process A) and the peak at 606 �C

can be due to the further reduction of this species from

MoO2 to Mo (process B). Then the peak at 486 �C can be

assigned to the reduction of molybdenum species located

on the outer zeolite surface and existing as an aggregate

state from MoO3 to MoO2 (process C) and the peak at
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Fig. 3 H2-TPR profiles of zeolite-supported nickel oxide catalysts:

(a) NiO/HZSM-5; (b) NiO/HL; (c) NiO/Hb; (d) NiO/HMCM-22 and

(e) NiO/HMCM-56
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Fig. 4 H2-TPR profiles of zeolite-supported molybdenum oxide

catalysts: (f) MoO3/HZSM-5; (g) MoO3/HL; (h) MoO3/Hb; (i)
MoO3/HMCM-22 and (j) MoO3/HMCM-56

Table 1 H2-TPR results for zeolite-supported molybdenum oxide catalysts

Peak MoO3/HL MoO3/Hb MoO3/HMCM-22 MoO3/HMCM-56

t (�C) Reduction process t (�C) Reduction process t (�C) Reduction process t (�C) Reduction process

1 419 A 415 A 418 A 414 A

2 505 C 473 C 497 C 501 C

3 – – 545 F – – – –

4 577 B 603 B 576 B 629 B

5 770 D 750 D ? G 705 D 722 D

6 864 E 850 E – – – –
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696 �C can be due to the further reduction of this species

from MoO2 to Mo (process D). Finally, the peak at 821 �C

can be ascribed to the reduction of Al2(MoO4)3 (process E).

Accordingly, the possible ascription of reduction peaks for

other four MoO3 catalysts is listed in Table 1. Process F

represents the reduction of molybdenum species located in

the channels of zeolite and associated with Brønsted acid

site from MoO3 to MoO2 and process G represents the

further reduction of this species from MoO2 to Mo.

For MoO3/HZSM-5, MoO3/HL, and MoO3/Hb catalysts,

the H2-TPR results reveal the presence of Al2(MoO4)3

species, but the diffraction peaks of Al2(MoO4)3 crystal

cannot be detected in their XRD patterns. This indicates

that the Al2(MoO4)3 species is well dispersed in the

framework of zeolite and very small in size. In the present

work, compared with other MoO3 catalysts, the molybde-

num species associated with Brønsted acid site exists only

in the MoO3/Hb sample, which indicates the presence of

Brønsted acid site in it. And this will be confirmed by the

measurements of acidity in the following sections.

3.1.3 N2 Adsorption and Desorption

The textural properties of zeolite-supported nickel oxide

and molybdenum oxide catalysts were evaluated from N2

adsorption and desorption.

BET specific surface area, pore volume, and average

pore diameter of nickel oxide catalysts are listed in

Table 2. The NiO/HMCM-56 sample shows the largest

BET area of 374 m2 g-1 while the BET area of the NiO/

HL sample is only 97 m2 g-1. And other catalysts also

have large BET area ([240 m2 g-1). With regard to pore

volume, the maximum is attributed to the NiO/HMCM-56

sample while the NiO/HL sample shows the minimum pore

volume. It can be found that the average mesopore diam-

eter of above NiO catalysts differs greatly while the

average micropore diameter varying from 0.87 to 1.0 nm

differs a little. The NiO/HMCM-56 sample shows the

maximal mesopore diameter and micropore diameter,

whereas the NiO/HZSM-5 sample is just the opposite.

As displayed in Table 3, the comparison results for

textural properties of different molybdenum oxide catalysts

exhibit a similarity to those of nickel oxide catalysts

because the same zeolites were employed as supports.

Concerning specific surface area and pore volume, the

maximal values are both attributed to the MoO3/HMCM-56

sample (387 m2 g-1 and 1.104 cm3 g-1) while the MoO3/

HL sample displays the minimum. For mesopore diameter

and micropore diameter, an analogical variability is found

and the MoO3/HZSM-5 sample shows the minimum values

in both items.

3.1.4 FTIR Spectrum of Adsorbed Pyridine and NH3-TPD

The acid type, the acid strength, and the acid amount of

zeolite-supported nickel oxide and molybdenum oxide

catalysts were determined by means of FTIR spectrum of

adsorbed pyridine and NH3-TPD.

Table 4 lists the results of FTIR spectrum of adsorbed

pyridine for nickel oxide catalysts under different desorption

temperatures (100, 200, 250, and 300 �C). For the NiO/

HZSM-5 and NiO/HL samples, only Lewis acid sites are

found and determined, and few Brønsted acid sites exist in

them. Lewis acid sites and Brønsted acid sites both exist in

Table 2 Textural properties of zeolite-supported nickel oxide catalysts

Catalyst BET specific

surface area (m2 g-1)

Pore volume (cm3 g-1) Average pore diameter (nm)

Mesopore Micropore Total Mesopore Micropore

NiO/HZSM-5 246 0.16 0.070 0.23 6.44 0.87

NiO/HL 97 0.13 0.022 0.152 8.27 0.99

NiO/Hb 357 0.13 0.13 0.26 7.12 0.93

NiO/HMCM-22 331 0.37 0.10 0.47 12.88 0.92

NiO/HMCM-56 374 0.96 0.074 1.034 16.96 1.00

Table 3 Textural properties of zeolite-supported molybdenum oxide catalysts

Catalyst BET specific

surface area (m2 g-1)

Pore volume (cm3 g-1) Average pore diameter (nm)

Mesopore Micropore Total Mesopore Micropore

MoO3/HZSM-5 284 0.27 0.054 0.324 6.65 0.79

MoO3/HL 96 0.14 0.010 0.150 8.04 1.07

MoO3/Hb 330 0.17 0.11 0.28 9.03 0.82

MoO3/HMCM-22 341 0.41 0.10 0.51 15.89 0.85

MoO3/HMCM-56 387 1.04 0.064 1.104 17.73 0.96
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the NiO/Hb, NiO/HMCM-22, and NiO/HMCM-56 samples

with Brønsted acid sites less than Lewis acid sites. Moreover,

the amount of Lewis acid sites decreases in the order: NiO/

Hb [ NiO/HMCM-22 [ NiO/HMCM-56 [ NiO/HZSM-

5 [ NiO/HL, and the amount of Brønsted acid sites

decreases in the order: NiO/Hb[ NiO/HMCM-22 [ NiO/

HMCM-56. For the NiO/HZSM-5 and NiO/HL samples, the

amount of Lewis acid sites decreases gradually with the

desorption temperature rising, and the presence of a few

Lewis acid sites can still be observed when the desorption

temperature reaches 300 �C, which indicates that a few

medium or strong Lewis acid sites exist in them besides weak

Lewis acid sites. With the desorption temperature rising, the

amount of Lewis acid sites and Brønsted acid sites in the

NiO/Hb, NiO/HMCM-22, and NiO/HMCM-56 samples also

shows a tendency to decrease. And similarly, it is indicated

that besides weak Brønsted acid sites and Lewis acid sites,

medium or strong Brønsted acid sites and Lewis acid sites

exist in these three catalysts.

From the NH3-TPD profiles (Fig. 5), for the NiO/HZSM-

5 and NiO/HL samples, a desorption peak appears at 215

and 194 �C, respectively, which indicates that weak acid

sites exist in both catalysts. Furthermore, their profiles

descend gently and the tailing phenomenon can be observed

in the range of 250–400 �C, which shows the presence of

overlap of some desorption peaks. And consequently,

medium acid sites exist in them besides weak acid sites.

There are two main desorption peaks in each profile for the

NiO/Hb, NiO/HMCM-22, and NiO/HMCM-56 samples.

The low temperature desorption peak is located at 191, 198,

and 207 �C, respectively, corresponding to the weak acid

sites, whereas the high temperature desorption peak appears

at 523, 510, and 500 �C, respectively, corresponding to the

strong acid sites. In addition, according to the areas of

desorption peaks, the amount of weak acid sites decreases in

the order: NiO/Hb[ NiO/HMCM-22 [ NiO/HMCM-

56 [ NiO/HZSM-5 [ NiO/HL and the amount of strong

acid sites decreases in the order: NiO/Hb[ NiO/HMCM-

22 [ NiO/HMCM-56. All these results are in accordance

with those from FTIR spectrum of adsorbed pyridine.

The results of FTIR spectrum of adsorbed pyridine for

molybdenum oxide catalysts under different desorption

temperatures (100, 200, 250, and 300 �C) are given in

Table 5. Lewis acid sites exist in the MoO3/HZSM-5 and

MoO3/HL samples, whereas Brønsted acid sites in them are

too few to be measured. For the MoO3/Hb, MoO3/HMCM-

22, and MoO3/HMCM-56 samples, both Lewis acid sites

and Brønsted acid sites can be found and measured. Fur-

thermore, the amount of Lewis acid sites decreases in the

order: MoO3/Hb[ MoO3/HMCM-56 [ MoO3/HMCM-22

[ MoO3/HZSM-5 [ MoO3/HL, and the amount of

Brønsted acid sites decreases in the order: MoO3/Hb
[ MoO3/HMCM-56 [ MoO3/HMCM-22. With the desor-

ption temperature increasing, the amount of Lewis acid

sites in the MoO3/HZSM-5 and MoO3/HL samples

decreases gradually, and the presence of a few Lewis acid

sites can still be observed with the desorption carried out at

300 �C, which indicates that a few medium or strong Lewis

acid sites exist in them besides weak Lewis acid sites. For

the MoO3/Hb, MoO3/HMCM-22, and MoO3/HMCM-56

samples, the amount of Lewis acid sites and Brønsted acid

sites also decreases with the desorption temperature

Table 4 Results of FTIR spectrum of adsorbed pyridine for zeolite-supported nickel oxide catalysts under different desorption temperatures

Catalyst Acid amount (910-2 mg-1)

100 �C 200 �C 250 �C 300 �C

Brønsted Lewis Brønsted Lewis Brønsted Lewis Brønsted Lewis

NiO/HZSM-5 – 8.4 – 4.7 – 3.5 – 2.8

NiO/HL – 8.5 – 3.8 – 2.2 – 2.1

NiO/Hb 6.0 48.8 7.9 30.8 7.4 26.1 6.5 23.0

NiO/HMCM-22 3.4 26.8 4.1 14.6 4.2 11.7 3.9 10.0

NiO/HMCM-56 5.7 18.9 4.1 12.2 3.2 10.2 2.0 8.0

100 200 300 400 500 600

t (oC)

e

d
c
b

a

Fig. 5 NH3-TPD profiles of zeolite-supported nickel oxide catalysts:

(a) NiO/HZSM-5; (b) NiO/HL; (c) NiO/Hb; (d) NiO/HMCM-22 and

(e) NiO/HMCM-56
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increasing. And similarly, it is indicated that besides weak

Brønsted acid sites and Lewis acid sites, medium or strong

Brønsted acid sites and Lewis acid sites exist in them.

Figure 6 shows the NH3-TPD results for zeolite-sup-

ported molybdenum oxide catalysts. For all five catalysts, a

desorption peak appears at about 190 �C, which indicates

that weak acid sites exist in these catalysts and the strength

of weak acid sites differs little from each other. Moreover,

their NH3-TPD profiles descend gently and the tailing

phenomenon occurs in the range of 300–400 �C, which

shows the presence of overlap of some desorption peaks.

So it can be ascertained that medium acid sites exist in

them besides weak acid sites, and the strength of medium

acid sites also differs little. According to the areas of

desorption peaks, the total acid amount decreases in the

order: MoO3/Hb[ MoO3/HMCM-56 [ MoO3/HMCM-

22 [ MoO3/HZSM-5 [ MoO3/HL, in accordance with

that from FTIR spectrum of adsorbed pyridine.

The comparison results for the acidity between zeolite-

supported nickel oxide catalysts and corresponding

molybdenum oxide catalysts indicate that nickel oxide

catalysts have more Lewis acid sites, whereas molybdenum

oxide catalysts have more Brønsted acid sites, and the total

acid amount of nickel oxide catalysts is larger. With

respect to the acid strength, nickel oxide catalysts exhibit

stronger acidity than molybdenum oxide catalysts.

3.2 Hydrodealkylation of C9
? Heavy Aromatics

3.2.1 Catalytic Performance of Zeolite-Supported Nickel

Oxide Catalysts

Our main objective is to investigate the effect of different

zeolites on their catalytic performance in hydrodealkyla-

tion of commercial C9
? heavy aromatics. Thus the catalytic

activity of zeolite-supported nickel oxide catalysts and

corresponding naked zeolites was evaluated as shown in

Fig. 7.

It can be found that the employed naked zeolites all

exhibit certain catalytic activity when no NiO is loaded.

And HZSM-5, HMCM-22, and HMCM-56 have relatively

higher activity compared with HL and Hb. When NiO is

loaded, the catalytic performance of each zeolite-supported

catalyst improves greatly, which indicates that the active

component of NiO is quite in favor of promoting the

hydrodealkylation process. Five nickel oxide catalysts

differ greatly in the catalytic performance. The NiO/Hb
sample exhibits the highest conversion of C9

? aromatics of

80.68 mol% and the NiO/HMCM-56 sample takes second

place with the conversion of 76.2 mol%. For the NiO/

HMCM-22 and NiO/HMCM-56 samples, the selectivity

of BTX is both more than 80 mol% and exceeds markedly

compared with other samples. And the NiO/HMCM-22

sample shows the highest selectivity of BTX of 82.26

mol%. Furthermore, the NiO/HMCM-56 sample exhibits

the highest yield of BTX of 61.33 mol%, whereas the yield

of BTX for the NiO/HL sample is only 6.21 mol%.

Table 6 lists the product distribution of hydrodealkyla-

tion over nickel oxide catalysts. Hydrodealkylation of C9
?

aromatics can produce methane, ethane, propane and etc.

Table 5 Results of FTIR spectrum of adsorbed pyridine for zeolite-supported molybdenum oxide catalysts under different desorption

temperatures

Catalyst Acid amount (910-2 mg-1)

100 �C 200 �C 250 �C 300 �C

Brønsted Lewis Brønsted Lewis Brønsted Lewis Brønsted Lewis

MoO3/HZSM-5 – 4.7 – 3.5 – 3.1 – 2.9

MoO3/HL – 3.0 – 1.4 – 1.2 – 1.0

MoO3/Hb 7.4 32.2 10.2 15.0 9.9 12.4 8.7 11.3

MoO3/HMCM-22 7.3 9.0 6.4 5.2 5.7 4.0 4.5 3.4

MoO3/HMCM-56 8.8 20.6 8.7 10.4 8.6 9 7.7 8.3

100 200 300 400 500 600

j

i

h

g

f

t (oC)

Fig. 6 NH3-TPD profiles of zeolite-supported molybdenum oxide

catalysts: (f) MoO3/HZSM-5; (g) MoO3/HL; (h) MoO3/Hb; (i) MoO3/

HMCM-22 and (j) MoO3/HMCM-56
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So the weight of liquid product decreases to a certain extent

compared with the heavy aromatics feed, i.e., the yield of

liquid product is less than 100 wt%. Although the NiO/Hb
sample shows the highest conversion of C9

? aromatics, its

yield of liquid product is too low and only 66.76 wt%. For

the NiO/HMCM-22 and NiO/HMCM-56 samples, their

yield of liquid product is as high as above 75 wt%, whereas

the NiO/HL sample exhibits the highest yield of liquid

product due to its lowest activity. The formation of ethyl-

benzene (EB) is not expected, since the presence of EB in

the p-xylene recovery unit strongly reduces the operating

efficiency due to the small difference in boiling point

between EB and p-xylene, and this can create a bottleneck

in the production of xylenes in an industrial plant [18].

Among above five catalysts, only the employment of NiO/

HL causes the formation of EB. Furthermore, the highest

mass yield of xylenes of 29.72 wt% can be obtained when

the NiO/HMCM-56 sample is used.

To sum up, among five zeolite-supported nickel oxide

catalysts, the NiO/HMCM-56 sample exhibits the best

catalytic performance in hydrodealkylation of C9
? heavy

aromatics with the high conversion of C9
? aromatics, the

high selectivity of BTX and the highest yield of BTX, and

its mass yield of xylenes also exceeds.

3.2.2 Catalytic Performance of Zeolite-Supported

Molybdenum Oxide Catalysts

Figure 8 displays the catalytic results of different zeolites

with no MoO3 loaded and impregnated with MoO3.

Compared with the data shown in Fig. 7b, the catalytic

activity of each naked zeolite (Fig. 8b) increases greatly

with the reaction temperature rising from 460 to 550 �C.

When MoO3 is loaded, the catalytic performance of each

zeolite-supported catalyst improves obviously, which

shows that MoO3 can also promote the hydrodealkylation

process. It can be also seen that different zeolites influence

the catalytic performance greatly. The highest conversion

of C9
? aromatics of 95.51 mol% occurs over the MoO3/Hb

sample, and the MoO3/HMCM-56 sample takes second

place. The MoO3/Hb sample shows the lowest selectivity

of BTX of 62.88 mol%, and other four samples differ little

with their selectivity of BTX all more than 82 mol%. In
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Fig. 7 Catalytic activity of zeolite-supported nickel oxide catalysts

(a) and corresponding naked zeolites (b) in hydrodealkylation of C9±

heavy aromatics: (a) NiO/HZSM-5; (b) NiO/HL; (c) NiO/Hb; (d)

NiO/HMCM-22 and (e) NiO/HMCM-56. Reaction conditions were:

t = 460 �C, p = 3 MPa, WHSV = 3.62 h-1, V(H2):V(C9±) = 1,600

Table 6 Product distribution of hydrodealkylation of C9
? heavy aromatics over zeolite-supported nickel oxide catalysts

Catalyst Composition of products (wt%) m(liquid product):m(feed) (wt%)

B T X Ethylbenzene C8
-a C9 C10 C10

?

NiO/HZSM-5 7.28 15.26 27.14 0 0.55 37.05 12.40 0.32 64.90

NiO/HL 0 0.91 4.57 0.55 0 60.87 30.47 2.62 93.15

NiO/Hb 5.08 23.32 38.21 0 5.24 23.89 4.19 0 66.76

NiO/HMCM-22 2.95 16.25 36.48 0 4.88 31.63 7.50 0.31 79.56

NiO/HMCM-56 3.51 20.93 38.95 0 6.32 25.62 4.67 0 76.30

Reaction conditions were: t = 460 �C, p = 3 MPa, WHSV = 3.62 h-1, V(H2):V(C9
?) = 1,600

a Paraffins and naphthenes with number of carbon atoms below eight
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addition, the MoO3/HMCM-56 sample exhibits the highest

yield of BTX of 67.3 mol%, whereas the yield of BTX for

the MoO3/HL sample is only 16.01 mol%.

As shown in Table 7, the MoO3/Hb sample exhibits the

lowest yield of liquid product of 50.63 wt% despite its

highest conversion of C9
? aromatics. And then the MoO3/

HL sample exhibits the highest yield of liquid product due

to its lowest activity. EB is not found in the liquid products

when the molybdenum oxide catalysts are employed,

except the MoO3/Hb and MoO3/HL samples. In addition,

similar to the NiO/HMCM-56 sample, the HMCM-56

zeolite impregnated with molybdenum oxide also exhibits

the highest mass yield of xylenes of 29.75 wt%.

So on the whole, the MoO3/HMCM-56 sample also shows

the best performance among the zeolite-supported molyb-

denum oxide catalysts like the NiO/HMCM-56 sample.

3.3 Effect of Different Zeolites on the Catalytic

Performance

In this section, the effect of different zeolites on the cata-

lytic performance, i.e., the correlation between the

structural properties and acidity of the zeolite-supported

catalysts and their catalytic activity, was further discussed.

3.3.1 Specific Surface Area and Pore Structure

Characterization results of N2 adsorption and desorption

indicate that whether zeolite-supported nickel oxide cata-

lysts or zeolite-supported molybdenum oxide catalysts

differ greatly in specific surface area and pore structure.

According to the catalytic results shown in Figs. 7 and 8, it

can be concluded that the specific surface area of different

zeolites impregnated with nickel oxide or molybdenum

oxide influences the conversion of C9
? aromatics greatly.

And with the specific surface area increasing, the conver-

sion of C9
? aromatics shows a tendency to increase. But the

pore diameter has little effect on the catalytic performance.

Though the catalysts with HZSM-5 as support have the

minimum pore diameter, their conversion of C9
? aromatics

is not the least. And the pore diameter of Hb-supported

catalysts is not the maximum, but their conversion of C9
?

aromatics exceeds compared with other catalysts.
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Fig. 8 Catalytic activity of zeolite-supported molybdenum oxide

catalysts (a) and corresponding naked zeolites (b) in hydrodealkyla-

tion of C9± heavy aromatics: (f) MoO3/HZSM-5; (g) MoO3/HL; (h)

MoO3/Hb; (i) MoO3/HMCM-22 and (j) MoO3/HMCM-56. Reaction

conditions were: t = 550 �C, p = 3 MPa, WHSV = 3.62 h-1,

V(H2):V(C9±) = 1,600

Table 7 Product distribution of hydrodealkylation of C9
? heavy aromatics over zeolite-supported molybdenum oxide catalysts

Catalyst Composition of products (wt%) m(liquid product):m(feed) (wt%)

B T X Ethylbenzene C8
-a C9 C10 C10

?

MoO3/HZSM-5 3.18 13.86 28.18 0.00 0.44 39.60 10.59 4.15 81.42

MoO3/HL 0.43 2.48 10.89 0.75 0.00 54.96 28.88 1.60 94.21

MoO3/Hb 18.34 41.11 27.81 0.53 3.56 7.51 0.62 0.51 50.63

MoO3/HMCM-22 5.22 21.00 38.73 0.00 1.83 26.73 5.19 1.29 74.19

MoO3/HMCM-56 5.33 25.54 40.35 0.00 2.52 22.12 3.50 0.64 73.74

Reaction conditions were: t = 550 �C, p = 3 MPa, WHSV = 3.62 h-1, V(H2):V(C9
?) = 1,600

a Paraffins and naphthenes with number of carbon atoms below eight
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3.3.2 Acidity

As previously mentioned in Sect. 3.1.4, zeolite-supported

nickel oxide or molybdenum oxide catalysts exhibit dif-

ferent acidity. In the case of nickel oxide catalysts, the

NiO/Hb, NiO/HMCM-22, and NiO/HMCM-56 samples

all have strong Brønsted acid sites, strong Lewis acid

sites, weak Brønsted acid sites, and weak Lewis acid

sites, whereas the NiO/HZSM-5 and NiO/HL samples

only have medium Lewis acid sites and weak Lewis acid

sites. Correlating these acidity results with their catalytic

performance (Fig. 7), we can find that the conversion of

C9
? aromatics for the NiO/Hb, NiO/HMCM-22, and

NiO/HMCM-56 samples is remarkably higher than that

for other two samples because they have the advantage

of acid type, stronger acid strength and more acid

amount mentioned above. Among five nickel oxide cat-

alysts, the NiO/Hb sample exhibits the presence of

Brønsted acid sites, the strongest acid strength and the

maximal acid amount, so it can be deduced that this

sample shows the highest conversion of C9
? aromatics,

which is just in accordance with the experimental results.

Therefore, the presence of Brønsted acid sites, the

growth of the strength of Lewis acid sites and the

increase of acid amount can all enhance the conversion

of C9
? aromatics.

With regard to molybdenum oxide catalysts, medium

Brønsted acid sites, medium Lewis acid sites, weak

Brønsted acid sites, and weak Lewis acid sites exist in the

MoO3/Hb, MoO3/HMCM-56, and MoO3/HMCM-22 sam-

ples, whereas only medium Lewis acid sites and weak

Lewis acid sites exist in the MoO3/HZSM-5 and MoO3/HL

samples. Then according to the experimental results

(Fig. 8), an identical conclusion is also drawn that the

presence of Brønsted acid sites and the increase of acid

amount can both improve the conversion of C9
? aromatics.

And this is confirmed by the high conversion of C9
? aro-

matics for the MoO3/Hb sample.

In the work of Toppi [19], the mechanisms of n-pro-

pylbenzene hydrodealkylation reactions over Al2O3 and

1 wt% Cl–Al2O3 catalysts with different acid sites were

studied. It was reported that benzene is formed on strong

Brønsted acid sites via a carbocationic pathway and

isomerization reactions occur on weak Brønsted acid sites.

In addition, toluene and ethylbenzene are formed on

strong and weak Lewis acid sites via a radical pathway,

respectively. According to Toppi’s proposition, whether

Brønsted acid sites or Lewis acid sites are both advanta-

geous for the conversion of n-propylbenzene, and thus

more acid sites will accelerate this process. Though the

feed employed in the current work is quite different from

Toppi’s, our conclusion is in agreement with above

deduction.

3.3.3 Interaction Between Zeolite and Metal Oxide

From the reduction performance of zeolite-supported

nickel oxide catalysts (Fig. 3), the five samples can be

classified as three groups: (1) NiO/HZSM-5 and NiO/Hb
with the relatively strong interaction between zeolite and

NiO, where a part of nickel species is located in the

framework of zeolite and the maximal reduction tempera-

ture is beyond 550 �C; (2) NiO/HMCM-56 and NiO/

HMCM-22 with the moderate interaction, where the

maximal reduction temperature of nickel species occurs at

520–540 �C; and (3) NiO/HL with the relatively weak

interaction, where the maximal reduction temperature is

less than 520 �C. Correlating the extent of interaction with

their catalytic performance (Fig. 7), we can find that the

selectivity of BTX is greatly affected by the interaction

between zeolite and NiO. The catalysts with the moderate

interaction such as the NiO/HMCM-22 and NiO/HMCM-

56 samples exhibit the relatively high selectivity. And the

selectivity decreases when the interaction between zeolite

and NiO becomes stronger or weaker.

In the case of molybdenum oxide catalysts (Fig. 4), the

molybdenum species located in the channels of zeolite and

associated with Brønsted acid site exists only in the MoO3/

Hb sample and other four samples do not contain this

species. Considering the acidity, the MoO3/Hb sample has

the most Brønsted acid sites and the highest density of

Brønsted acid sites so that the probability of forming the

molybdenum species associated with Brønsted acid site is

maximal. Correlating the difference in the molybdenum

species with their catalytic performance (Fig. 8), we can

draw the conclusion that the presence of the molybdenum

species associated with Brønsted acid site causes the

remarkable reduction of selectivity of BTX, which is the

embodiment of the impact of the interaction between

zeolite and MoO3 on the catalytic performance. It is pos-

sibly because this species could promote the occurrence of

some side reactions such as hydrocracking which causes

the direct scission of aromatic ring.

4 Conclusions

Different zeolites impregnated with nickel oxide or

molybdenum oxide exhibit strikingly diverse activity in

hydrodealkylation of commercial C9
? heavy aromatics. It

is indicated that the HMCM-56 catalysts show the greatest

overall catalytic performance with the yield of BTX more

than 60 mol% under experimental conditions, whether

using NiO or MoO3 as the active component.

The results from the correlation between the structural

properties and acidity of the zeolite-supported catalysts

and their catalytic activity reveal that the catalytic

Hydrodealkylation of C9
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performance is greatly influenced by the specific surface

area, the acidity and the interaction between zeolite and

metal oxide, but the pore diameter of catalysts has little

effect. For zeolite-supported nickel oxide catalysts, the

samples with the moderate interaction between zeolite and

NiO exhibit the relatively high selectivity. And for zeolite-

supported molybdenum oxide catalysts, the presence of

the molybdenum species located in the channels of zeolite

and associated with Brønsted acid site causes the

remarkable reduction of selectivity of BTX. The acidity

and the specific surface area have a direct impact on the

conversion of C9
? aromatics. With the specific surface

area increasing, the conversion of C9
? aromatics shows a

tendency to increase. The presence of Brønsted acid sites,

the growth of the strength of Lewis acid sites and the

increase of acid amount can all enhance the conversion of

C9
? aromatics, whether using NiO or MoO3 as the active

component.
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