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a b s t r a c t

The hydrodealkylation of 1,2,4-trimethylbenzene (1,2,4-TMB) was investigated on partially reduced
Ni–Al mixed oxide catalysts prepared by the co-precipitation method. The catalytic performances of
these Ni–Al mixed oxides were considerably influenced by different factors, such as the molar ratio of
Ni/Al, calcination temperature of the catalysts, etc. The sample with a Ni/Al molar ratio of 1:8 calcined at
500 ◦C (denoted as NiAl8-500) showed the highest activity and total selectivity to lighter aromatics with
a 62.3% conversion and a 60.2% selectivity to xylene. Characterization results showed that the unreduced
NiAl8-500 catalyst mainly consisted of pseudo-spinel like solid solution (NiAl2O4), and could produce
monodispersed nickel atoms (Ni(0)), which are closely associated with alumina sites (Lewis acid) upon
1,2,4-Trimethylbenzene

Nickel aluminate
P

reduction. We propose that the relatively high hydrodealkylation activity of the NiAl8-500 catalyst could
e pre

1

m
r
t
m
a
c
o
i
p
f
p
e
t
f

i
t
t
a
p
p

1
d

seudo-spinel be mainly assigned to th
sites.

. Introduction

Catalytic transformation of C9
+ heavy aromatics to lighter aro-

atics of benzene, toluene and xylene (BTX) has been an interesting
esearch subject for a long time because of the important applica-
ion of BTX in chemical industry [1]. Hydrodealkylation is a major

ethod for the utilization of heavy aromatics. A variety of cat-
lysts, including supported transitional metal oxides and zeolite
atalysts, have been widely investigated for the hydrodealkylation
f C9

+ heavy aromatics [2–7]. Among them, supported Cr2O3/Al2O3
s one of the most efficient catalyst systems, and several commercial
rocesses based on this catalyst have been developed success-
ully. Recently, with the increase in concern over environmental
rotection, more attention was focused on developing novel and
nvironmental benign catalysts with higher activity and selectivity
o xylene (one of the most valuable product in lighter aromatics)
or the hydrodealkylation of C9

+ heavy aromatics.
Supported Ni based catalysts have been extensively used in

ndustry due to their relatively high activity in catalytic hydrogena-
ion reactions [8–11]. It was reported that the catalytic property of

he supported Ni catalysts depends on various parameters, such
s the nature of the support and the dispersion state of the active
hase, as well as the interaction between Ni species and the sup-
ort [12–15]. For a given support, i.e., alumina, it was known that

∗ Corresponding authors. Tel.: +86 431 85155390; fax: +86 431 88499140.
E-mail addresses: wzl@jlu.edu.cn (Z. Wang), zhwenx@jlu.edu.cn (W. Zhang).
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sence of a number of neighboring metallic Ni(0) atoms and Lewis acidic

© 2010 Elsevier B.V. All rights reserved.

Ni species could disperse on the surface of alumina, or diffuse
into the bulk structure of Al2O3 to different extents, depending
on the intrinsic properties of the support, Ni loading, and prepa-
ration parameters (methods, calcination temperatures, reduction
conditions, etc.). A few recent works suggested that a kind of sur-
face nickel spinel phase or pseudo-spinel phase (NiAl2O4) may be
formed in the alumina-supported Ni catalysts by controlling the
preparation factors [16–19]. This phase is between bulk nickel alu-
minate and nickel oxide in terms of interaction with the support,
and may be a suitable compromise with respect to reducibility and
stability for a given catalytic reaction. For instance, Sueiras and co-
workers reported that high surface area NiAl2O4 spinels could be
prepared by the co-precipitation method, and the reducibility of
the spinels could be varied by changing the precipitation condi-
tions and calcination temperatures of nickel aluminum hydroxide
precursors of the spinels [20]. They believed that the spinels, which
can be surface reduced, may be used in systems of catalytic interest
in hydrogenation reactions and in the preparation of more resis-
tant reduced catalysts. Kordulis and co-workers [21] found that
highly active Ni/Al2O3 catalysts for the hydrogenation of benzene
could be obtained by using sol–gel technique and co-precipitation
method, and proposed that the suitable preparation methodology
could ensure the best compromise between dispersion of the nickel

phase and its interaction with the support surface to form active
surface nickel spinel phase.

In the present work, we prepared a series of Ni–Al mixed oxides
with spinel phase characteristics by means of co-precipitation, and
investigated the influence of various preparation parameters (i.e.,

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:wzl@jlu.edu.cn
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i/Al ratio, calcination temperature) on their catalytic properties
n the hydrodealkylation of 1,2,4-trimethylbenzene (1,2,4-TMB).
t was well known that 1,2,4-TMB is the major component in
9

+ heavy aromatics originating from the catalytic reforming pro-
ess. As far as we know, most recent work was mainly drawn on
he study of various catalytic transformation processes of 1,2,4-
MB, including isomerization, disproportionation and dealkylation
ver different solid acid catalyst systems (e.g., zeolites). How-
ver, few papers in open literature were reported concerning the
ydrodealkylation of 1,2,4-TMB. Here, 1,2,4-TMB was chosen as
model compound for studying the hydrodealkylation C9

+ heavy
romatics, and a variety of characterization means, including XRD,
PR, FTIR, UV-DRS and NH3-TPD, were also employed in order
o correlate their catalytic performance with the physicochemical
roperties of the Ni–Al mixed oxide catalysts.

. Experimental

.1. Catalysts preparation

The nickel aluminate precursors were prepared by co-
recipitating a stoichiometric mixture of nickel nitrate and
luminum nitrate solutions according to a literature procedure
22]. The base (0.6 M aqueous NH3) was added at 2 mL/min with
onstant stirring until the pH was varied from 4 to 8.5. After the
recipitation, samples were aged for 24 h at room temperature.
he precipitated materials were then filtered, washed with distilled
ater five times, and dried in an oven at 90 ◦C for 12 h. The crude
roducts were calcined for 5 h at 500 ◦C, 700 ◦C or 900 ◦C, respec-
ively. The resulting samples were designated as NiAlx-y, where x
s the molar ratio of Ni/Al, and y stands for the calcination temper-
ture.

For comparison, a reference sample was prepared by support-
ng additional 1.0 wt% Ni on the sample of NiAl8-700 via a wetness
mpregnation route. Typically, a weighted amount of the support

as impregnated with nickel nitrate solution of a volume equal
o its pore volume at room temperature. The impregnated solids
ere dried at 90 ◦C for 12 h, and then calcined at 500 ◦C for 5 h. The

esulting samples were designated as NiAl8-700IMP hereafter.

.2. Characterization

X-ray diffraction (XRD) measurements of the samples were
arried out on a Rigaka D max-2550 diffractometer using nickel-
ltered Cu K� radiation (� = 1.54 Å). N2 adsorption/desorption

sotherms were measured at −196 ◦C, using a Micromeritics ASAP
020M analyzer. Specific surface areas were calculated using the
ET model. Pore size distributions were evaluated from desorption
ranches of nitrogen isotherms by using the BJH model. The FTIR
pectra of the samples were recorded on an Avatar 370 infrared
pparatus with KBr pellets in the range of 400–4000 cm−1. Dif-
use reflectance spectroscopy measurements were performed on a
igaku UV-3100 spectra photometer in the range of 200–800 nm
n a BaSO4 plate. The TPR of the samples was performed in a
ow system. 50 mg of the sample was treated in a flow of argon
t 100 ◦C for 1 h. It was then heated to 900 ◦C under the H2/Ar
5% H2) atmosphere at a temperature ramping rate of 10 ◦C/min.
ydrogen consumption was measured with a TCD in a Shimadzu
C-8A chromatograph. The NH3-TPD of the samples was carried
ut by a flow system. The catalyst (50 mg) was outgassed in argon
ow, heated to 600 ◦C at rate of 10 ◦C/min, and kept at 600 ◦C for

h. The sample was cooled down to 50 ◦C and allowed to adsorb
y ammonia. After purging the physically adsorbed ammonia, the
ystem was heated to 600 ◦C under the argon flow. The amount
f chemisorbed ammonia was detected with a TCD in a Shimadzu
C-8A gas chromatograph.
Fig. 1. N2 adsorption–desorption isotherms and pore size distribution (inset) of
NiAl8-500.

2.3. Catalytic activity

Hydrodealkylation of 1,2,4-TMB was performed in a computer-
controlled down-flow fixed-bed stainless steel tubular micro-
reactor with an axial thermocouple and heated in a one-zone
electrical furnace. The reactor was in sandwich charged with 0.7 g of
catalysts diluted with carborundum (SiC/zeolite volume ratio = 1)
and filled carborundum at the inlet and outlet, respectively. The
catalyst was in situ reduced at 550 ◦C for 1 h, then cooled down to
the corresponding reaction temperature (450 ◦C) in a flow of pure
hydrogen (flow rate = 50 mL/min). The catalytic test was carried out
under the condition of 3.0 MPa with H2/1,2,4-TMB molar ratio of 1.9
(LHSV = 1.1 h−1). The products and reactants were analyzed online
by a Shimadzu GC-14B gas chromatograph equipped with an FID
detector and DB-wax capillary column (60 m, 0.35 mm i.d., 0.5 �m).
In all tests, mass and carbon balances were within 100 ± 5%.

3. Results and discussion

3.1. Catalyst characterization

Table 1 shows the preparation parameters and physical data
of various Ni–Al mixed oxide catalysts. It can be seen that all
the samples possess relatively high surface areas, except for
the sample NiAl8-900 calcined at high temperature. The N2
adsorption–desorption isotherms and pore size distribution of a
representative sample (NiAl8-500) are given in Fig. 1. It shows a
typical type IV isotherm (definition by IUPAC), which is a char-
acteristic of mesoporous materials. Besides, this sample possesses
well-developed framework porosity with narrow pore size distri-
bution centered at 5.4 nm [23].

The XRD patterns of various Ni–Al mixed oxide catalysts with
different Ni/Al molar ratios (calcined at 500 ◦C) are shown in Fig. 2A.
All the samples exhibit similar diffraction lines at 2� values of 37◦,
45◦ and 65◦, which could be assigned to a spinel or pseudo-spinel
structure [24]. The black coloration of the two samples NiAl2-500
and NiAl4-500 implies that the co-existence of a certain amount of
nickel oxides, although no diffraction peaks of crystalline NiO are
found in their XRD patterns. The NiAl8-500 sample shows a green
coloration, which can be attributed to the formation of a jasper

pseudo-spinel phase. With the further decrease in the Ni/Al ratio
(i.e., 1/16), the coloration NiAl16-500 turns blue, suggesting the
phase change from pseudo-spinel to spinel. On the basis of related
literatures, it can be concluded here that the Al-rich sample mainly
consists of spinel-type �-Al2O3 and NiAl2O4 phases.
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ig. 2. XRD patterns of NiAl2-500 (a), NiAl4-500 (b), NiAl8-500 (c) and NiAl16-500
d) (A). XRD patterns of NiAl8-500 (a), NiAl8-700 (b) and NiAl8-900 (c) (B).

Fig. 2B shows the XRD patterns of the samples with Ni/Al = 1/8
alcined at different temperatures. For the samples NiAl8-700 and
iAl8-900, the diffraction peaks at 2� values of 19◦, 32◦, 37◦, 45◦,
9◦ and 65◦ can be attributed to the spinel phase NiAl2O4 which
ere consistent with those of standards taken from JCPDS. Com-
ared to the sample NiAl8-500, a slight shift in the diffraction

ines toward higher 2� could be observed on the samples calcined
t higher temperatures (NiAl8-700 and NiAl8-900), implying the
hase transformation from pseudo-spinel to spinel occurs when
he calcination temperatures increase [22,24]. This point can be fur-
her confirmed by the coloration change from green to blue with
ncreasing calcination temperature. For the sample NiAl8-900, two
dditional weak peaks at 34◦ and 56◦ might be associated with the
ormation of some kinds of crystal phase of �-Al2O3.

The reducibility of various Ni–Al catalysts is investigated by H2-

PR measurements. The samples with different Ni/Al molar ratios
calcined at 500 ◦C) show a weak peak around 400 ◦C, and a strong
eak in a broad range of 500–900 ◦C (Fig. 3A). The low-temperature
eak can be assigned to the reduction of a trace amount of NiO,

able 1
he main characteristics results of the catalysts.

Catalysts Ni/Al (mol/mol) Calcination temp. (◦C) Sur

NiAl2-500 1/2 500 24
NiAl4-500 1/4 500 24
NiAl8-500 1/8 500 25
NiAl16-500 1/16 500 27
NiAl8-700 1/8 700 16
NiAl8-900 1/8 900 6

a BJH adsorption surface area.
b BJH adsorption average pore diameter.
Fig. 3. TPR profiles of NiAl2-500 (a), NiAl4-500 (b), NiAl8-500 (c) and NiAl16-500 (d)
(A). TPR profiles of NiAl8-500 (a), NiAl8-700 (b) and NiAl8-900 (c) (B).

which should be highly dispersed on the surface of the catalyst.
The reduction temperature of such kinds of NiO species is slightly
higher than that of crystallized NiO as reported in related literature
[25], suggesting the presence of very weak interaction between NiO
species and supports (Al2O3 or NiAl2O4). The strong peak at high
temperature may correspond to the reduction of Ni2+ present in
different surroundings, i.e., surface pseudo-spinel and bulk spinel
NiAl2O4. With the decrease in the Ni/Al ratio, this reduction peak
shifts to higher temperatures slightly [26]. It should be mentioned
here that the reduction of NiAl2O4 phase starts just at about 530 ◦C,
which is much lower than the reduction temperature of the sam-

ple prepared by the conventional method [21]. For the samples with
Ni/Al = 1/8 calcined at different temperatures, it can be seen that the
high-temperature reduction peak shifts from 750 to 850 ◦C when
the calcination temperature of the catalyst increases from 500 to

face area (m2/g)a Average pore diameter (nm)b Color

0.9 5.50 Black
1.2 5.92 Black
3.1 5.54 Green
1.8 5.64 Green
4.2 10.4 Blue
5.8 17.0 Light blue
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Fig. 4. FTIR spectrum of precursor (a), NiAl8-500 (b), NiAl8-700 (c) and NiAl8-900
(d).
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Fig. 5. UV-DRS profiles of NiAl8-500 (a), NiAl8-700 (b) and NiAl8-900 (c).

00 ◦C (or 900 ◦C). Meanwhile, the low-temperature reduction peak
urns weaker and weaker with the increase in calcination temper-
ture, and nearly disappears when the sample is calcined at 900 ◦C
Fig. 3B). These results suggest that the reducibility of Ni–Al mixed
xides are varied with the change of Ni/Al ratios and the calcina-
ion temperatures. Samples calcined at lower temperatures (i.e.,
00 ◦C), is easier to reduce compared to the samples calcined at
igher temperatures.

The FTIR spectra of the precursor of the catalyst (without cal-
ination) as well as the calcined samples of NiAl8-500, NiAl8-700
nd NiAl8-900 are shown in Fig. 4. The spectrum of the catalyst
recursor shows typical characteristics of LDH (layered double
ydroxides) [27]. The strong absorption band at ca.1390 cm−1 is
robably attributed to the mode of nitrate and carbonate anions.
he band at about 1000 cm−1 can be attributed to nitrate and/or
o M-OH modes (M = Ni, Al). The band at 602 cm−1 of the precur-
or is attributed to Al–O for octahedrally coordinated aluminate
ons. For the calcined samples of NiAl8-500, NiAl8-700 and NiAl8-
00, two broaden absorption vibrations at 722 and 602 cm−1 were
bserved. According to the related literature [27–29], the band at
22 cm−1 could be mainly assigned to the bending vibration mode
f tetrahedrally coordinated Al–O, and the band at 602 cm−1 to the
tretching vibration mode of Al–O for the octahedrally coordinated

luminum ions. The coordination environments of the nickel and
luminum species are also characterized by UV-DRS (Fig. 5). The
V-DRS profiles are quite similar for the three catalysts of NiAl8-
00, NiAl8-700 and NiAl8-900. The band in the range of 600–645 nm
Fig. 6. NH3-TPD curve of NiAl2-500 (a), NiAl4-500 (b), NiAl8-500 (c), NiAl16-500 (d),
NiAl8-700 (e) and NiAl8-900 (f).

could be attributed to the tetrahedral Ni2+ species incorporated
into the nickel aluminate lattice, and the two bands at 715 nm and
377 nm represent the presence of octahedrally coordinated Ni2+

species in the NiO lattice [23]. This result is similar to the previous
literature reported by Abelló et al. [26]. They reported that Ni2+ ions
occupy octahedral sites in the Ni(Al)Ox phase when the sample was
calcined at 500 ◦C, and occupy tetrahedral sites in the normal spinel
NiAl2O4 when the sample was calcined at 900 ◦C.

The acidity of the catalysts is characterized by NH3-TPD and
the results are shown in Fig. 6. The desorption peaks of NH3 for
all catalysts appear in a very wide temperature range (90–430 ◦C),
implying the presence of relatively weak acidic centers with broad
distribution of acid strength. According to related literatures, it is
known that a majority of Lewis acid sites originate from the Al2O3
support, while the incorporation of Ni into the �-Al2O3 lattice or the
formation of spinel NiAl2O4 could create some weak Lewis acidic
sites on the Ni–Al catalysts [30–32].

3.2. Catalytic performance

The catalytic properties of various Ni–Al mixed oxides for the
hydrodealkylation of 1,2,4-TMB are listed in Table 2. It is found
that the catalytic activities of these catalysts are strongly influenced
by changing the Ni/Al ratios and the calcination temperatures.
Samples with higher Ni/Al ratios (≥1/8) exhibit relatively high
catalytic activity (above 52% conversion of 1,2,4-TMB), and the
sample with a lower Ni/Al ratio (1/16) just gives a 28.5% con-
version. Moreover, the two samples of NiAl8-500 and NiAl16-500
give much higher selectivity to xylene (or to BTX) than NiAl2-500
and NiAl4-500. Among them, NiAl8-500 shows the highest con-
version (62.3%) of 1,2,4-TMB and the highest selectivity to xylene
(60.2%). The activity change with the time on stream over NiAl8-
500 (see Fig. 7a and Fig. 8a) shows that this catalyst possesses
relatively high stability, and no obvious deactivation could be
observed within 8 h reaction. Notably, both the TMB conversion
and BTX yield even show a slight increase with extending reaction
time. This result may suggest that the coordination environment
or the state of active Ni species changes under the reaction atmo-
sphere.

For the samples with the Ni/Al ratio of 1/8, increasing the
calcination temperature from 500 ◦C to 700 ◦C or 900 ◦C could con-
siderably decrease the activity of the catalysts (from 62.3% to 26.3%

or 17.1%, see Table 3). The selectivity to BTX (or to xylene) decreases
significantly with the increase in calcination temperatures, while
1,2,3-TMB and 1,3,5-TMB turn to the main products over the cata-
lysts of NiAl8-700 and NiAl8-900. These results suggested that the
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Table 2
Product distribution (wt%) of 1,2,4-TMB hydrodealkylation over the different Ni/Al ratio catalysts calcined at the temperature of 500 ◦C.

Catalysts Conv. (%) of 1,2,4-TMB Sel. (%) to Yield (%)

Ben Tol Xyl Me Ben Tol Xyl 1,2,3-TMB 1,3,5-TMB TeMB

NiAl2-500 52.0 1.33 3.25 21.7 35.8 0.69 1.69 11.3 1.04 0.80 0.72
NiAl4-500 53.8 5.26 10.1 39.0 20.1 2.83 5.44 21.0 1.79 1.52 0.98
NiAl8-500 62.3 0.58 7.93 60.2 8.19 0.36 4.94 37.5 4.29 5.27 1.65
NiAl16-500 28.5 0.32 5.30 55.4 2.22 0.09 1.51 15.8 4.17 3.36 1.16

Reaction conditions: total pressure 3.0 MPa, temperature 450 ◦C, LHSV = 1.1 h−1, 1,2,4-TMP/H2 = 1.9, T–O–S: 7 h.

Table 3
Product distribution (wt%) of 1,2,4-TMB hydrodealkylation over the catalysts (Ni/Al = 8) calcined at the different temperature.

Catalysts Conv. (%) of 1,2,4-TMB Sel. (%) to Yield (%)

Ben Tol Xyl Me Ben Tol Xyl 1,2,3-TMB 1,3,5-TMB TeMB

NiAl8-500 62.3 0.58 7.93 60.2 8.19 0.36 4.94 37.5 4.29 5.27 1.65
NiAl8-700 26.3 0.42 0.72 19.4 0.85
NiAl8-900 17.1 0.64 0.59 15.9 0.50

Reaction conditions: total pressure 3.0 MPa, temperature 450 ◦C, LHSV = 1.1 h−1, 1,2,4-TM
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ig. 7. 1,2,4-TMB conversion vs time on the NiAl8-500 (a), NiAl8-700 (b) and NiAl8-
00IMP (c).

somerization of 1,2,4-TMB becomes the main reaction on the Ni–Al
xide catalysts calcined at higher temperatures.

The hydrodealkylation process of aromatic compounds includes

wo major reactions, hydrogenolysis and cracking reactions. Hence,
ne can envisage that two types of active sites should be required
n order to achieve this catalytic transformation. By the study
f kinetics and mechanisms of n-propylbenzene hydrodealkyla-
ion on silica-supported platinum catalysts and alumina materials,

ig. 8. BTX yield vs time on the NiAl8-500 (a), NiAl8-700 (b) and NiAl8-700IMP (c).
0.11 0.19 5.10 6.29 9.73 3.04
0.11 0.10 2.72 4.68 5.70 2.63

P/H2 = 1.9, T–O–S: 7 h.

Toppi et al. [33] proposed that these reactions occurs to a significant
extent over both functions (active sites), metallic and acidic func-
tions. For the model compound of 1,2,4-TMB, it was well known
that different catalytic reactions including dealkylation, dispropor-
tionation and isomerization reaction may occur, which depends
strongly on various parameters, such as the acidic properties of the
catalysts and the operation conditions.

In this work, H2-TPR characterization has confirmed that the
reducibility of Ni–Al mixed oxides are varied with the change of
Ni/Al ratios and the calcination temperatures. Samples calcined at
lower temperatures (i.e., 500 ◦C) are easier to reduce compared to
the samples calcined at higher temperatures. It should be pointed
out here that all the Ni–Al mixed oxide catalysts have been pre-
treated in a reduced atmosphere (H2) at 550 ◦C before the catalytic
test. In this case, some reduced Ni species (e.g., Ni(0)) on the sample
of NiAl8-500 should appear, which originate from the reduction of
a trace amount of NiO (nanoparticles), as well as the partial reduc-
tion of pseudo-spinel NiAl2O4. It was proposed previously that the
reduction of surface nickel aluminate species would give rise to
monodispersed nickel atoms, and the resultant Ni(0) atoms would
remain closely associated with the alumina structure, thus may
comprise a neighboring active sites (metallic Ni and Lewis acid site)
[34].

As for the samples calcined at higher temperatures (i.e., NiAl8-
900), the formation of metallic Ni species (nickel nanoparticles or
monodispersed nickel atoms) could be nearly neglected because
these samples are more difficult to reduce under the pretreated
conditions (i.e., H2, 550 ◦C). Therefore, the excellent catalytic per-
formance of NiAl8-500 might be mainly assigned to the presence of
both metallic Ni species and Lewis acid centers. We suppose that
the formation of such neighboring active sites on the Ni–Al mixed
oxide catalysts should play a synergic interaction in improving the
catalytic activity and selectivity (to xylene).

In order to further understand the nature of the active sites
on the reduced Ni–Al mixed oxide catalysts, the catalytic perfor-
mance of the NiAl8-700IMP, which is prepared by the impregnation
method using NiAl8-700 as support and nickel nitrate solution as
nickel source, is also studied (Fig. 7). It can be seen that, the reduced
NiAl8-700IMP catalyst exhibits much higher activity than the sam-
ple of NiAl8-700 during the initial 2 h, even higher than the sample

of NiAl8-500. However, with further prolonging the reaction time,
the conversion of 1,2,4-TMB over NiAl8-700IMP decreases rapidly
from 72.8% (at 2 h) to 28.2% (at 3 h), which is very near to that of
NiAl8-700. Meanwhile, the yield of BTX on NiAl8-700IMP is also
quite similar to that on NiAl8-700 after 3 h reaction (Fig. 8). The
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[33] S. Toppi, C. Thomas, C. Sayag, D. Brodzki, F.L. Peltier, C. Travers, G. Djega-
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RD and H2-TPR results (not shown here) suggest that a certain
mount of metallic nickel particles could be formed on the surface
f NiAl8-700IMP after the reduction of NiO particles introduced by
he impregnation method. Hence, the increase in the initial activ-
ty of the catalyst may suggest that the introduced metallic nickel
articles are active for the hydrodealkylation. However, the fast
eactivation of the NiAl8-700IMP indicates that this kind of metal-

ic nickel particles are unstable under the test reaction conditions.
n fact, it is well known that NiO particles, which are weakly bound
o support (e.g., Al2O3), are easy to reduce and sinter, thus result-
ng in the fast aggregation of nickel particles that promote carbon
ormation during the hydrogenation process [35]. On the other
and, it has been suggested that the highly dispersed nickel species
e.g., monodispersed nickel atoms originating from the reduction
f surface nickel spinel phase) on the Ni–Al mixed oxides cata-
ysts possess relatively high stability against sintering due to the
elatively strong interaction between the nickel species and the
upports (Al2O3 and/or NiAl2O4).

Moreover, it should be pointed out that some attention should
e drawn on the formation of a side-product of methane. Some
esearchers have suggested that the presence of large amount of
ree nickel oxide over catalysts is not suitable for the hydrodealky-
ation reaction, and deep hydrogenation or cracking will easily
ccur to produce methane and other lower-carbon compounds
36]. Hence, it is very important to control the content of metal-
ic Ni species as well as the intensity of the interaction between
he metallic Ni species and the supports. Taking into account
ll the above, we may conclude here that the presence of a
uitable amount of highly dispersed metallic Ni species and suit-
ble Lewis acidic sites should be responsible for the unusual
atalytic performance of NiAl8-500 in the hydrodealkylation of
,2,4-TMB.

. Conclusion

The hydrodealkylation of 1,2,4-TMB has been investigated on
artially reduced Ni–Al mixed oxide catalysts prepared by the co-
recipitation method. The catalytic performance of these Ni–Al
ixed oxides is considerably influenced by changing preparation

arameters. The sample with a Ni/Al molar ratio of 1:8, which is
alcined at 500 ◦C, shows the highest activity and selectivity to
ylene. The relatively low calcination temperature is suitable for
he formation of monodispersed metallic nickel species (Ni(0)),
hich originate from the partial reduction of surface pseudo-spinel

iAl2O4 phase. The excellent hydrodealkylation properties of this
atalyst may be mainly assigned to the presence of a number of
eighboring metallic Ni(0) atoms and Lewis acidic sites, which
ould simultaneously catalyze the hydrogenation and dealkylation
rocesses of 1,2,4-TMB.
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