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a b s t r a c t

Ni/TiO2 catalysts were prepared by the sol–gel method, and the effect of calcination and reduction temper-
atures on their physicochemical properties was investigated. The increase of the calcination temperature
decreases the surface area and enhances the interaction between nickel species and support, which results
in the decrease of the available nickel active sites and the catalyst performance. With raising the reduction
temperature, the catalyst performance also declines due to the enhanced interaction between the nickel
species and TiOx and the serious sintering of metallic nickel crystallites. The suitable calcination and
reduction temperatures are 673 and 623 K, respectively. Under 348 K and 1.0 MPa, o-chloronitrobenzene
conversion and o-chloroaniline selectivity over the optimum Ni/TiO catalyst exceed 99%; moreover, the
ol–gel

ydrogenation
hloronitrobenzene
hloroaniline

2

catalyst was not deactivated during 9 times recycles. The reasons for the catalyst deactivation were also
investigated. It has been found that the main reason is the surface coverage and the pore blockage with
bulky molecular species rather than the sintering of the metallic nickel crystallites. In addition, the hydro-
genation activity of chloronitrobenzene (CNB) isomers decreases in the sequence of m-CNB, o-CNB and
p-CNB. This sequence might be related to the electronic and steric factors of Cl substitute and the catalyst

property.

. Introduction

Aromatic chloroamines are important intermediates for the syn-
hesis of many fine chemicals, such as dyes, drugs, herbicides,
nd pesticides. A main method for producing these haloamines is
he reduction of the corresponding nitro-compounds, either with

etal-acid or with hydrogen over a metal catalyst.
Catalytic hydrogenation is attractive and growing due to no

cid effluents and little impact on environment. Many cata-
ysts have been used for the hydrogenation of nitro-submitted
romatic chloro-compounds. These include polymer-stabilized col-
oidal noble metal clusters [1–5], supported noble metal catalysts
6–11], raney nickel [12], amorphous alloy [13–17], supported nickel
atalysts [18–21], Co/C [22], and silica supported Ag [23] and Au [24]
atalysts. The noble metal catalysts show a good catalytic perfor-
ance even under mild reaction conditions, especially Pt catalysts;

owever, high cost and limited resource restrict their applica-

ion. For raney nickel, there are some drawbacks in the industrial
ractice, such as the severe corrosion and pollution during its
reparation and the safety problems during its storage and appli-
ation. Moreover, in order to restrain dechlorination, some toxic

∗ Corresponding author. Tel.: +86 22 27890865; fax: +86 22 87894301.
E-mail address: jxchen@tju.edu.cn (J. Chen).

385-8947/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2008.11.046
© 2008 Elsevier B.V. All rights reserved.

promoters are used, and so the extra processing steps to remove
them are necessary. Amorphous alloys show good activities, how-
ever, their thermal stability is essential to be improved. Supported
nickel catalysts have been widely used in many hydrogenation reac-
tions. Our previous works [18–20] show that TiO2-supported nickel
catalysts exhibit excellent performance in the hydrogenation of
o-chloronitrobenzene (o-CNB) to o-chloroaniline (o-CAN). The con-
version of o-CNB and the selectivity of o-CAN exceed 99% under
the suitable conditions. Keane and co-workers [21] have reported
that 100% selectivity of p-chloronitrobenzene to p-chloroaniline is
obtained over the supported Ni catalysts in a fix-bed reactor under
normal atmospheric pressure, offering a base for the development
of a clean and high throughput production of commercially impor-
tant haloamines. The above results indicate that the supported
nickel catalysts are promising in the application.

The effect of transition metals on catalytic properties may
be usually interpreted by geometric and/or electronic effects
[25]. Coq et al. [6] has found that the hydrogenation rate of p-
chloronitrobenzene increases as metallic Pt particles become larger
in the Pt/Al2O3 catalysts, and attribute it to electronic-rich and

multi-sites for adsorption on the larger particles. Chen and co-
workers [13–15,17] suggest that the activity of the Ni-B and NiCoB
nanometal catalysts is affected by the electronic structure of the
metallic nickel, and indicate that the high electron density of Ni
favors the hydrogenation of the nitro group. Zheng and co-workers

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:jxchen@tju.edu.cn
dx.doi.org/10.1016/j.cej.2008.11.046
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9,10] consider that electronic effect may play an important role in
he good hydrogenation performance of Pt/ZrO2 and Pt/TiO2 cata-
ysts modified by transition metals or rare earths. Electron deficient
pecies of the second element promote the specific rate constant
urnover frequency (TOF) by activating the nitrogen–oxygen bond.
he supports also have a marked effect on the catalyst performance.
s shown in the works from Coq et al. [11] and us [19], TiO2 sup-
orted Pt or Ni catalyst shows better activity in comparison with
iO2, MgO, and Al2O3 supported one. This is due to the strong inter-
ction between the metal and the support. TiOx species produced
uring the reduction at high temperatures (above 573 K) can dec-
rate metallic nickel particles [26,27]. Although they lead to the
ecrease of metallic nickel surface area, their oxygen vacancies
ould coordinate the oxygen atom in N O group. As a result, N O
and is polarized and attacked easily by hydrogen atoms adsorbed
n the nickel particles [19].

It is well known that the interaction between metal and TiO2
an affect both catalytic activity and stability [28–30]. The interac-
ion is related to some factors, such as preparation methods, and
alcination and reduction conditions. In the previous work, it has
een found that the activity of TiO2 supported Ni catalyst increases
ith increasing nickel content due to increasing active surface [18].
hen the nickel content exceeds 30 wt.%, the activity of the cat-

lyst does not change remarkably. Moreover, there is an optimum
alcination temperature of support for the catalysts prepared by the
mpregnation method [20], at which the catalyst has more nickel
ctive sites and higher hydrogenation activity. Sol–gel method is
n effective method for preparing highly dispersive catalysts [31].
t has been used to prepare supports and supported metal catalysts

ith high thermal stability, resistance to deactivation, and flexibil-
ty to control catalyst properties (such as particle size, surface area
nd pore size distribution). In order to prepare the catalysts with
ore active sites and optimum interaction between nickel and TiO2,

iO2 supported nickel catalyst was prepared by the sol–gel method
n the present work. Since the calcination and reduction tempera-
ures can influence the interaction between nickel and TiO2, their
ffect on the properties of the catalysts was systematically inves-
igated. The results show that the catalyst prepared the sol–gel

ethod exhibits better performance than the impregnated one. In
ddition, the catalyst stability and the catalyst deactivation were
nvestigated as well.

. Experimental

.1. Catalyst preparation

The catalysts were prepared by the sol–gel method. Firstly, two
olutions were prepared, that is, tetrabutyl titanate was dissolved in
thanol, and Ni(NO3)2·6H2O was dissolved in a mixture of ethanol
nd water. Secondly, the nickel nitrate solution was slowly added
nto the tetrabutyl titanate solution under the stirring, and a green
ransparent sol was obtained eventually. The sol was placed at the
oom temperature until a green gel formed. After the gel was dried
t 383 K for 24 h, it was calcined at a temperature for 4 h, ranging
rom 473 to 823 K. The prepared catalysts are labeled as SG-T, where
denotes the calcination temperature. In the catalysts, the nickel
ass content is about 17% measured by AAS.
As the reference, a catalyst was also prepared by the impregna-

ion method according to the references [19,20]. The TiO2 support
obtained from Nanjing High Technology Nano Co. Ltd., China) was
mpregnated with an aqueous solution of Ni(NO3)2 and left at room

emperature for 12 h. After drying at 383 K for 4 h and calcination
t 773 K for 4 h, the impregnated catalyst was prepared (labeled as
m-Ni/TiO2).

The reduced catalysts were passivated prior to some ex situ char-
cterization, such as XRD and TG.
Journal 148 (2009) 164–172 165

2.2. Catalyst characterization

Specific surface area and pore structure were measured with
a Micromeritics TriStar 3 apparatus apparatus using N2 adsorption
and desorption at 77 K. The Brunauer-Emmett-Teller (BET) equation
was used to calculate the specific surface area, SBET. BET surface area
was reproducible within ±5%. The Barrett-Joyner-Halenda (BJH)
method applied over the desorption isotherm was used to deter-
mine the average pore diameter and the pore volume.

The Ni content in the catalyst was determined by AAS on a
HITACHI 180-80 Polarized Zeeman Atomic Absorption Spectropho-
tometer. The analytic reproducibility was ±5%.

Hydrogen temperature-programmed reduction (H2-TPR) was
carried out in a tubular quartz reactor, into which a 40 mg cata-
lyst was loaded. The reduction was conducted in a 10% H2/N2 flow
at a heating rate of 10 K/min. Hydrogen consumption was deter-
mined using a thermal conduction detector (TCD) and its amount
was quantified with CuO as reference.

X-ray diffraction (XRD) patterns were obtained on a PANalyti-
cal X’pert Pro diffractometer with Co K˛ (� = 0.17903 nm) radiation
(40 kV, 40 mA). The average crystallite size was calculated using
Scherrer equation.

The surface morphology of the catalyst was obtained by scan-
ning electron microscopy (SEM) on a PHILIPS XL-30 ESEM.

Thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) were carried out with a Pyris Diamond TG/DTA
instrument in an air flowing of 150 ml/min at a heating rate of
15 K/min.

Hydrogen chemisorption was measured on a TP-D/R/O 1100
SERIES (Finnigan) unit.

2.3. Catalyst activity test

Before the activity test, the catalyst was reduced at the desig-
nated temperature in 10% H2/N2 for 2 h. Liquid phase hydrogenation
of CNB was carried out in a 250 ml stainless steel autoclave reac-
tor, which was charged with CNB and the catalyst (CNB/catalyst
mass ratio = 10) in ethanol. At first, air was flushed out of the reac-
tor with nitrogen at room temperature, and hydrogen was then fed
into the reactor. After replacing nitrogen with hydrogen, the reac-
tor was heated to the designated temperature and pressure, and
then the hydrogenation reaction started with stirring at 800 rpm.
The experimental results show that the reaction was conducted in
the absence of mass transfer limitation. During the run, a series of
samples were withdrawn periodically and analyzed by a gas chro-
matograph equipped with a flame ionization detector (FID) and an
OV-101 capillary column. The analytic reproducibility was better
than ±1%. The products were identified by an Agilent GC6890-
MS5973.

3. Result and discussion

3.1. Effect of calcination temperature on catalyst properties

3.1.1. Textural properties
Fig. 1 shows the N2 adsorption isothermals of the catalysts cal-

cined at different temperatures. All of the isothermals belong to IV
types as defined by IUPAC [32]. The isotherm exhibits an inflection
in p/p0 range from 0.6 to 0.9, which is the characteristic of capil-
lary condensation within the pores whose distribution and shape

are not well-defined. The p/p0 position of the inflection points is
clearly related to a diameter in the mesopore range. The inset in
Fig. 1 presents the pore size distribution. Table 1 shows the textural
properties of the catalysts. With increasing the calcination temper-
atures, SBET and pore volume of the catalysts decrease, while the
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Table 1
Specific surface area, pore structure, H2 chemisorption amount and H2-TPR data of catalysts.

Catalyst SBET (m2 g −1) Pore volume,
Vg (cm3 g −1)

Average pore
diameter (nm)

H2 chemisorption
(�mol/g cat)

H2 consumption amount during H2-TPR (mmol/gcat)

Theoretical value Practical value

im-Ni/TiO2
a 84 0.193 9.2 1.5 – –

SG-673 144 0.284 5.2 7.6 2.9 3.1
SG-723 111 0.263 6.2 8.5 2.9 3.1
SG-773 85 0.247 7.8 4.4 2.9 3.0
SG-823 51 0.195 10.6 2.1 2.9 3.0
Spent SG-673b 107 0.258 6.3 –

a Cited from reference [20].
b SG-673 catalyst recycled for 14 times.
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sharper, indicating there is a sintering of anatase TiO2 and NiO crys-
tallites. Based on TiO (200) and calculated with Scherrer equation,
ig. 1. N2-adsorption isothermals and pore distributions of catalysts. (a) SG-673; (b)
G-723; (c) SG-773; (d) SG-823; (e) spent SG-673.

verage pore diameter becomes larger and the pore distribution
ecomes broader. This is due to the catalyst sintering as shown by
he XRD results (see Fig. 3).
.1.2. TPR results
Fig. 2 shows the TPR profiles of the catalysts calcined at different

emperatures. In the profile of SG-673, there is a main reduc-
ion peak (about 673 K) with a shoulder at lower temperature.

ig. 2. H2-TPR profiles of NiO and Ni/TiO2 catalysts calcined at different tempera-
ures. (a) NiO; (b) SG-673; (c) SG-723; (d) SG-773; (e) SG-823.
– –

For SG-723 and SG-773, only one reduction peak (about 700 K) is
found. There are two reduction peaks at about 755 and 932 K in
the reduction trace of SG-823. The reduction peak below 670 K
can be attributed to the bulk NiO, the profile of which is shown
in Fig. 2(a), while the peaks at the range of 670–755 K belong
to NiO interacted with TiO2 [33]. The reduction peak at about
932 K is attributed to NiTiO3, which can be justified by the XRD
results (see Fig. 3). It is clear that the reduction peaks shift to
higher temperatures with increasing the calcination temperatures,
indicating that the interaction between nickel species and TiO2
becomes stronger. The practical H2 consumption amount during
the TPR was quantified with CuO as the reference, and the theoreti-
cal amount was corresponding to the requirement for Ni content
in the catalyst. As shown in Table 1, the theoretical amount is
slightly lower than the practical one, which is in the error range.
This result indicates that there was no hydrogen spillover during
H2-TPR.

3.1.3. XRD and H2 chemisorption results
Fig. 3 shows the XRD patterns of the catalysts in oxidation

state. Apart from anatase TiO2, there are only NiO phase in SG-
673, SG-723, and SG-773. For SG-823, NiTiO3 phase forms due to
high calcination temperature. With increasing the calcination tem-
peratures, the diffraction peaks of anatase TiO2 and NiO become
2
the anatase TiO2 crystallite sizes in SG-673, SG-723, SG-773 and
SG-823 are about 6, 8, 9 and 15 nm, respectively. The sintering of

Fig. 3. XRD patterns of catalysts in oxidation state. (a) SG-673; (b) SG-723; (c) SG-
773; (d) SG-823.
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ig. 4. XRD patterns of Ni/TiO2 catalysts reduced at 723 K. (a) SG-673; (b) SG-723;
c) SG-773; (d) SG-823.

natase TiO2 and NiO crystallites leads to low specific surface area
nd pore volume, and large pore diameter.

Fig. 4 shows the XRD patterns of the catalysts reduced at 723 K.
or the catalysts calcined below 773 K, only Ni phase is detected
xcept the support. This indicates that NiO is completely reduced
t 723 K. for SG-823, NiTiO3 is not reduced, which is consistent with
PR result. Based on Ni (200) and calculated with Scherrer equa-
ion, the nickel crystallite sizes in SG-673, SG-723, and SG-773 are
ll about 34 nm, whereas that in SG-823 is about 26 nm. It is well
nown that TiO2 can be reduced to TiOx (x < 2) species and this
pecies can decorate the nickel crystallites. The decorating effect
ay restrain the nickel sintering, which can account for the similar
etallic nickel crystallites for SG-673, SG-723, and SG-773. SG-823

as a smaller Ni crystallites size, which may be attributed to less
mount reduced nickel species.

Table 1 shows H2 chemisorption amounts of the catalysts. There
s a trend that H2 chemisorption amount decreases with increas-
ng in the calcination temperature. This is related to the increased
nteraction between nickel species and the support. The strong
nteraction favors the decoration of TiOx on the metallic nickel
rystallites and results in the decrease of the metallic active surface.

.1.4. Catalyst performance
Fig. 5 shows the performance of the catalysts in the hydro-

enation of o-CNB. Compared with the catalyst prepared by the
mpregnation method (im-Ni/TiO2), the catalysts prepared via
ol–gel method possess better activity, especially the ones calcined
t lower temperatures. Over SG-673, o-CNB conversion and o-CAN
electivity exceed 99% after reaction for 90 min. SG-723 and SG-773
ave similar performance, and o-CNB conversion and o-CAN selec-
ivity over them exceed 97% and 99% after reaction for 120 min,
espectively. SG-823 has a inferior performance, over which o-CNB
onversion and o-CAN selectivity are about 31% and 88% after reac-
ion for 210 min, respectively. During the first 60 min, the average
ydrogenation TOFs over SG-673, SG-723, SG-773 and SG-823 are
.3, 0.9, 1.2 and 0.3 s−1, respectively. With increasing the calcination
emperature of the catalyst, the hydrogenation TOF decreases. This
ndicates that there is a proper interaction between nickel species

nd the support for the hydrogenation, and too strong interaction
s not favorable.

The hydrogenation of o-CNB is a multistep process as shown
n Scheme 1 [34], and there are some intermediates in the reac-
Fig. 5. Performance of catalysts in hydrogenation of o-CNB. (a) o-CNB conversion; (b)
o-CAN selectivity; (c) o-chloronitrosobenzene selectivity. Reaction conditions: 348 K,
H2 1.0 MPa, 0.5 g catalyst, 5.0 g o-CNB, 120 ml ethanol.

tion process. However, these intermediates can be converted to
o-CAN. In the present study, some intermediates were found during
the reaction with GC-MS. These include o-chloronitrosobenzene,

o-chlorophenylhydroxylamine, and azodichlorobenzene. Among
them, o-chloronitrosobenzene was the main intermediate dur-
ing the reaction. Fig. 5(c) shows that the selectivity of o-
chloronitrosobenzene decreases along with the reaction time.
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the higher the reduction temperature is, the more remarkable the
effect of the decoration. Raupp and Dumesic [35] have reported
that the nickel surface decreases sharply when the reduction tem-
perature exceeds 770 K. In the previous study [19], it is suggested
Scheme 1. Reaction sche

hen the conversion of o-CNB exceeds 99%, the selectivity to o-
AN exceeds 99% and aniline becomes the main by-product due to
ydrodechlorination.

Among the prepared catalysts, SG-673 exhibits the best perfor-
ance. This is due to its more available active sites and the proper

nteraction between the nickel species and the support.

.2. Effect of reduction temperature on catalyst properties

.2.1. XRD results
Fig. 6 shows the XRD patterns of SG-673 catalyst reduced at

ifferent temperatures. Obtained from Fig. 6(b), NiO cannot be com-
letely reduced at 573 K, and it is completely reduced to Ni above
23 K. With increasing the reduction temperature, the diffraction
eaks of metal nickel become sharper, indicating the sintering of
he nickel crystallites. Calculated with Scherrer equation based on
he reflection of Ni(2 0 0), the nickel crystallite sizes are calculated
s 14, 21, 27, 34 and 43 nm for SG-673 reduced at 573, 623, 673, 723
nd 773 K, respectively.

.2.2. Catalyst performance
Fig. 7 shows the performance of SG-673 reduced at the differ-

nt temperatures in the hydrogenation of o-CNB. After reaction for

0 min, o-CNB conversion and o-CAN selectivity exceed 99% over
G-673 reduced between 623 and 723 K. SG-673 reduced at 573 K
r 773 K has an inferior performance. When SG-673 was reduced
t 573 K, the incomplete reduction of NiO (see Fig. 6(b)) leads to
ewer active sites and so lower activity. When SG-673 was reduced

ig. 6. XRD patterns of SG-673. (a) Unreduced and reduced at (b) 573 K; (c) 623 K;
d) 673 K; (e) 723 K; (f) 773 K; (g) spent SG-673 reduced at 623 K.
CNB hydrogenation [34].

at 773 K, the sintering of the metallic nickel crystallites become
serious; meanwhile, the interaction between nickel and TiOx (x < 2)
become stronger. It is well known that TiOx species produced dur-
ing the reduction can decorate the nickel crystallites, which can
decrease the available nickel surface by site-blocking. Moreover,
Fig. 7. Performance of SG-673 reduced at different temperatures. (a) o-CNB conver-
sion; (b) o-CAN selectivity. Reaction conditions: 348 K, H2 1.0 MPa, 0.5 g catalyst, 5.0 g
o-CNB, 120 ml ethanol.
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hat there is a promotion effect of TiOx species in the hydro-
enation of o-CNB. The oxygen vacancy of TiOx can coordinate
he oxygen atom in N O group. As a result, N O band is polar-
zed and attacked easily by hydrogen atoms adsorbed on the
ickel particles. This synergism between Ni and TiOx promotes
he hydrogenation of o-CNB. However, higher reduction temper-
ture can promote the sintering of nickel crystallites and the
ecoration of TiOx, all of which lead the decrease of the active
ites.

.3. Hydrogenation of different CNB isomers

Fig. 8 shows the performance of SG-673 in the hydrogenation
f different CNB isomers. SG-673 was reduced at 623 K prior to the
est. According to the first 30 min, the reactivity of CNB decreases
n the order: m-CNB > p-CNB > o-CNB. Although p-CNB conversion
s slightly lower than that of o-CNB and m-CNB, it exceeds 98% after
eaction for 120 min, and p-CAN selectivity is above 99%. For the
ydrogenations of o-CNB and m-CNB, all of the conversion and the
electivity exceed 99% after reaction for 60 min. It is obvious that
G-673 is a good catalyst in the hydrogenation of the different CNB
somers.

It has been known [36,37] that the rate determining step of the
ydrogenation of nitrobenzene derivatives is a nucleophilic attack
f hydride ion, produced by dissociative adsorption of H2 molecule
n the metal surface, on the nitrogen atom of the nitro group. There-
ore, electron withdrawing and electron donating effects of the
ubstituents may have a strong influence on the reactivity of CNB
somers. It has been suggest that the hydrogenation of nitrobenzene
erivatives is aided by the electron withdrawal from the benzene
ing. The difference in the reactivity of CNB partially corresponds to
he Hammett constants of chloro-substituent in m-CNB and p-CNB,
hich are 0.37 and 0.24, respectively [37]. The influence of o-CNB is
ot possible to explain via the Hammett constant, because –Cl and
NO2 groups in ortho position are in mutual interaction. There is a
teric effect between –Cl and NO2 in o-CNB, which is not favorable
o the hydrogenation. Apart from the effect of substituent, the cat-
lyst properties (including electronic and geometrical aspects) also
nfluence the hydrogenation rate of different CNB isomers. Kralik
nd co-workers [37] report that an anionic polymer supported Pd

atalyst corresponding to maximum catalytic activity vary in the
ollowing order: m-CNB > p-CNB > o-CNB; however, the hydrogena-
ion rates of CNB over the charcoal-supported Pd catalyst vary in the
equence: p-CNB > o-CNB > m-CNB. Over the Pt/TiO2 and Pt/ZrO2

ig. 8. Performance of SG-673 in hydrogenation of different CNB isomers. Reaction
onditions: 348 K, H2 1.0 MPa, 0.5 g catalyst, 5.0 g CNB, 120 ml ethanol.
Fig. 9. Effect of reaction temperature on hydrogenation of o-CNB. Reaction condi-
tions: H2 1.0 MPa, 0.5 g catalyst, 5.0 g o-CNB, 120 ml ethanol.

catalysts, the rates of the hydrogenation decrease in the order of
m-CNB, p-CNB and o-CNB [9,10].

3.4. Effect of reaction conditions on hydrogenation of o-CNB

o-CNB was selected as the reactant, and the effect of reaction
conditions on its hydrogenation was carried out over the SG-673
catalyst reduced at 623 K.

3.4.1. Effect of reaction temperature
Effect of reaction temperature on the hydrogenation of o-CNB is

illustrated in Fig. 9. With the rise of the reaction temperature, all of
o-CNB conversion and o-CAN selectivity increase. When the tem-
perature is 348 K, o-CNB conversion and o-CAN selectivity exceed
99% after reaction for 60 min.

3.4.2. Effect of H2 pressure

Fig. 10 shows the effect of H2 pressure on the hydrogenation of

o-CNB. With increasing H2 pressure, o-CNB conversion increases.
After reaction for 60 min, the effect of H2 pressure on the hydro-
genation of o-CNB is not remarkable when H2 pressure exceeds

Fig. 10. Effect of H2 pressure on hydrogenation of o-CNB. Reaction conditions: 348 K,
0.5 g catalyst, 5.0 g o-CNB, ethanol 120 ml.
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to the desorption of the adsorbed water. For the fresh sample, there
is a 3.5% mass-increase from 490 to 700 K due to the oxidation of
metallic nickel; synchronously, there is a remarkable exothermic
peak in the DTA curve. However, for the spent sample, there is a
mass-loss of 0.4% in the TG curve and a exothermic peak in the DTA
ig. 11. Effect of catalyst/o-CNB mass ratios (�: 0.1; �: 0.05) on hydrogenation of o-
NB; solid lines corresponding to o-CNB conversion, dashed corresponding to o-CAN
electivity. Reaction conditions: 348 K, H2 1.0 MPa, 0.5 g catalyst, 120 ml ethanol.

.0 MPa. In this case, all of o-CNB conversion and o-CAN selectivity
re above 99%.

.4.3. Effect of catalyst/o-CNB mass ratio
Fig. 11 shows the effect of mass ratio of the catalyst and o-CNB

n the hydrogenation of o-CNB. As the decrease of the catalyst/o-
NB mass ratio, it takes longer time that o-CNB conversion and the
-CAN selectivity reach 99%.

.5. Catalyst stability and deactivation

.5.1. Catalyst stability
SG-673 catalyst reduced at 623 K was selected to investigate

he catalyst stability. During the recycle of the catalyst, no fresh
atalyst was added. After each reaction, the catalyst was firstly
ubsided for some time, and the solution was slowly withdrawn.

uring the whole test process, the catalyst was always stored
arefully in the ethanol and the solution, avoiding to be oxidized
y air.

Fig. 12 shows the catalyst performance during the recycles. The
eaction time in each recycle was fixed as 60 min. In the first 9 recy-

ig. 12. Result of catalyst stability. Reaction conditions: 348 K, H2 1.0 MPa, 0.8 g cat-
lyst, 8.0 g o-CNB, 120 ml ethanol, reaction time of each run 60 min.
Journal 148 (2009) 164–172

cles, o-CNB conversion and o-CAN selectivity were above 99%. When
the catalyst was further recycled, its performance declined, that is,
the catalyst was deactivated. In the thirteenth recycle, o-CNB con-
version was only about 85%, and o-CAN selectivity was 98%. Before
the fourth recycle, the catalyst was washed with ethanol for 3 times.
The performance of the washed catalyst did not decrease further
in comparison with the thirteenth recycle, but it was also lower
than that of the fresh catalyst. This indicates that the washing with
ethanol only partially regenerated the catalyst.

3.5.2. Catalyst deactivation analysis
In order to investigate the reasons for the catalyst deactivation,

the spent catalyst (that is, spent SG-673) used for 14 times was
characterized, and the result is compared with that of the fresh
catalyst.

Compared with the fresh catalyst, the specific surface area and
the pore volume of the spent one decrease, while the pore diam-
eter of the spent one becomes wider (see Fig. 1 and Table 1). This
may be due to the surface coverage and the pore blockage with
the bulky molecular species formed during the reaction. The bulky
molecular species deposited on the spent catalyst can be tested by
TG method. Fig. 13 shows the TG and DTA curves of the fresh and
the spent catalysts. From room temperature to about 490 K, there
are mass-losses in the TG curves of the two samples, which is owing
Fig. 13. TG/DTA curves of (a) fresh SG-673 catalyst and (b) spent SG-673 catalyst.
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Fig. 14. SEM micrographs of fresh

urve from 490 to 570 K, which are attributed to the oxidation of
he adsorbed organic substance; afterward, a 1.5% mass-increase
tage and an exothermic process from 570 to 700 K are attributed
o the oxidation of metallic nickel. In comparison with the fresh
ample, it is clear the mass-increase due to the oxidation of metal-
ic nickel is less for the spent sample. This phenomenon may be
elated to the oxidation of the adsorbed organic substance in the
pent sample, which masks the mass-increase due to the oxidation
f metallic nickel. Above 700 K, a mass-decrease occurs in the TG
urves of the both samples. This may be related to the oxidation
f the carbonaceous residues derived from the preparation process
38], which can be reflected by the exothermic peak (at about 973 K)
n the DTA curves. The above results indicate that there are the
dsorbed bulky molecular species in the spent catalyst, resulting
rom the polymerization or/and condensation of reactant and/or
roduct during the reaction. As shown in Scheme 1, the hydro-
enation of chloronitrobenzene is a multi-step process, and there
re some larger intermediate molecules produced during the reac-
ion. Though these molecules can be converted to chloroaniline
ventually, they may adsorb on the catalyst surface easily and then
lock the pores; moreover, they also can polymerize or/and con-
ense to form more lager intermediates. These larger intermediates
ould adsorb on the surface, block the pores (especially microp-

res) and cover the metal nickel, in turn, leading to the catalyst
eactivation.

As shown in Fig. 6(c) and (g), there is no remarkable differ-
nce in XRD patterns between the fresh catalyst and the spent
ne. Based on the reflection of Ni(2 0 0) and calculated with Scher-
er equation, the nickel crystallite sizes in the fresh catalyst and
he spent one are 21 and 22 nm, respectively. This indicates that
he catalyst deactivation is not derived from the metallic nickel
intering. In addition, as shown in SEM micrographs (Fig. 14),
here is no remarkable difference in the size and the surface of

he catalyst particles between the fresh catalyst and the spent
ne.

According to the above results, it is suggested that the surface
overage and the pore blockage of bulky molecular species is the
mportant reason for the catalyst deactivation.
yst (a, c) and spent catalyst (b, d).

4. Conclusions

Ni/TiO2 catalyst was prepared by the sol–gel method. There is
a remarkable effect of the calcination and reduction temperatures
on the catalyst properties. The increase of the calcination temper-
ature results in the decrease of the specific surface area and the
pore volume, and the increase of the pore diameter; meanwhile, the
interaction between nickel species and TiOx increases. The decrease
of specific surface area and the enhancement of the interaction
between nickel species and TiOx lead to the decrease of the avail-
able nickel active sites. In turn, the catalyst performance decreases.
With raising the reduction temperature, the interaction between
the nickel species and TiOx is also enhanced, and the sintering
of nickel crystallites becomes serious. All of these also make the
catalyst performance decrease. The catalyst calcined at 673 K and
reduced at 623 K showed excellent performance in the hydrogena-
tion of o-, m- and p-chloronitrobenzene. Over it, o-CNB conversion
and o-CAN selectivity exceeded 99% after reaction for 60 min at
348 K and 1.0 MPa. The catalyst recycled for 9 times was not deac-
tivated and the deactivation took place at the tenth recycle. The
characterization results show that the main reason for the cata-
lyst deactivation is attributed to the surface coverage and the pore
blockage with bulky molecular species.
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