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a b s t r a c t

Ni/Al2O3, Ni/MgAlO and Ni/MgO catalysts containing about 60 wt% of nickel were prepared by the co-
precipitation method. The textural and structural properties were characterized and it was found that
the dispersion of nickel was high in these catalysts. The active nickel surface area was found to be high
(78 m2/gcat.) in Ni/MgAlO, corresponding to the average nickel particle size of 3.5 nm. Microcalorimetric
adsorption of NH3 and CO2 showed that the Ni/Al2O3 and Ni/MgO exhibited strong surface acidity and
basicity, respectively, while the Ni/MgAlO possessed both surface acidity and basicity. In addition, both
the initial heat and coverage were higher on Ni/Al2O3 than on Ni/MgO for the adsorption of toluene,
icrocalorimetric adsorption
urface acidity and basicity
oluene hydrogenation
henol hydrogenation

indicating the strong interaction between the aromatic rings in toluene (that may act as a Lewis base due
to the enriched electron densities) and the surface acidic sites on the support. The adsorption of toluene
on the metallic nickel surface produced higher heat, indicating the strong interaction of the � electrons
in aromatic rings of toluene with the d orbitals of surface nickel atoms. Although the adsorption of H2

showed the higher active surface nickel area in Ni/MgAlO than in Ni/Al2O3, the activities of hydrogenation
of toluene and phenol were significantly higher on Ni/Al2O3 than on Ni/MgAlO, indicating the important

n the
effect of surface acidity o

. Introduction

Supported nickel catalysts have been widely used for hydro-
enation reactions of many organic compounds such as nitriles,
romatics and oils [1–12]. The properties of supports may have
mportant impacts on the catalytic performances of supported met-
ls. In fact, the reducibility and dispersion of supported metals
epend on the interactions between the supports and supported
etals. In addition, the surface acidic and basic properties may play

mportant roles in determining the catalytic activity and selectivity.
Supports with high surface areas and appropriate prepara-

ion methods are usually required to obtain the supported nickel
atalysts with high reducibility and dispersions. The techniques
sually used to prepare supported nickel catalysts include impreg-
ation [13], deposition–precipitation [12,14], sol–gel [15–17] and
o-precipitation [17–19]. Supported nickel catalysts with high
oadings are usually used for industrial hydrogenation processes

14,15]. It is usually difficult to obtain the supported nickel
atalysts with high dispersion and loading of nickel with the
onventional impregnation method. The supported nickel cata-
ysts with high dispersion and loading may be prepared by the

∗ Corresponding author. Tel.: +86 25 83594305; fax: +86 25 83594305.
E-mail address: jyshen@nju.edu.cn (J. Shen).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.05.019
hydrogenation of aromatic rings.
© 2010 Elsevier B.V. All rights reserved.

deposition–precipitation and sol–gel methods, but they usually
involve the complicated procedures. Co-precipitation is a simple
method, but there are factors such as precursors, precipitating
agents, temperature and pH that affect the properties of catalysts
prepared [17–19]. During the preparation of a supported metal cat-
alyst by the co-precipitation method, the step of drying may play
a key role in determining the final properties of a catalyst. The
direct drying may cause severe agglomerations due to the removal
of water with the high surface tension [18]. A solvent with low sur-
face tension may be used to replace water before the drying step
so that the agglomeration may be diminished [20].

The surface acidic and basic properties of a catalyst may affect
the catalytic reactivity since they may affect the adsorption and
desorption behavior of reactants and products. For example, the
basic surface favors the selectivity to primary amines while the
acidic surface promotes the formation of secondary and tertiary
amines during the hydrogenation of nitriles over the supported
nickel catalysts. Thus, MgO and MgAlO complex oxide prepared
from hydrotalcite were used to support nickel for the hydrogena-
tion of nitriles [1–6]. It was also found that the activity for the

hydrogenation of toluene over the Ni/SiO2–TiO2 catalysts increased
with the total number of weak and intermediate acid sites [21],
whereas the hydrogenation of toluene over Pt and Pd supported
on strong acidic supports (e.g. zeolite) led to the formation of by-
products and carbon-deposition [22]. The activity and selectivity

dx.doi.org/10.1016/j.cej.2010.05.019
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:jyshen@nju.edu.cn
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o cyclohexanone were found to be increased with the increase of
urface basicity of supports for the hydrogenation of phenol over
he supported palladium catalysts [23,24].

The hydrogenation of benzene to cyclohexane is an important
eaction for the synthesis of nylon 6. In addition, the hydrogenation
f benzene and toluene are frequently used as probe reactions to
haracterize metal catalysts since they are taken as the insensitive
eactions with respect to the surface structures of metals [22,25,26].

Cyclohexanol and cyclohexanone may be produced by the
ydrogenation of phenol, and cyclohexanol may be dehy-
rogenated to cyclohexanone. Cyclohexanone is an important

ntermediate for the production of caprolactam for nylon 6 and
dipic acid for nylon 66. The selective hydrogenation of phenol
or the direct formation of cyclohexanone has been studied for the
upported palladium catalysts [23,24,27–46]. The hydrogenation
f phenols over supported nickel catalysts was also studied as an
lternative way to replace the thermal or catalytic incinerations for
he treatment of wastes containing phenols [47,48].

In this work, Ni/Al2O3, Ni/MgAlO and Ni/MgO catalysts with the
igh loading of nickel (about 60 wt%) were prepared by the co-
recipitation method. n-Butanol was used to replace water in the
recipitates before the drying step. In this way, surface areas of the
atalysts and dispersion of supported nickel were found to be sig-
ificantly improved. The catalytic activities of the catalysts were
valuated by the hydrogenations of toluene and phenol, and were
orrelated with the number of surface metal sites and acidic/basic
roperties.

. Experimental

.1. Preparation of catalysts

The Ni/Al2O3, Ni/MgAlO (MgO/Al2O3 = 3, w/w) and Ni/MgO
atalysts containing about 60 wt% nickels were prepared by the co-
recipitation method. Specifically, desired amount of metal nitrates
Ni(NO3)2·6H2O, Al(NO3)3·9H2O and/or Mg(NO3)2·6H2O, all in AR
rade) were dissolved in 100 ml distilled water to form a solution
I). Desired amount of Na2CO3 (AR) was dissolved in 100 ml distilled
ater to form another solution (II). The two solutions were simul-

aneously dropwise added into a beaker containing 250 ml distilled
ater at 353 K under vigorous stirring. The precipitate formed was
ltered and washed thoroughly with water until pH of the filtrate
as 7. n-Butanol (about 200 ml, AR) was then added into the pre-

ipitate and heated at 353 K overnight during which water and
-butanol were evaporated. The precipitate was then dried in an
ven at 393 K for 12 h.

.2. Characterization of catalysts

The chemical compositions of the supported nickel catalysts
ere analyzed by an inductively coupled plasma atomic emission

pectrometer (ICP-AES, Jarrell-Ash, J-A1100).
The nitrogen adsorption/desorption isotherms were deter-

ined at 77 K using a Micromeritics Gemini V 2380 autosorption
nalyzer. Catalysts were usually out-gassed in flowing nitrogen
t 673 K for 3 h prior to the measurements, except for those
ried at 393 K (the samples dried at 393 K were pretreated
t 393 K). The specific surface areas were calculated using the
runauer–Emmett–Teller (BET) method, and the pore size distri-
utions were obtained according to the desorption branches by the

arrett–Joyner–Halenda (BJH) method.

Powder X-ray diffraction (XRD) patterns were collected on a
hilips X’Pert Pro diffractometer using Ni-filtered Cu K� radiation
� = 0.15418 nm), operated at 40 kV and 40 mA at a scanning rate of
5◦/min.
Journal 162 (2010) 371–379

Temperature-programmed reduction (TPR) measurements
were performed by using a quartz U-tube reactor loaded with about
50 mg of a dried sample in 5.03% H2/N2 (v/v) at a flow rate of
40 ml/min. The hydrogen consumption was monitored by a ther-
mal conductivity detector (TCD). The reducing gas was first passed
through the reference arm of the TCD before entering the reac-
tor. The exiting gas passed through a trap filled with soda lime to
remove water and possibly CO2 and then reached the second arm
of the TCD. The temperature was linearly raised from 303 to 1173 K
with a rate of 10 K/min.

Microcalorimetric adsorption measurements were performed
using a Tian-Calvet type C-80 microcalorimeter (Setaram, France),
which was connected to a glass vacuum-dosing system, equipped
with a Baratron capacitance manometer (USA) for the pressure
measurement and gas handling. About 0.1 g of a catalyst was
loaded, reduced for 2 h in flowing H2 at 673 K, and then evacuated
for 1 h prior to a measurement.

The adsorption of H2 and O2 was carried out in a home-made
volumetric apparatus. The catalyst was reduced in H2 at 673 K
for 2 h and evacuated at 673 K for 1 h before the measurements.
The adsorption of H2 was performed at room temperature. After
the adsorption of H2, the sample was heated to 673 K at a rate of
10 K/min and evacuated at the temperature for 1 h. The adsorp-
tion of O2 was performed at 673 K. The uptakes of H2 and O2 were
obtained by extrapolating the coverage of corresponding isotherms
to P = 0. The degree of reduction (reducibility), dispersion, active
surface area and average particle size of supported nickel were
calculated based on the amount of H2 and O2 adsorbed and load-
ing of nickel. The surface area of metallic nickel was calculated
by the uptake of H2 assuming the molar ratio of H/Nisurf = 1 and
a surface area of 6.5 Å2 for a Ni atom [49,50]. The amount of
metallic nickel atoms in the catalyst were calculated according to
the uptake of O2 and the molar ratio of O/Ni = 1 [51]. The reduc-
tion degree was then calculated by the number of nickel atoms
titrated by O2 adsorption divided by the number of nickel atoms
present in the sample. Finally, the dispersion of nickel (D) could
be calculated according to the following equation: D (%) = uptake
of H2/uptake of O2 × 100, while the average Ni particle size d (nm)
could be derived from the equation (d (nm) = 101/D (%)) suggested
by Smith et al. assuming the spherical shape of metal particles
[52].

2.3. Catalytic hydrogenations

The catalytic hydrogenation experiments were performed
at atmospheric pressure in a continuous down-flow fixed-bed
microreactor (a vertical glass tube with i.d. = 8 mm). 20–50 mg of
a power catalyst was mixed with 2.8 g quartz sand, and placed on
the glass frit of the glass reactor. The catalyst was reduced in flow-
ing H2 at 673 K for 2 h. An n-hexane solution containing toluene
(toluene:n-hexane = 1:2, w/w) or a cyclohexane solution contain-
ing phenol (phenol:cyclohexane = 1:2, w/w) with H2 was fed into
the reactor for the hydrogenation reactions. The liquid feeds were
delivered into the reactor using a 2ZB-1L10 dual-plunger infinites-
imal quality metering pump. The reaction of hydrogenation of
toluene was performed at 413 K with the weight hourly space
velocity (WHSV) of toluene from 21 to 80 h−1. The reaction of
hydrogenation of phenol was operated at 423 K with the WHSV
of phenol from 42 to 247 h−1. The WHSV was adjusted by changing
the flow rates of liquids and H2. The products were collected using

a trap in ice bath. The products were analyzed by a gas chromato-
graph with an FID equipped with an HP-FFAP capillary column.
Turnover frequency (TOF) was calculated by dividing the number
of molecules converted per second by the number of active nickel
atoms on the surface measured by H2 adsorption.
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Table 1
Chemical composition, surface area and pore structure of supported nickel catalysts.

Catalyst Chemical composition
analyzed by ICP (wt%)

Treatmenta BET area (m2/g) Most probable pore sizes (nm) Pore volume (cm3/g)

Ni MgO Al2O3

Ni/Al2O3 62.5 – 37.5 Dried 127 3.4, 4.8 0.43
Reduced 341 6.6 1.01

Ni/MgAlO 64.9 25.6 9.5 Dried 147 3.3, 8.0 0.59
Reduced 244 8.9 0.87
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dried at 393 K. These results indicated the highly dispersed phases
Ni/MgO 62.7 37.3 – Dried
Reduced

a The catalysts were dried at 393 K, followed by the reduction in H2 at 673 K.

. Results and discussion

.1. Textural and structural properties of catalysts

The chemical compositions, specific surface areas and pore
tructural parameters of the supported nickel catalysts are sum-
arized in Table 1. The results from ICP-AES showed that the

oadings of nickel were 62.5%, 64.9% and 62.7% for the Ni/Al2O3,
i/MgAlO and Ni/MgO, respectively. The weight ratio of MgO/Al2O3

n Ni/MgAlO was found to be about 2.7. Thus the compositions of

atalysts analyzed were close to the values desired. The data in
able 1 show that the surface area and pore volume were not high
or the Ni/MgO catalyst. The addition of Al2O3 greatly increased the
urface area and pore volume of Ni/MgAlO. The Ni/Al2O3 possessed

ig. 1. XRD patterns for the supported nickel catalysts after drying at 393 K (a) and
hen reduction in H2 at 673 K (b). The diffraction peaks might be assigned to phases
i2CO3(OH)2 (�), Al(OH)3 (�), Mg2CO3(OH)2 (©), Ni (�), Al2O3 (�) and MgO (�).
3.5, 14.4 0.62
3.5 0.23

the highest surface area in these catalysts. Both the Ni/Al2O3 and
Ni/MgAlO exhibited high surface areas (341 and 244 m2/g, respec-
tively) after the reduction at 673 K.

The XRD patterns of catalysts are shown in Fig. 1. The Ni/Al2O3
dried at 393 K exhibited broad and weak peaks around 24◦, 36◦,
44◦ and 63◦, probably belonging to Ni2CO3(OH)2 and Al(OH)3.
The broad and weak peaks observed around 23◦, 35◦ and 61◦ for
dried Ni/MgAlO could be assigned to Ni2CO3(OH)2, Al(OH)3 and
Mg2CO3(OH)2. No distinct XRD peaks were observed for Ni/MgO
in the catalysts dried at 393 K.
XRD patterns for the catalysts reduced at 673 K are shown in

Fig. 1(b). No distinct reflection peaks of metallic nickel were found

Fig. 2. N2 adsorption–desorption isotherms (a) and pore size distributions (b) for
the supported nickel catalysts reduced at 673 K.
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Fig. 4. Adsorption isotherms of H2 on the supported nickel catalysts reduced at
673 K.

Table 2
Chemisorptions of H2 and O2 on the supported nickel catalysts reduced at 673 K.

Catalyst Ni/Al2O3 Ni/MgAlO Ni/MgO

H2 uptake (�mol/gcat.) 740 1002 584
O2 uptake (�mol/gcat.) 1954 3497 4025
SNi (m2/gcat.) 57 78 45
SNi (m2/gmetal) 252 191 96

probe the surface acid–base properties of the reduced catalysts.
Fig. 5 shows the results for the ammonia adsorption at 423 K on
the catalysts reduced and evacuated at 673 K. It is seen that the
initial heat and saturation coverage for the adsorption of ammo-
Fig. 3. TPR profiles of the supported nickel catalysts dried at 393 K.

n the Ni/Al2O3, indicating the highly dispersed nickel on Al2O3.
he three broad and weak peaks around 37◦, 44◦ and 63◦ might be
scribed to �-Al2O3 [19]. No nickel aluminate phases were detected
n the Ni/Al2O3, suggesting the small crystallites of such phases
n Ni/Al2O3. The Ni/MgO displayed five diffraction peaks around
7◦, 44◦, 51◦, 62◦, and 76◦. The broad and weak peaks around
4◦, 51◦, and 76◦ were characteristic of metallic nickel, while the
ther peaks could be ascribed to MgO. The Ni/MgAlO also pos-
essed broad and weak peaks around 44◦ and 51◦ for metallic nickel.
he other XRD peaks for Ni/MgAlO were similar to those of MgO
nd Al2O3. Although the major peaks are overlapped for MgO and
l2O3 [3,53,54], they were more likely MgO since MgO was more

han Al2O3 in Ni/MgAlO. These XRD results showed that nickel was
ighly dispersed in the reduced catalysts.

N2 adsorption–desorption isotherms and pore size distributions
or the supported nickel catalysts reduced at 673 K are shown in
ig. 2. The isotherms belong to type IV with H3 hysteresis loops,
ypical of mesopores. One peak for the pore size distribution was
bserved for each of these samples. The peak was weak and narrow
or the Ni/MgO, while quite intensive and broad for the Ni/Al2O3
nd Ni/MgAlO. The most probable pore diameters were found to be
.5, 6.6 and 8.9 nm for the Ni/MgO, Ni/Al2O3 and Ni/MgAlO, respec-
ively. The presence of Al2O3 favored the development of pores in
hese catalysts.

.2. Reducibility and dispersion of supported nickel

Fig. 3 shows the TPR profiles for the three catalysts dried at 393 K.
he Ni/MgO exhibited two reduction peaks around 622 and 655 K,
hile the Ni/Al2O3 showed two broad peaks around 700 and 740 K.

hus, nickel was easier reduced in Ni/MgO than in Ni/Al2O3, indicat-
ng the stronger interaction between NiO and Al2O3 than between
iO and MgO. The reduction of Ni/MgAlO was similar to that of
i/Al2O3, although the Ni/MgAlO contained more MgO than Al2O3,

ndicating again the stronger interaction between NiO and Al2O3
han between NiO and MgO.

The adsorption of H2 and O2 on the reduced catalysts was
arried out at room temperature and 673 K, respectively, accord-
ng to which the dispersion and reducibility of supported nickel
ould be derived. Fig. 4 shows the H2 adsorption isotherms and
2 uptakes at room temperature for the catalysts reduced in H2
t 673 K. Table 2 summarizes the information obtained by the
dsorption of H2 and O2. According to O2 uptakes, the degrees
f reduction (reducibilities) were found to be about 43%, 74%

nd 89% for the Ni/Al2O3, Ni/MgAlO and Ni/MgO, respectively,
uggesting that nickel in Ni/MgO was easier reduced than in
i/Al2O3, consistent with the TPR results. The H2 uptakes were
easured to be 740, 1002 and 584 �mol/g for the Ni/Al2O3,
Reducibility (%) 42.8 74.4 88.5
Dispersion (%) 37.9 28.7 14.5
Diameter (nm) 2.7 3.5 7.0

Ni/MgAlO and Ni/MgO, corresponding to the active nickel areas
of 57, 78 and 45 m2/g, respectively. According to the uptakes of
O2 and H2, the dispersions of reduced nickel were found to be
about 38%, 29% and 15% for the Ni/Al2O3, Ni/MgAlO and Ni/MgO,
respectively. The average particle sizes of reduced Ni were then
calculated to be 2.7, 3.5 and 7.0 nm for the Ni/Al2O3, Ni/MgAlO and
Ni/MgO, respectively.

Due to the small particles of supported nickel in these catalysts,
only weak XRD peaks were observed for metallic nickel in these
catalysts after reduction in H2 at 673 K.

3.3. Surface acidic and basic properties

Microcalorimetric adsorptions of NH3 and CO2 were used to
Fig. 5. Differential heat vs. coverage for NH3 adsorption at 423 K on the supported
nickel catalysts reduced and evacuated at 673 K.
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Fig. 7. Differential heat vs. coverage for H2 adsorption at 298 K on the supported
nickel catalysts reduced at 673 K.
ig. 6. Differential heat vs. coverage for CO2 adsorption at 423 K on the supported
ickel catalysts reduced and evacuated at 673 K.

ia were measured to be 169 kJ/mol and 870 �mol/g, respectively,
or the Ni/Al2O3, significantly higher than the corresponding val-
es (129 kJ/mol and 530 �mol/g) for the Ni/MgO, indicating the
ignificantly stronger surface acidity on Ni/Al2O3 than on Ni/MgO.
he Ni/MgAlO exhibited the initial heat of 150 kJ/mol and satura-
ion coverage of 640 �mol/g for the adsorption of ammonia. Thus,
he surface acidity on Ni/MgAlO was weaker than on Ni/Al2O3, but
tronger than on Ni/MgO.

The heat of NH3 adsorption was 129 kJ/mol for the Ni/MgO cat-
lyst, but it decreased rapidly with the increase of NH3 coverage.
he initial heat might be attributed to the adsorption of NH3 on the
etallic nickel surfaces [55–57], since MgO was a basic support.

he addition of 10% Al2O3 into Ni/MgO significantly increased the
urface acidity for the Ni/MgAlO. Al2O3 was a typical acidic support.
t is interesting to note that the reduced Ni/Al2O3 exhibited quite
trong surface acidity, similar to that of Al2O3 [58], even though it
ontained the high loading of nickel (∼60%).

The results of microcalorimetric adsorption of CO2 at 423 K on
he reduced catalysts are shown in Fig. 6. The initial heats for
O2 adsorption on the Ni/Al2O3, Ni/MgAlO and Ni/MgO were 94,
12 and 134 kJ/mol, respectively. Both the initial heat and uptake
or CO2 adsorption were significantly higher on Ni/MgO than on
i/Al2O3 although the surface area of Ni/MgO was much lower

han that of Ni/Al2O3, indicating the significantly stronger surface
asicity on Ni/MgO than on Ni/Al2O3. The addition of about 10%
l2O3 into Ni/MgO decreased the initial heat for CO2 adsorption on
i/MgAlO, but increased remarkably the uptake of CO2 (from 270

o 560 �mol/g). Thus, the Ni/MgAlO possessed substantial amount
f surface basic sites with intermediate strengths.

.4. Microcalorimetric adsorption of H2 and CO on supported
ickel

Fig. 7 shows the results of microcalorimetric adsorption of H2 at
98 K on the reduced catalysts. The initial heat was similar for H2
dsorption on these catalysts (80–87 kJ/mol), consistent with the
alues reported in literature [1,59]. The H2 coverage followed the
ame sequence for the catalysts (Ni/MgAlO > Ni/Al2O3 > Ni/MgO) as
hat titrated by the chemisorption of H2 (see Fig. 4 and Table 2).

The results of microcalorimetric adsorption of CO at 298 K on
he reduced catalysts are shown in Fig. 8. CO is usually adsorbed on

etallic nickel in linear or bridged forms with different adsorption

eats [60,61]. The CO/H2 ratio of uptakes should be between 2 (for
otally linear adsorption of CO) and 1 (for totally bridged adsorption
f CO). The CO/H2 ratio of uptakes was found to be about 0.8, 1.2
nd 1.6 for the Ni/MgO, Ni/MgAlO and Ni/Al2O3, respectively. These
esults seemed to imply that CO was mainly bridge-adsorbed on
Fig. 8. Differential heat vs. coverage for CO adsorption at 298 K on the supported
nickel catalysts reduced at 673 K.

Ni/MgO and Ni/MgAlO, but mostly linear-adsorbed on Ni/Al2O3. In
addition, the heat of CO adsorption might be increased on the alka-
line promoted nickel surface due to the increase of electron charges
in d orbital of surface nickel [62]. The initial heat of CO adsorp-
tion was measured to be 108, 113 and 127 kJ/mol on the Ni/Al2O3,
Ni/MgAlO and Ni/MgO, respectively. The higher initial heat for the
adsorption of CO on Ni/MgO than on Ni/Al2O3 might be due to the
different adsorbed forms of CO and/or different surface acidic/basic
properties of the supports. Since MgO is a basic support, there
might be some electron charges transferred from MgO to supported
nickel, leading to the electron-enriched surface nickel atoms. In
contrast, Al2O3 is an acidic support which might attract some elec-
tron charges from supported nickel, causing the electron-deficient
surface nickel atoms. In fact, the above microcalorimetric adsorp-
tion of NH3 and CO2 showed the strong surface acidity on Ni/Al2O3
and strong surface basicity on Ni/MgO even after the reduction in
H2 at 673 K. The Ni/MgAlO possessed the intermediate strengths
of surface acidity and basicity, and therefore the initial heat of CO
adsorption on Ni/MgAlO (113 kJ/mol) was just in-between those on
Ni/MgO (127 kJ/mol) and Ni/Al2O3 (108 kJ/mol).

3.5. Microcalorimetric adsorption of toluene on catalysts

Toluene has an electron-enriched aromatic ring and may be

taken as a Lewis base. Thus, they may adsorb on acidic sites of the
supports. In addition, they may adsorb on nickel atoms by donat-
ing electron charges on aromatic rings to d orbitals of surface nickel
atoms. In this work, microcalorimetric adsorption of toluene was
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ig. 9. Differential heat vs. coverage for toluene adsorption at 308 K on the supports
reated in H2 at 673 K.

erformed for the supports and supported catalysts. Unfortunately,
he microcalorimetric adsorption of phenol could not be performed
ince the vapor pressure of phenol was too low at room tempera-
ure.

Fig. 9 shows the results for the microcalorimetric adsorption
f toluene on the supports Al2O3, MgAlO and MgO. Prior to the
easurements, the supports were treated in H2 at 673 K for 2 h,
hich were the conditions same as the reduction of catalysts. The

nitial heat was measured to be about 75, 70 and 62 kJ/mol for
he adsorption of toluene on Al2O3, MgAlO and MgO, respectively.
pparently, the adsorption of toluene on acidic Al2O3 generated
igher initial heat than that on basic MgO. Taking toluene as a
ewis base, the initial heats for the adsorption of toluene correlated
ell with the surface acidity of these catalysts. In addition, Al2O3

dsorbed much more toluene (1500 �mol/g) than MgAlO and MgO
id (610 �mol/g).

Fig. 10 shows that the initial heats were about 171, 148 and
40 kJ/mol for the adsorption of toluene on the reduced Ni/Al2O3,
i/MgAlO and Ni/MgO, respectively, much higher than those on

he corresponding supports, indicating clearly the adsorption of
oluene on the supported nickel metal surfaces. Thus, the interac-
ion between toluene and metallic nickel was much stronger than
hat between toluene and the acidic sites. In addition, the acid-
ty of supports might play a role on the adsorption of toluene on

upported metallic nickel since the different initial heats were mea-
ured for the adsorption of toluene on the nickel surfaces supported
n different supports. The adsorption of toluene on nickel sup-
orted on the acidic support (Al2O3) generated significantly higher
eat than that on nickel supported on the basic support (MgO). This

ig. 10. Differential heat vs. coverage for toluene adsorption at 308 K on the sup-
orted nickel catalysts reduced at 673 K.
Fig. 11. Conversion (a) and TOF (b) of toluene vs. WHSV (toluene) on the sup-
ported nickel catalysts reduced at 673 K. Reaction conditions: P = 1 atm, T = 413 K
and H2/toluene = 5.

might be due to the different electron densities of supported nickel
on different supports. In fact, the above result of microcalorimet-
ric adsorption of CO showed the electron-deficient surface nickel
atoms on the acidic Al2O3, which favored the donation of electron
charges from the aromatic rings of toluene to the electron-deficient
d orbitals of surface nickel atoms. In contrast, the surface nickel
atoms on basic MgO might have d orbitals with enriched electron
charges and thus the donation of electron charges from the aro-
matic rings of toluene to the d orbitals was not favored. The uptake
of toluene adsorption on the reduced Ni/Al2O3 (1870 �mol/g),
Ni/MgAlO (1280 �mol/g) and Ni/MgO (1050 �mol/g) followed the
same order as their surface acidities.

3.6. Catalytic hydrogenation

Fig. 11 presents the results for the hydrogenation of toluene at
413 K over the supported nickel catalysts. Methyl cyclohexane was
found to be the only product for the reaction on the catalysts. The
conversion of toluene was 100% over the Ni/Al2O3 and Ni/MgAlO
at the WHSV of toluene of 21 h−1, while it was only 35% over the
Ni/MgO at the same WHSV of toluene. The conversion of toluene
remained 100% for the Ni/MgAlO until the WHSV of toluene was
higher than 31 h−1, while it was 100% for the Ni/Al2O3 until the
WHSV of toluene was higher than 43 h−1. Apparently, the activ-
ity of these catalysts for the hydrogenation of toluene followed
the sequence: Ni/Al2O3 > Ni/MgAlO > Ni/MgO, in terms of the same
mass of a catalyst loaded in the reactor.
Since the uptake of H2 measured the number of active sites
of surface nickel, the activity could be expressed in turnover fre-
quency (TOF) as shown in Fig. 11(b). The TOF of toluene was found
to increase with the increase of WHSV of toluene over the Ni/Al2O3
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ig. 12. Conversion (a) and TOF (b) of phenol vs. WHSV (phenol) on the sup-
orted nickel catalysts reduced at 673 K. Reaction conditions: P = 1 atm, T = 423 K
nd H2/phenol = 5.

nd Ni/MgAlO, and finally reached constant values for the catalysts.
he maximum TOF was determined to be 0.02, 0.06 and 0.1 s−1 over
he Ni/MgO, Ni/MgAlO and Ni/Al2O3, respectively, indicating again
he activity sequence: Ni/Al2O3 > Ni/MgAlO > Ni/MgO.

The results of catalytic hydrogenation of phenol at 423 K are
hown in Fig. 12. Cyclohexanol was the main product for all the
atalysts, but a small amount of cyclohexanone was also formed,
specially for the Ni/MgO (data were not presented). No other by-
roducts were observed. Fig. 12(a) shows the effect of WHSV of
henol on the conversion.

The conversion of phenol was 100% over the Ni/Al2O3 and
i/MgAlO at the WHSV of phenol of 42 h−1, while it was only 77%
ver the Ni/MgO at the same WHSV of phenol. The conversion of
henol remained 100% for the Ni/MgAlO until the WHSV of phe-
ol was higher than 78 h−1, while it was 100% for the Ni/Al2O3
ntil the WHSV of phenol was higher than 125 h−1. Apparently, the
ctivity of these catalysts for the hydrogenation of phenol followed
he sequence: Ni/Al2O3 > Ni/MgAlO > Ni/MgO, in terms of the same

ass of a catalyst loaded in the reactor.
Fig. 12(b) shows the activity (TOF) of phenol hydrogenation as a

unction of WHSV for the catalysts. The TOF of phenol increased for
he Ni/Al2O3 and Ni/MgAlO while it was decreased slightly for the
i/MgO, with the increase of WHSV of phenol. At the maximum
HSV of phenol (247 h−1) used in this study, the TOF of phenol
as determined to be about 0.05, 0.24 and 0.35 s−1 on the Ni/MgO,
i/MgAlO and Ni/Al2O3, respectively, indicating the same activity
equence as: Ni/Al2O3 > Ni/MgAlO > Ni/MgO.
The conversions of toluene and phenol versus residence time

ould be plotted (not shown). The conversions increased almost
inearly with residence time until they approach 100% over the
i/Al2O3 and Ni/MgAlO, indicating that no diffusion limitations
Journal 162 (2010) 371–379 377

occurred for the reactions when the conversions were lower than
100% [3]. When the conversions reached 100%, it was difficult to
judge the diffusion limitations for the reactions. However, even if
the conversions reached 100%, the increase of WHSV still increased
the TOF (Figs. 11 and 12), indicating that more molecules could
be converted over the Ni/Al2O3 and Ni/MgAlO until the TOF was
stabilized.

Studies have shown that the activity of aromatic hydrogenation
depended not only on the amounts of accessible active metal sites,
but also on the surface acid–base properties [63].

In this work, the Ni/MgO with the fewest active sites of sur-
face nickel and the weakest surface acidity, exhibited the lowest
activity for the hydrogenation of toluene and phenol in the cata-
lysts studied. The Ni/Al2O3 possessed fewer active sites of surface
nickel, but stronger surface acidity, than the Ni/MgAlO. However,
the Ni/Al2O3 was found to be significantly more active than the
Ni/MgAlO for the hydrogenation of toluene and phenol. These facts
indicated clearly that the surface acidity of supported nickel cata-
lysts played an important role for the hydrogenation of aromatic
rings, besides the number of active sites of surface nickel.

Coleman et al. [64] indicated that the Ni/Al2O3 and Ni/MgAlO
possessed mainly the surface Lewis acidity. The surface acidity
might play two roles for the hydrogenation of toluene on the sup-
ported nickel. Firstly, the surface acidity favored the adsorption
of toluene since toluene can be taken as a Lewis base due to the
enriched electron density on the aromatic ring with �-bonds. This
has been proved by the results of microcalorimetric adsorption of
toluene presented above. Secondly, the nickel atoms supported on
the acidic surface might be electron-deficient due to the electron
charge transfer from nickel atoms to acidic sites. The adsorption
of toluene on the electron-deficient nickel atoms might be thus
enhanced due to the enhanced electron donor from the aromatic
rings to nickel atoms. This has also been proved by the results of
microcalorimetric adsorption of CO and toluene that have discussed
above.

Phenol is acidic due to its acidic hydroxyl group. Thus, phe-
nol should be adsorbed more strongly on basic support than on
acidic support. However, the activity of catalysts for the hydro-
genation of phenol followed the same order as their surface
acidity: Ni/Al2O3 > Ni/MgAlO > Ni/MgO. Thus, the adsorption of
acidic hydroxyl groups on basic sites did not seem to be impor-
tant for the hydrogenation of aromatic rings of phenol. Instead, the
adsorption of aromatic rings on acidic sites might be important for
the hydrogenation of aromatic rings of phenol. More specifically,
only the aromatic rings of phenol that adsorbed on active sites of
nickel might be activated and hydrogenated. In this case, the sur-
face acidity might also play the two roles for the supported nickel
for the hydrogenation of phenol to cyclohexanol, just as the roles
it played for the hydrogenation of toluene to methyl cyclohexane.

4. Conclusions

(1) Ni/Al2O3, Ni/MgAlO and Ni/MgO catalysts containing about
60 wt% nickel were prepared by the co-precipitation method.
These catalysts possessed high surface areas of active nickel due
to the high loading and dispersion of supported nickel. Nickel
was relatively easier to reduce in Ni/MgO than in Ni/Al2O3,
while it was more highly dispersed in Ni/Al2O3 than in Ni/MgO.
Thus, both the reducibility and dispersion of nickel in Ni/MgAlO
were quite high, leading to the highest area of active nickel

(78 m /gcat.) in the three catalysts studied in this work.

(2) Microcalorimetric adsorption of NH3 and CO2 showed the acidic
surface of Ni/Al2O3, but basic surface of Ni/MgO, both after
the reduction. The reduced Ni/MgAlO exhibited both the sur-
face acidity and basicity. Its surface acidity was weaker than
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Ni/Al2O3, but stronger than Ni/MgO, while its surface basicity
was weaker than Ni/MgO, but stronger than Ni/Al2O3.

3) The initial heat was measured to be about 108, 113 and
127 kJ/mol for the adsorption of CO on the Ni/Al2O3, Ni/MgAlO
and Ni/MgO, respectively, indicating that the basic support MgO
might donate electron charges to, while the acidic support
Al2O3 might withdraw electron charges from the supported
nickel atoms. Thus, the surface charge density of nickel might
be changed by the surface acid–base properties of supports.

4) Both the initial heat and coverage for the adsorption of toluene
were higher on the acidic Al2O3 than on the basic MgO, indi-
cating the interaction between aromatic rings of toluene (as
a Lewis base) and the surface acidic sites. The adsorption of
toluene on the supported nickel sites generated significantly
higher heat as compared to the adsorption of toluene on the
supports, indicating the strong interaction between the � elec-
trons on aromatic rings of toluene and the d orbitals of surface
nickel atoms. In addition, the initial heat was higher for the
adsorption of toluene on the Ni/Al2O3 than on the Ni/MgO, indi-
cating the stronger interaction of aromatic rings of toluene with
the electron-deficient nickel atoms on the acidic Al2O3, and thus
probably the easier activation of aromatic rings of toluene on
the electron-deficient nickel atoms.

5) The activity of catalysts for the hydrogenation of toluene
and phenol was found to follow the same order as:
Ni/Al2O3 > Ni/MgAlO > Ni/MgO. Although the Ni/MgAlO pos-
sessed significantly more active sites of surface nickel than the
Ni/Al2O3, the Ni/Al2O3 exhibited significantly higher activity
than the Ni/MgAlO for the hydrogenation of toluene and phe-
nol, indicating the important roles of surface acidity besides the
number of surface nickel sites for the hydrogenation of aromatic
rings. Apparently, the surface acidity favored the adsorption
and activation of aromatic rings, even for the acidic phenol.
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