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a b s t r a c t

An Ni2þ—Al3þ—CO2�
3 -layered double hydroxides (NiAl–LDHs) precursor has been synthesized in the pores

of spherical c-Al2O3 particles. After calcination at 500 �C, a NiO/c-Al2O3 catalyst precursor was obtained.
X-ray photoelectron spectroscopy, temperature programmed reduction, and temperature programmed
desorption of hydrogen showed that in the material prepared by calcination of NiAl–LDHs supported
on Al2O3, the NiO was characterized by higher reduction temperature, stronger interactions with
Al2O3, and higher nickel dispersion compared with the NiO in a material prepared by conventional
impregnation of c-Al2O3 with an aqueous solution of Ni2+ ions followed by calcination at 500 �C. The
vapor phase hydrodechlorination of chlorobenzene using molecular hydrogen was studied using Ni/c-
Al2O3 catalysts prepared by reduction of the NiO/c-Al2O3 catalyst precursors synthesized by the two dif-
ferent methods. Under identical reaction conditions, the Ni/c-Al2O3 catalyst obtained from the LDHs pre-
cursor exhibited not only higher activity but also better stability.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Chlorinated aromatics and their derivatives play important
roles in the fields of chemical engineering, pharmaceuticals, and
electronics as materials, intermediates, or organic solvents [1].
These compounds, however, are responsible for many instances
of highly toxic industrial waste with the result that increasingly se-
vere and restrictive directives have been issued to regulate their
disposal [2,3]. A variety of processes including physical methods,
biological methods, chemical oxidation methods, and chemical
reduction methods have been reported for their disposal [4,5].
Hydrodechlorination (HDC) is one such method for handling this
type of hazardous waste. The HDC process involves a low temper-
ature conversion of the chlorinated component into an easily
trapped inorganic form, with no hazardous by-products such as
dioxins [6].

Although precious metals have good activity and selectivity in
HDC reactions, their price and limited availability restrict their
industrial applications. Thus attention has been paid to base metals
such as iron, cobalt and, particularly, nickel [7]. Supported nickel
catalysts prepared by conventional impregnation methods have
an inhomogeneity in Ni2+ distribution over the support, owing to
the surface tension of the impregnating solution and other solvent
effects. Moreover, the weak interactions between the support and
ll rights reserved.
metal ion species lead to the migration and aggregation of Ni2+

during subsequent calcination at high temperature, resulting in
an increase in the inhomogeneity of the Ni2+ distribution.

Layered double hydroxides (LDHs) are a class of anionic clays.
Their general formula [8,9] can be expressed as ½M2þ

1�x

M3þ
x ðOHÞ2�

xþðAn�Þx=n �mH2O, where M2+ and M3+ are di- and tri- va-
lent metal cations, An� denotes an organic or inorganic anion with
negative charge n, and x (=[M3+]/([M2+] + [M3+])) is the value of the
stoichiometric coefficient. The M2+ and M3+ cations are uniformly
dispersed within the layers without the formation of ‘lakes’ of like
cations. Thus, these layered materials have been widely used as
catalysts, catalyst precursors, or catalyst supports. We have previ-
ously shown [10] that NiAl–LDHs films can be prepared by reaction
of an alkaline solution of Ni2+ ions with porous anodic alumina,
which acts as both substrate and sole source of Al3+ cations.

In this work, micro-spherical c-Al2O3 with high specific surface
area and excellent physical strength was used as a support and sole
source of Al3+ for the synthesis of Ni2þ—Al3þ—CO2�

3 —LDHs in the
pores of the material. Formation of the LDHs resulted from decom-
position of urea dissolved in an aqueous solution of Ni2+ impreg-
nated into the c-Al2O3. After calcination and reduction, a highly
dispersed Ni/c-Al2O3 catalyst was obtained. As a comparison, a
Ni/c-Al2O3 catalyst was prepared by a conventional impregnation
method, followed by calcination and reduction. The structure and
properties of these two catalysts, including their catalytic perfor-
mance in the gas phase HDC of a typical chlorinated aromatic com-
pound, chlorobenzene (CB), were investigated.

http://dx.doi.org/10.1016/j.jcat.2009.07.001
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2. Experimental

2.1. Materials

Ni(NO3)2�6H2O, CO(NH2)2, hydrochloric acid, and hexamethy-
lenetetramine (HMT) were all of A.R. grade, and were used without
further purification. The aluminum powder had a purity of 99.6%,
and an average particle size of 50 lm. The deionized water used
in all experiments had a conductivity of less than 10�6 S cm�1.

2.2. Synthesis of spherical alumina

An alumina sol was synthesized by digesting aluminum powder
in hydrochloric acid [11]. Aluminum powder (30 g) was dispersed
in deionized water (100 mL) in a four-necked flask, followed by
slow addition of 15% hydrochloric acid (125 mL) using a peristaltic
pump, with vigorous stirring at about reflux temperature. After
one-third of the amount of hydrochloric acid had been added into
the reactor, a magnetic separation procedure was conducted to re-
move Fe and Cu impurities through external circulation of the reac-
tion mixture using another peristaltic pump. The final alumina sol
contained 12.7% aluminum with an Al/Cl molar ratio of 1.8.

A solution of 40% HMT (14.6 g) was added dropwise to the alu-
mina sol (50.0 g) below 10 �C. Micro-spherical gel particles were
prepared by dispersing the resulting mixed sol in a column filled
with 500SN heavy distillate oil at 85–95 �C by means of a drop dis-
tributor [12]. The resulting gel particles were immersed in the oil,
and were aged at 140–145 �C for 4–6 h at 0.5–0.6 MPa in order to
decompose the HMT completely. Any NH4Cl remaining in the pores
of the hydrated alumina microspheres was thoroughly removed by
washing using deionized water. The samples were dried at 120 �C
until there was no further weight loss. After calcination at 600 �C
for 4 h in air, spherical c-Al2O3 particles were obtained.

2.3. Preparation of NiAl–LDHs/c-Al2O3

Ni(NO3)2�6H2O (4.37 g) and urea (1.80 g) were dissolved in 5 mL
of deionized water to obtain about 10 mL of mixed solution. The
resulting solution was then added to a four-necked flask with 5 g
of spherical c-Al2O3 particles. After being impregnated for 1 h
about 3 mL of solution remained, with the balance having being
absorbed by the spherical c-Al2O3 particles. The particles together
with the residual solution were transferred to an autoclave and
aged at 120 �C for 24 h, and were then thoroughly washed with
deionized water until the pH value of the washings reached 7.
The resulting NiAl–LDHs/c-Al2O3 catalyst precursor was obtained
after drying at 70 �C for 12 h.

2.4. Preparation of Ni(NO3)2/c-Al2O3

Five grams of c-Al2O3 were added to 5 mL of 3 mol L�1 Ni(NO3)2

solution and then impregnated for 12 h. The resulting Ni(NO3)2/c-
Al2O3 catalyst precursor was obtained after drying at 70 �C for 12 h.
2.5. Synthesis of pristine NiAl–LDHs

Pristine NiAl–LDHs were prepared as reference samples by
means of a method using separate nucleation and aging steps
(SNAS) [13]. Ni(NO3)2�6H2O and Al(NO3)3�9H2O with a Ni2+/Al3+

molar ratio of 2:1 were dissolved in deionized water to make a
mixed salt solution ([Ni2+] + [Al3+] = 0.66 mol L�1). NaOH and
Na2CO3 were dissolved in deionized water to make an alkali solu-
tion ([NaOH] = 1.5 mol L�1, [Na2CO3] = 0.7 mol L�1). The two solu-
tions were added simultaneously to a modified colloid mill
operating with a rotation speed of about 4000 r min�1 under N2
protection [14]. The resulting slurry was transferred to a four-
necked flask as quickly as possible and was aged at 40 �C for 15 h
with vigorous stirring in a flowing N2stream. The precipitate was
centrifuged and thoroughly washed with deionized water until
the pH value of the filtrate reached 7. The final NiAl–LDHs were ob-
tained after drying at 70 �C for 12 h.

2.6. Synthesis of NiO/c-Al2O3 catalyst precursors

The precursors NiAl–LDHs/c-Al2O3 and Ni(NO3)2/c-Al2O3 were
heated in air with a ramping rate of 10 �C min�1 to 500 �C and cal-
cined at that temperature for 4 h, followed by slow cooling to room
temperature. The two different samples of NiO/c-Al2O3 are de-
noted U-NiO/c-Al2O3 and I-NiO/c-Al2O3, respectively.
2.7. Analysis and characterization

Powder XRD patterns were recorded on a Shimadzu XRD-600 X-
ray powder diffractometer (Cu Ka radiation, k = 0.15406 nm) be-
tween 3� and 70�, with a scan speed of 10 �C min�1. Elemental
analysis was performed using a Shimadzu ICPS-75000 inductively
coupled plasma emission spectrometer (ICP-ES) and an Elementar
Vario EL elemental analyzer. The morphology, structure, and grain
size of the samples were examined using a Hitachi S-4700
scanning electron microscope (SEM). The low temperature N2

adsorption–desorption experiments were carried out using a
Quantachrome Autosorb-1 system. The BJH method was used to
calculate pore volume and the pore size distribution. Surface ele-
mental analysis was performed using an ESCALAB250 X-ray photo-
electron spectroscopy (XPS). 27Al MAS-NMR analysis was
performed using a Bruker AV300 NMR equipment.

Temperature programmed reduction (TPR) and hydrogen tem-
perature programmed desorption (H2-TPD) of the catalysts were
conducted on a Micromeritics ChemiSorb 2720. About 200 mg of
NiO/c-Al2O3 samples was loaded in a quartz reactor and heated
at 300 �C for 2 h in argon. TPR was carried out with a heating ramp
rate of 5 �C min�1 in a stream of 10% H2 in Ar, with a total flow rate
of 40 mL min�1. The outlet gas was passed through a cold trap to
remove the moisture produced during reduction. TPD was carried
out in a stream of argon with a flow rate of 40 mL min�1 and a tem-
perature ramp of 10 �C min�1. Hydrogen consumption due to the
reduction of NiO was monitored by a thermal conductivity detec-
tor (TCD) linked to a computer data acquisition system. The TCD
signals were calibrated using Ag2O as a standard. The Ni metal sur-
face area, dispersion, and crystallite size were calculated from the
volume of H2 chemisorbed using the following simplified equa-
tions [15]:

Ni metal surface area:

SANiðm2=g-Cat:Þ ¼ Vad
Ws� Vm

� SF � N � RA ð1Þ

Ni metal specific surface area:

SANiðm2=g-Ni:Þ ¼ SAðm2=gÞ
FNi

ð2Þ

Ni dispersion (D):

D ¼ Vad
Ws
� FWNi � SF

FNi � Vm
� 100 ð3Þ

Ni metal crystallite size (MCS)

MCS ¼ 6� 103

SANiðm2=g-NiÞ � dNi
ð4Þ

where Vad = volume of H2 chemisorbed at STP (mL) to form a mono-
layer, Ws = weight of the sample (g), Vm = molar volume of H2 gas



Fig. 1. XRD patterns of c-Al2O3 (a), Ni(NO3)2/c-Al2O3 (b), NiAl–LDHs/c-Al2O3 (c),
and NiAl–LDHs (d).

Table 1
Analysis of XRD patterns for NiAl–LDHs/c-Al2O3 and NiAl–LDHs.

Property NiAl–LDHs/c-Al2O3 NiAl–LDHs

d003 (nm) 0.76 0.75
d006 (nm) 0.38 0.38
d009 (nm) 0.24 0.25
d110 (nm) 0.15 0.15
W1/2 for [003] (�) 1.47 0.70
W1/2 for [110] (�) 0.52 0.36
Lattice parameter a (nm) 0.30 0.30
Lattice parameter c (nm) 2.28 2.25
Crystallite size in direction a (nm) 17.56 25.63
Crystallite size in direction c (nm) 5.37 11.27
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(22414 mL mol�1), SF = stoichiometric factor (the Ni:H ratio in the
chemisorption) which is taken as 1, N = 6.023 � 1023 Ni
atoms mol�1, RA = atomic cross-sectional area of Ni (0.0649 nm2),
FNi = weight fraction of Ni in the sample as determined by ICP-
AES, FWNi = formula weight of Ni (58.71 g mol�1), and dNi = density
of Ni metal (8.9 g cm�3).
Fig. 2. Curves of pore size distribution of c-Al2O3 (a),
2.8. Catalytic activity tests

All the catalytic reactions were carried out in an Xq WFS-3015
fixed bed microreactor over the temperature range 250–400 �C.
About 0.5 g of NiO/c-Al2O3 catalyst precursor was placed in a
quartz tubular reactor (7 mm i.d.) between two quartz plugs. Be-
fore starting the reaction, the catalyst was pretreated at 400 �C
for 2 h in hydrogen with a flow rate of 40 mL min�1 and cooled
to the required reaction temperature. CB (1.2 mL h�1) was fed into
the reactor using an Elite P230 microfeeder and the hydrogen flow
was maintained by a mass flow controller. A space velocity (GHSV)
of 3360 h�1 was maintained throughout the reaction. The reactants
and products were analyzed by GC with a flame ionization detector
online. Catalytic activity is discussed in this paper in terms of the
fractional conversion (x) [16],

x ¼ ðmC6H5ClÞi� ðmC6H5ClÞo
ðmC6H5ClÞi ð5Þ

where m denotes the number of moles of reactant entering (sub-
script i) and exiting (subscript o) the reactor per unit time.
3. Results and discussion

3.1. Structure and porosity of NiAl–LDHs/c-Al2O3 and Ni(NO3)2/c-
Al2O3

The powder XRD patterns for c-Al2O3, Ni(NO3)2/c-Al2O3, NiAl–
LDHs/c-Al2O3, and NiAl–LDHs are shown in Fig. 1a–d, respectively.
The characteristic (311), (222), (400), and (440) reflections of c-
Al2O3 can be observed in Fig. 1a [17], and the pattern for Ni(NO3)2/
c-Al2O3 shown in Fig. 1b is very similar. The XRD pattern in Fig. 1d
is similar to those reported in the literature for LDH phases [9]; the
peaks at low angle arise from the basal (003) and higher order
(006 and 009) reflections, and the peak around 60� 2h arises from
the (110) reflection. The pattern of NiAl–LDHs/c-Al2O3 is a super-
position of the characteristic reflections of c-Al2O3 and those of
LDHs as shown in Fig. 1c, which confirms that NiAl–LDHs has been
formed on the c-Al2O3 support. The corresponding structural
parameters are listed out in Table 1. The lattice parameters a (=2
d110) and c (=d003 + 2d006 + 3d009) of NiAl–LDHs/c-Al2O3 were close
to those of the pristine LDHs. According to the Scherrer formula,
the crystallite sizes in the a and c-directions can be calculated from
Ni(NO3)2/c-Al2O3 (b), and NiAl–LDHs/c-Al2O3 (c).



Table 2
Textural properties of the samples.

Sample Specific surface area
(m2 g�1)

Most probable pore
size (nm)

Total pore volume
(cm3 g�1)

c-Al2O3 179 18.1 0.89
Ni(NO3)2/c-

Al2O3

95 9.5 0.50

NiAl–LDHs/
c-Al2O3

218 6.2 0.43
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the full width at half-height (W1/2) of the (110) and (003) reflec-
tions, respectively. It is interesting to observe that the crystallite
size of NiAl–LDHs grown on c-Al2O3 was much smaller than that
of the pristine LDHs. This can be attributed to the confinement ef-
fects of the pores of c-Al2O3.

The N2 adsorption–desorption isotherms of the obtained Al2O3,
Ni(NO3)2/c-Al2O3, and NiAl–LDHs/c-Al2O3 were all of Type IV with
an obvious hysteresis loop [18]. The shape of the hysteresis loop in
each case was a superposition of Types H1 and H3. This is generally
taken to indicate that samples have both tubular and parallel slit-
shaped capillary pores which are caused by the gas escaping during
calcination and the stacking of alumina microcrystallites [19]. The
corresponding pore size distributions are shown in Fig. 2, and the
textural properties are listed out in Table 2. The specific surface
area, most probable pore size, and total pore volume of Ni(NO3)2/
c-Al2O3 were all significantly smaller than the corresponding val-
ues for c-Al2O3. This may be because a large number of Ni(NO3)2

microcrystallites aggregated together during the drying process
and the aggregations blocked some of the pores in the c-Al2O3 sup-
port. In the case of NiAl–LDHs/c-Al2O3, the specific surface area
Fig. 3. SEM micrographs of cross-sections of Ni(NO3)2/c-Al2O3 (a) and NiAl–LDHs/c-
Al2O3 (b).
was higher than that of c-Al2O3 itself; this may be attributed to
the formation of NiAl–LDHs microcrystallites, with regular size
and well-developed two-dimensional pores, on the surfaces of c-
Al2O3 pores. The total pore volume and the most probable pore size
were lower than the corresponding values for c-Al2O3, the reason
being that a fraction of the c-Al2O3 pore volume was taken up by
NiAl–LDHs microcrystallites.

3.2. Morphology of NiAl–LDHs/c-Al2O3 and Ni(NO3)2/c-Al2O3

A cross-section SEM image of Ni(NO3)2/c-Al2O3 (see Fig. 3a)
shows that congeries of Ni(NO3)2 particles with a size of 10–
50 nm blocked most of the pores on the surface of c-Al2O3, and that
the nickel-containing phase exhibited low dispersion. In NiAl–
LDHs/c-Al2O3 (Fig. 3b), NiAl–LDHs microcrystallites having good
crystallinity and uniform size grew homogeneously in the pores
and on the surface of c-Al2O3. The crystallite size of NiAl–LDHs in
the c-direction was 5–15 nm, which is consistent with the XRD
results.

The 27Al MAS-NMR analysis indicated that both NiAl–LDHs/c-
Al2O3 and c-Al2O3 displayed two resonances at �6 and �60 ppm;
these chemical shifts are characteristic of AlO6 octahedra and
AlO4 tetrahedra, respectively, [20]. The 27Al peak intensities for
NiAl–LDHs/c-Al2O3 were much lower than those for c-Al2O3, which
might be due to the presence of the paramagnetic Ni2+ ions. The ra-
tio of AlO6 to AlO4 peak areas for NiAl–LDHs/c-Al2O3 was larger
than that for c-Al2O3. This indicates that rather than being simply
supported on the c-Al2O3, NiAl–LDHs microcrystallites were chem-
ically grafted via bonding of (Ni-coordinated) O atoms with AlO4

tetrahedra, resulting in the formation of additional AlO6 octahedra
via Al–O–Ni linkages.

3.3. Structure and porosity of NiO/c-Al2O3 catalyst precursors

Powder XRD patterns for c-Al2O3, I-NiO/c-Al2O3, and U-NiO/c-
Al2O3 are shown in Fig. 4a–c, respectively. The characteristic
(311), (222), (400), and (440) reflections of c-Al2O3; the charac-
teristic (111) and (220) reflections of NiO (bunsenite); and the
characteristic (311) reflection of NiAl2O4 spinel [21] can be ob-
served in Fig. 4b and c. This demonstrates that both Ni(NO3)2

and NiAl–LDHs supported on c-Al2O3 were transformed into NiO
and NiAl2O4 after calcination at 500 �C.

The isotherms of both samples of NiO/c-Al2O3 were all of Type
IV, like those of the uncalcined precursors, with an obvious hyster-
Fig. 4. XRD patterns of c-Al2O3 (a), I-NiO/c-Al2O3 (b), and U-NiO/c-Al2O3 (c) B-NiO
(bunsenite), S-NiAl2O4 (spinel).



Fig. 5. SEM micrographs of cross-sections of I-NiO/c-Al2O3 (a) and U-NiO/c-Al2O3

(b).
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esis loop which was a superposition of Types H1 and H3. The total
pore volume and the most probable pore size of U-NiO/c-Al2O3

(0.52 cm3 g�1 and 11.9 nm) were slightly higher than the corre-
sponding values for the NiAl–LDHs/c-Al2O3 precursor (Table 2),
whilst the specific surface area (193 m2 g�1) was somewhat lower.
This may be because the decomposition of layer hydroxyl groups
Fig. 6. XPS spectra of the Ni 2p3/2 region of I
and interlayer carbonate anions in NiAl–LDHs, with associated loss
of water and carbon dioxide, led to a decrease in the size of the par-
ticles after calcination, and the resulting Ni/Al mixed oxides there-
fore took up less of the pore volume of c-Al2O3 than the NiAl–LDHs
precursor. In the case of I-NiO/Al2O3, the specific surface area
(138 m2 g�1), most probable pore size (7.8 nm), and total pore vol-
ume (0.65 cm3 g�1) were all significantly higher than the corre-
sponding values for Ni(NO3)2/c-Al2O3 (Table 2). The increase in
surface area may result from decomposition of Ni(NO3)2, with rel-
atively low surface area, to afford NiO with much smaller particle
size. The increased pore size and total pore volume suggest that
some new pores were generated in the calcination process; these
may be caused by the weak interactions between the c-Al2O3 sup-
port and the Ni species leading to accumulation of NiO particles.

3.4. Morphology of NiO/c-Al2O3 catalyst precursors

Cross section SEM micrographs of I-NiO/c-Al2O3 and U-NiO/c-
Al2O3 are shown in Fig. 5. In the case of I-NiO/c-Al2O3, a large quan-
tity of NiO was congregated on the surface of c-Al2O3, as shown in
Fig. 5a, which can be attributed to the migration of Ni2+ during dry-
ing and calcination processes. In contrast, in the case of U-NiO/c-
Al2O3, NiO particles were dispersed homogeneously on the surface
and pores of c-Al2O3 as shown in Fig. 5b. These micrographs clearly
confirm that U-NiO/c-Al2O3 possessed higher surface dispersion
than I-NiO/c-Al2O3.

3.5. XPS study of NiO/c-Al2O3 catalyst precursors

Several XPS studies of oxidized and reduced forms of supported
and unsupported nickel catalysts have been reported in the litera-
ture [22,23]. As shown in Fig. 6, the XPS spectra of I-NiO/c-Al2O3

and U-NiO/c-Al2O3 in the Ni 2p3/2 region were essentially identical.
Both contained three peaks, appearing at binding energies around
855, 856, and 862 eV, suggesting that there were three different Ni
sites on the c-Al2O3 support. The first peak located at around
855 eV can be attributed to the binding energy of Ni 2p3/2 in NiO
dispersed on c-Al2O3 [24]. The second peak centered at 856 eV is
characteristic of Ni 2p3/2in NiO particles interacting more strongly
with the carrier [24]. Comparison of the ratios of the area of the
second peak to that of first peak between the two spectra
-NiO/c-Al2O3 (a) and U-NiO/c-Al2O3 (b).



Fig. 7. TPR profiles of I-NiO/c-Al2O3 (a) and U-NiO/c-Al2O3 (b).

Table 3
Analytical data and hydrogen adsorption properties of Ni/Al2O3 catalysts.

Sample Ni loadinga

(%)
H2 uptake
(mL g�1

STP)

Dispersion
(%)

Crystallite
size (nm)

Ni specific
surface
area
(m2 g�1)

I-Ni/c-Al2O3 13.2 2.5 22.2 4.6 148
U-Ni/c-

Al2O3

15.0 3.3 28.6 3.6 190

a As determined by ICP.
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illustrates that the interaction between NiO and c-Al2O3 in U-NiO/
c-Al2O3 is much stronger than that in I-NiO/c-Al2O3. The peak lo-
cated at round 862 eV can be assigned to Ni2+ ions in a network
of Ni(OH)2, NiAl2O3, and NiAl2O4 compounds [25].

3.6. TPR and H2-TPD studies of NiO/c-Al2O3 catalyst precursors

TPR profiles obtained for the NiO/c-Al2O3 catalyst precursors
are shown in Fig. 7. The TPR traces for both I-NiO/c-Al2O3 and U-
NiO/c-Al2O3 showed two peaks. The peak below 700 �C can be
attributed to the reduction of NiO particles and, in both cases, oc-
curred at a much higher temperature than the corresponding peak
for pure NiO, which occurs around 370 �C [26]. This implies the
presence of strong interactions between NiO and c-Al2O3. The
higher temperature peak is consistent with the reduction of a NiA-
l2O4 spinel or strongly interacting NiO-c-Al2O3 phase; the presence
of such phases was indicated by XPS. The reduction temperature
and peak area for I-NiO/c-Al2O3 were lower than the corresponding
values for U-NiO/c-Al2O3, which could be due to the larger crystal-
lite size in the former leading to incomplete reduction of NiO par-
ticles [27].

H2-TPD experiments were performed in order to obtain infor-
mation about the surface structure of the catalysts as well as to
determine quantitatively the amount of chemisorbed hydrogen;
Fig. 8. H2-TPD profiles of I-NiO/c-Al2O3 (a) and U-NiO/c-Al2O3 (b).
the latter is a good indication of the degree of metal dispersion
and surface area. H2-TPD profiles from 120 �C to 950 �C of I-NiO/
c-Al2O3 and U-NiO/c-Al2O3 are shown in Fig. 8 (any peaks below
120 �C can be attributed to physical desorption). Both the profiles
showed at least two domains of H2 desorption peaks. Peaks below
700 �C are generally attributed to H2 desorbed from metal particles
and therefore indicate the exposed fraction of Ni atoms, whilst
high temperature peaks are attributed to H2 located in subsurface
layers and/or to spillover H2 [28,29]. Hydrogen uptake values and
other related properties calculated from the desorption measure-
ments on the Ni/Al2O3 catalysts are given in Table 3, along with
the nickel loading as determined by ICP. The value of the Ni loading
in U-Ni/c-Al2O3 was very similar to that in the synthesis mixture
(15 wt.%), whereas the Ni loading in I-Ni/c-Al2O3 was lower than
the value in the synthesis mixture (also 15 wt.%), which indicates
loss of Ni during the preparation of the latter material. The Ni dis-
persion in U-Ni/c-Al2O3 was significantly higher than that in I-Ni/
c-Al2O3.

3.7. Catalytic HDC of CB

HDC of CB was carried out using U-Ni/c-Al2O3 and I-Ni/c-Al2O3,
prepared by hydrogen reduction of the corresponding NiO/c-Al2O3

precursors, as catalysts under a variety of conditions.

3.7.1. Influence of reaction temperature on the activity of HDC of CB
The catalytic performances of U-Ni/c-Al2O3 and I-Ni/c-Al2O3

during the vapor phase HDC of CB at different temperatures for
3 h, with H2, N2, and CB flow velocities of 13.4, 40.2, and
0.03 mL min�1, respectively, are shown in Fig. 9. HDC of CB nor-
mally results in the production of three products, viz. benzene,
cyclohexane, and chlorocyclohexane [30]. U-Ni/c-Al2O3 exhibited
Fig. 9. Effect of varying the reaction temperature on HDC of CB over the Ni/Al2O3

catalysts prepared with nominal 15 wt.% Ni.



Fig. 11. Effect of varying the nominal Ni content in the Ni/Al2O3 catalysts on HDC of
CB.
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higher catalytic activity than I-Ni/c-Al2O3 over the temperature
range 250–380 �C, which can be attributed to the smaller crystal-
lite size, higher Ni dispersion, and higher surface area of the former
(the masses of the two catalysts used were scaled according to
their composition to ensure that identical amounts of nickel were
present in each case). HDC of CB in the presence of the U-Ni/c-
Al2O3 catalyst over the temperature range 250–380 �C produced
benzene as the only significant product, and the conversion of CB
reached 100% at 380 �C. When the reaction temperature was raised
above 380 �C, cyclohexane was detected and there was a decrease
in the conversion of CB. The same trends were observed for I-Ni/c-
Al2O3.

3.7.2. Influence of the hydrogen partial pressure on catalytic activity
Fig. 10 depicts the effect of varying the hydrogen partial pres-

sure in HDC of CB. N2/H2 molar ratios of 4:1, 3:1, 2:1, and 1:1 were
employed in the experiments, which were carried out at 370 �C for
3 h with a total flow velocity of 53.6 mL min�1. It was observed
that for both U-Ni/c-Al2O3 and I-Ni/c-Al2O3, the conversion of CB
increased when the N2/H2 molar ratio was decreased from 4:1 to
2:1. However, over-hydrogenation of CB to cyclohexane was found
at higher H2 pressures. Thus, a N2/H2 molar ratio of 2:1 is optimal
for HDC of CB.

3.7.3. Effect of Ni content on the activity of HDC of CB
The activities for HDC of CB at 370 �C for 3 h, with H2, N2, and CB

flow velocities of 13.4, 40.2, and 0.03 mL min�1, respectively, over
U-Ni/c-Al2O3 and I-Ni/c-Al2O3 prepared using different loadings of
nickel are reported in Fig. 11. For both catalysts, the activity in-
creased with increasing Ni content. This is consistent with the re-
sults reported by Suzdorf et al. in their study of Ni/Al2O3 as a
catalyst for HDC of CB [31]. Catalysts with nominal 15 wt.% nickel
loading were used in the subsequent stability study.

3.7.4. Time-on-stream analysis
Catalyst deactivation is generally a problem in the HDC reac-

tion,and it has been attributed mainly to the presence of HCl gen-
erated in the reaction, which leads to the formation of a stable
surface chloride species; the reaction then becomes a cycle of
chlorination/dechlorination of the surface [27]. Fig. 12 shows the
results of time-on-stream analyses for U-Ni/c-Al2O3 and I-Ni/c-
Al2O3 catalysts containing about 15 wt.% Ni at 370 �C with H2, N2,
and CB flow velocities of 13.4, 40.2, and 0.03 mL min�1, respec-
tively. The two Ni/c-Al2O3 catalysts had very high initial activity,
Fig. 10. Conversion of CB at different H2 partial pressures over the Ni/Al2O3

catalysts prepared with nominal 15 wt.% Ni.
approaching 99.8% conversion of CB. The U-Ni/c-Al2O3 catalyst
exhibited better stability, maintaining about 99.0% conversion
after attaining a steady state within a period of 4 h on stream,
whereas the I-Ni/c-Al2O3 catalyst reached a steady state conver-
sion of only ca. 95% after 6 h on stream. The enhanced stability
of U-Ni/c-Al2O3 is consistent with its smaller crystallite size, higher
Ni dispersion, and the stronger interaction between the Ni species
and the c-Al2O3 support.

The spent catalysts were also characterized by ICP, XRD, TPR,
and H2-TPD. ICP results indicated no evidence for Ni loss of either
catalyst during the reaction. The characteristic reflections of NiCl2

can be observed in the XRD pattern of the used catalyst I-Ni/c-
Al2O3, which indicated the poisoning of active nickel species with
HCl produced during HDC reaction. This can be ascribed to the
weak interactions between Ni species and c-Al2O3 support in the
I-Ni/c-Al2O3 catalyst. In contrast, the used catalyst U-Ni/c-Al2O3

did not show any new peaks in its XRD pattern. The spent U-Ni/
c-Al2O3 catalyst exhibited similar TPR and H2-TPD traces to the
fresh catalyst, with slightly lower peak areas than the fresh cata-
lyst. This illustrates that the metal dispersion of the U-Ni/c-Al2O3

catalyst decreased only marginally during the HDC reaction
Fig. 12. Time-on-stream analysis: HDC of CB over nominal 15 wt.% Ni/Al2O3

catalysts.
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because of a small quantity of metal atom sintering. Therefore, the
deactivation of the U-Ni/c-Al2O3 catalyst was relatively low. In the
case of the I-Ni/c-Al2O3 catalyst, the used catalyst exhibited two
extra reduction peaks due to the formation of the NiCl2 phase,
and had a significantly lower peak area in the H2-TPD trace than
the fresh catalyst, which indicates that the extent of metal disper-
sion decreased markedly during the HDC reaction. Thus, the deac-
tivation observed for the I-Ni/c-Al2O3 catalyst can be attributed not
only to the poisoning of active nickel species with HCl, but also to
the sintering of metal atoms [27,32].

4. Conclusions

Spherical c-Al2O3 particles with high specific surface area and
well-developed pore canals were prepared by the oil column meth-
od and were used as support and sole Al source for the synthesis of
Ni2þ—Al3þ—CO2�

3 —LDHs microcrystallites within the pore canals of
the material. XRD, SEM, and BET measurements indicated that the
crystallite size of NiAl–LDHs grown within the pores of c-Al2O3

was smaller than that of pristine NiAl–LDHs prepared by conven-
tional co-precipitation. The specific surface area of NiAl–LDHs/c-
Al2O3 was higher than that of the c-Al2O3 precursor due to the
well-developed two-dimensional pores of NiAl–LDHs. After
calcination at 500 �C, an alumina-supported nickel oxide species
(denoted U-NiO/Al2O3) was obtained. As a comparison, an
alumina-supported nickel oxide species (denoted I-NiO/Al2O3)
was prepared by a conventional impregnation method, followed
by calcination at 500 �C. SEM, BET, and XPS analyses showed that
U-NiO/Al2O3 possessed higher nickel dispersion and specific
surface area than I-NiO/Al2O3, as well as stronger interactions be-
tween NiO and Al2O3. TPR and H2-TPD analyses indicated that
the Ni dispersion and Ni specific surface area of U-Ni/Al2O3were
significantly higher than those of I-Ni/Al2O3.

Studies of the vapor phase HDC of CB with U-Ni/Al2O3 and I-Ni/
Al2O3, prepared by hydrogen reduction of the corresponding NiO
precursors, showed that high reaction temperatures (>380 �C) or
high H2 partial pressures led to over-hydrogenation of CB to afford
cyclohexane. The activity of both catalysts increased with increas-
ing Ni content. U-Ni/c-Al2O3 exhibited higher activity, selectivity,
and stability than I-Ni/c-Al2O3 due to its smaller crystallite size,
higher Ni dispersion, and stronger interaction between Ni species
and the c-Al2O3 support. U-Ni/c-Al2O3 catalysts with about
15 wt.% Ni showed optimal activity and selectivity at 380 �C with
a N2/H2 molar ratio of 2:1.
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