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Abstract

A series of NiO-SiO7—Al;O3 catalysts were synthesized by the sol-gel method. The samples were characterized by a wide array of tech-
niques, including X-ray diffraction (XRD), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), H, temperature-
programmed reduction (TPR), and temperature-programmed desorption (TPD) of NH3. The nature of Ni species on the support and their
interaction with the support was studied. XPS and TPR studies showed that Ni was present as Ni2t on the support, and that there was no
Ni** or Ni® in the unreduced samples. Two kinds of NiO were observed on the support, one in which the Ni2t interacts with the support and the
other known as “free”” NiO—that is, with no metal-support interactions. The reducibility of NiO decreased with increasing interaction with the
support. The extent of interaction between the Ni2t and the support depended on the total Ni content of the sample and its Si/Al ratio. Increasing
the Ni content in the material led to an increase in the relative concentration of free NiO, as well as an increase in the particle size of NiO as seen on
TEM. An increase in Si content led to a decrease in the relative free NiO concentration and an increase in the total acidity of the sample, measured
by NH3-TPD. The impact of these effects on the catalytic activity of the samples was evaluated in the vapor-phase hydrogenation of naphthalene at
1 atm. A correlation was made between the catalytic activities and the relative concentration of free NiO. Hydrogenation of naphthalene proceeds
sequentially by formation first of the partially hydrogenated tetralin and then of the fully hydrogenated decalin. The yield of decalin increased
with increasing conversion of naphthalene; however, tetralin was the major product of this reaction. Kinetic studies were carried out to investigate
the variation in selectivity with conversion of naphthalene. The reaction was best described using a two-site Langmuir—Hinshelwood model. The
adsorption constants and of naphthalene, Ky, and tetralin, KT, were 4.10 x 103 and 1.88 x 1073 m3/mol, respectively, at 200 °C. The low yield
of decalin has been attributed to the weak adsorption of tetralin on the active site.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The design and characterization of new heterogeneous cata-
lysts are of major interest for the development of new chemical
processes of economic and ecologic interest to the chemical in-
dustry. Most industrial catalysts are high-surface area solids
onto which an active component is dispersed in the form of
very small particles (nanoparticles). The design of catalysts
with controlled particle size and pores has been a fundamen-
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tal objective of catalyst researchers [1]. The performance of a
heterogeneous catalyst is a direct function of its chemical na-
ture and/or its structure. High, homogeneous metal dispersion
on the support is an important factor contributing to catalyst ac-
tivity [2]. Metal-support interaction plays an important role in
the catalytic activity of supported metal oxides [3]. The stronger
the metal—support interaction, the higher the temperature of re-
duction of the metal. There are reports in the literature on the
metal-support interactions over Ni catalyst with SiO,/Al,03 as
support [4-8]. Strong Ni—support interactions hinder its activ-
ity in hydrogenation reactions but are found to favor reactions
like CHy reforming with CO,, for which it was found that cat-
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alysts with a strong metal-support interaction were more active
and showed greater resistance to coking and sintering than those
that did not show a significant Ni—support interaction [4]. There
is no general consensus on the extent and variation of the in-
teraction of Ni atoms with the variation in Si/Al ratio of the
support. Turlier et al. [5] studied the effect of different supports,
including Al,O3 and SiO», on the reducibility of the metal de-
posited on these supports and concluded that the reducibility
of Ni is greater over Al,O3 than over SiO,. Amblard et al. [6]
showed that for the Ni samples prepared by incipient wetness,
the reducibility of Ni** over Al,O3 is low compared with that
over SiO;. Jackson et al. [7] synthesized Ni catalysts by the
impregnation method; in their system, the Ni’* in Ni-SiO;
and Ni—Al,O3 reduced at identical temperatures, indicating a
similar metal—support interaction in both the cases. Guimon et
al. [8] studied the interactions of Ni with SiO,—Al>O3 support
prepared by the sol—gel technique and found that silica has very
weak interactions with the metal. The addition of alumina to sil-
ica leads to the existence of two types of Ni2T crystallites, one
presenting strong interactions with the support and the other
presenting with very weak or no interactions. From the above
discussion, it should be obvious that the Ni—support interac-
tion is dependent on the synthetic route followed and varies
from system to system. Therefore, it is imperative to under-
stand the system thoroughly before testing it in any catalytic
reaction.

The heterogeneous hydrogenation of naphthalene is not only
a useful model reaction for gauging the activity of metal cata-
lysts, but also is of commercial importance in the upgrading
of coal liquids and diesel fuels [9]. The hydrogenated prod-
ucts are also proposed to act as hydrogen storage media for
proton-exchange membrane fuel cells [10]. It is known that
>60% of the C atoms in coal exist in aromatic forms, con-
sisting mainly of 1-4 fused aromatic rings; thus, coal reactiv-
ity is strongly dependent on the aromatic structure. Because
the large bonding energy of aromatic rings is lessened by re-
ducing the C=C bonds to C—C bonds, the cracking reactiv-
ity of the polycyclic aromatic system can be greatly enhanced
by hydrogenation of the aromatic rings [11]. The interest in
low-aromatic-content diesel fuels has been stimulated in part
by the discovery that diesel exhaust particles contain power-
ful carcinogens [12] and in part because the cetane number of
low-quality diesel fractions can be increased by severely reduc-
ing their aromatic content [13]. If a deep aromatic saturation
must be performed, then highly active hydrogenation catalysts
working at moderate temperatures have to be prepared [14].
It is well established that noble metal catalysts have excellent
hydrogenation properties at moderate pressures [8]. But these
catalysts are expensive and are susceptible to deactivation by
sulfur. There is a need to design highly active catalysts that can
work under much milder reaction pressures and, if possible, use
less expensive metals. Because of their low cost and accept-
able resistance to sulfur poisoning, Ni-based systems are good
alternatives to noble metal hydrogenation catalysts [15,16]. Hy-
drogenation of naphthalene has been carried out over supported
Ni catalysts [17-21]. Barrio et al. [17] studied the vapor-phase
hydrogenation of naphthalene over Ni and Ni—Pd supported on

Si—Al mixed oxide systems and found that the specific activ-
ity does not depend on the details of the surface structure of
the metal crystallites. Rautanen et al. [20] carried out hydro-
genation in liquid phase over a commercial Ni-Al,Oj3 catalyst.
They proposed that the hydrogenation of naphthalene to tetralin
is structure-insensitive, whereas the hydrogenation of tetralin to
decalin is sensitive to the catalyst structure. The hydrogenation
activity of a catalyst varies depending on its synthesis and the
reaction conditions.

We have synthesized a series of NiO-SiO,—Al,O3 catalysts
by the sol-gel method [22]. The main objective of this study
was to characterize these materials to gain knowledge about the
metal-support interactions. We have tried to understand the na-
ture of the active species during the hydrogenation of naphtha-
lene and to obtain a structure—activity correlation, if one exists.
Kinetic studies described in this paper explain the variation in
selectivity with conversion of naphthalene.

2. Experimental
2.1. Catalyst preparation

The catalysts used in this study, NiO-Al,03-SiO;, were
prepared by a sol-gel method using aluminum-tri-sec-butoxide
(Aldrich) as the Al precursor, tetraethylorthosilicate (Aldrich)
as the Si source, and Ni(CH3COO);-4H;0 (Aldrich) as the Ni
source [22]. In a typical procedure, to 50 mmol of tetraeth-
ylorthosilicate (TEOS) in a beaker is added 67.5 mmol of
aluminum-tri-sec-butoxide. After stirring, 25 mmol of Ni ac-
etate is then added, followed by the dropwise addition of
16 mmol of propylamine. n-Propanol (16 mmol) and H,O
(50 mmol) are added dropwise while stirring. After stirring for
3 h, the mix is evaporated to dryness at 130 °C in an oven and
heated to 400 °C in a static furnace to remove the organic mat-
ter. The amount of Al, Si and Ni precursors was varied to obtain
catalysts with differing Si/Al ratios and Ni concentrations.

2.2. Catalyst characterization

2.2.1. Elemental analysis

Ni content was estimated using atomic absorption spec-
troscopy (AAS) after dissolving the sample in HF on a Varian
250 AA system.

2.2.2. X-ray diffraction

X-ray diffraction (XRD) patterns were obtained with a
Bruker D 8 diffractometer, using CuK « radiation (1.5406 A)
at 40 kV and 40 mA and a diffracted beam graphite monochro-
mator. The measurements were recorded in steps of 0.04° with
a count time of 1 s in the 26 range of 2°-60°.

2.2.3. Surface area, pore size measurements

The BET surface area of the samples was determined from
multipoint BET isotherms (Quantachrome Autosorb-1) using
nitrogen as adsorbate at 77 K. Before the measurement, the
samples were degassed at 225 °C for 12 h.
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2.2.4. Temperature-programmed reduction and desorption
studies

Temperature-programmed reduction (TPR) of H, and tem-
perature-programmed desorption (TPD) of NH3 were carried
out on Auto Chem 2910 (Micromeritics) instrument to study the
reducibility of NiO supported on SiO,—Al, O3 and the acidity of
the system. In a typical experiment, 250 mg of oven-dried sam-
ple (dried at 100 °C for 15 h) was taken in a U-shaped quartz
sample tube. The catalyst was mounted on a quartz wool plug.
Before the studies, the sample was pretreated by passing argon
over the catalysts at a flow of 50 ml/min at 100 °C for 2 h.
After pretreatment, the sample was cooled to ambient tempera-
ture and TPR analysis was carried out in a flow of 10% Hy—Ar
(50 ml/min) from ambient temperature to 700 °C at a heating
rate of 10 °C/min.

For the TPD studies, after pretreatment, the sample was re-
duced at 300 °C for 2 h by passing pure hydrogen (99.99%,
75 ml/min) and was subsequently flushed with pure helium
(50 ml/min) for 30 min to remove excess hydrogen. After the
sample was reduced, it was saturated with NH3 in a flow of 10%
NH3-He mixture (75 ml/min) for 1 h at 80 °C, then flushed
with pure helium (50 ml/min) at 100°C for 1 h to remove
physisorbed NH3. TPD analysis was carried out from ambi-
ent temperature to 500 °C at a heating rate of 10°C/min in a
He flow of 50 ml/min. H2 consumption, NH3 desorption, and
Tmax positions were calculated using GRAMS/32 software.

2.2.5. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was done with a
Kratos Axis Ultra Imaging X-ray photoelectron spectrometer
equipped with a Mg anode and a multichannel detector. Charge
referencing was measured against adventitious carbon (C Is,
284.8 eV). Shirley-type background was subtracted from the
signals. The recorded spectra were always fitted using Gauss—
Lorentz curves to determine the binding energy of the different
element core levels more accurately.

2.2.6. Transmission electron microscopy

Transmission electron microscopy (TEM) was performed
with a JEOL JEM 2010 high-resolution transmission electron
microscope. The samples were dispersed in methanol solution
and suspended on a 400-mesh, 3.5-mm-diameter Cu grid.

2.3. Catalytic activity

The reaction was performed in a fixed-bed continuous-flow
quartz catalytic reactor (10 mm i.d.) operated in the down-
flow mode at atmospheric pressure. The reaction temperature
was measured with a thermocouple in contact with the catalyst
bed. The organic feed consisted of a solution of naphthalene
in toluene (2.5-20 wt%) and was fed into the reactor by a pis-
ton pump. A fixed volume of catalyst (3 cm® with a particle
size of 0.85-1.00 mm) diluted with SiC was used in all cases.
Before the activity tests, the catalysts were reduced in situ at
atmospheric pressure with Hy (flow rate 20 cm?/min) at 200—
450°C for 7 h, with a heating rate of 3°C/min. The liquid

products were collected at the bottom of the reactor for 1 h us-
ing a trap cooled in ice. The products were analyzed using an
Agilent 6890 N gas chromatograph (flame ionization detector,
HP-5 column, 30 m x 5 mm x 0.25 um) and confirmed by gas
chromatography—mass spectroscopy (GC-MS). The only prod-
ucts detected were tetralin and decalin; there were no products
due to ring opening and hydrogenolysis. Toluene was not hy-
drogenated during the reaction. Blank reactions were carried
out in the absence of a catalyst but with the same amount of
SiC as in the catalytic reaction, and no products were detected.
The conversion and selectivity were calculated based on the GC
results. The rate of the reaction was calculated based on the
equation

F XNaph

W b
where rnaph is the rate of hydrogenation of naphthalene
(mmol/(hg)), F is the flow rate of naphthalene (mmol/h),

XNaph is the fractional conversion of naphthalene, and W is
the weight of the catalyst (g).

"'Naph =

3. Results and discussion
3.1. Catalyst characterization

The catalysts were characterized to elucidate the nature of Ni
species present on the surface and the role of these species in
the catalytic reaction. In addition to metal centers, the acid sites
of support also play a role in aromatic hydrogenation [23]. The
acidity of the samples can be altered by varying the Si/Al ratio.
The effects of varying Si/Al ratio on crystallinity, metal oxide
distribution, metal-support interaction, and acidity were also
studied. For this purpose, two series of catalysts were prepared,
one with a Ni loading of 5-67 wt% and a constant Si/Al ratio
of around 11 and the other with a Ni content of 11 wt% and a
varying Si/Al ratio.

3.1.1. BET surface area

The BET surface areas determined by nitrogen physisorption
of all the catalysts are presented in Table 1. The BET surface
area as well as the pore volume decreased as a function of Ni
loading on Al,O3-Si0;. This may be due to the formation of

Table 1
BET surface area and pore size of NiO-SiO;—Al,O3 samples calcined at
500°C

Ni Si/Al Surface area Total pore

(Wt%) m?/g) volume (cm3/g)
6.8 11.3 572 0.263

11.4 11.3 548 0.247

11 Si 559 0.35

11 0.46 453 0.227

11 Al 354 0.204

15 11.3 480 0.224

19 114 387 0.258

40 11.2 270 0.095

67 11 171 0.134
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large NiO particles on the pore walls. The surface area also var-
ied with the Si/Al ratio. The NiO sample containing only silica
as the support had the highest surface area (559 m?/g); surface
area decreased with increasing Al,O3 content in the matrix.

3.1.2. XRD

The XRD patterns of the samples with different Ni load-
ings are presented in Fig. 1. No peaks due to Al,O3 or SiO;
can be seen, implying that Al,O3-SiO, exists as an amor-
phous or poorly crystalline phase. It can be seen that the sam-
ples were amorphous at low Ni loading. Peaks at 26 = 37.13°
and 43.24° (d = 2.42 and 2.09) were visible at Ni loading of
around 21 wt%. These characteristic diffraction lines of cu-
bic NiO crystals became prominent only when the Ni loading
was around 40 wt%, demonstrating that the NiO particles were
small and well dispersed at loadings <40 wt%. Samples with

pure SiO; as support and pure Al,O3 as support showed no
crystallinity, indicating that SiO, and Al,O3 existed as amor-
phous phases. Peaks due to NiO were seen only in the sample
with pure Al,Oj3 as the support. The NiO peaks were very weak
and broad in this case, indicating small particle size.

3.1.3. TEM

Representative transmission electron micrographs of the
samples and the particle size distribution are shown in Figs. 2
and 3, respectively. All of the micrographs exhibit a uniform
dispersion of NiO particles with a narrow particle size range on
the support. The NiO particle size increased with increasing Ni
loading. Most of the NiO particles were in the 7.6-nm range at a
Ni loading of 11 wt%. The maximum shifted to the 17.6-20 nm
region when the Ni loading was increased to 40 wt%. At very
high Ni loadings (67 wt%), NiO crystallites in the 25-nm range

20 43.23, d 2.091

|

700 -
20 37.13, d 2.420
600 - l
500 -
; 400
E‘ \ Ni wt %
£ 300 -
vy} Iy Jv A u67 0/0
200 - 40 %
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“ 0,
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0%
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ﬂ T T T T T
3 13 23 33 43 53
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Fig. 1. X-ray diffraction pattern of calcined NiO-SiO,—Al, O3 samples with different Ni loadings, Si/Al ~ 11.

20nm

20 am

Fig. 2. TEM micrographs of calcined NiO-Al; 03-SiO; samples: (a) 11 wt% Ni and (b) 67 wt% Ni.
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Fig. 3. Size distribution histogram of NiO particles in the calcined NiO-SiO—Al; O3 system.

were formed on the SiO,—Al;O3 support. The NiO particle size
did not vary much with the Si/Al ratio, remaining within the
7.5-10 nm range over both pure SiO; and pure Al,O3 supports.

3.1.4. XPS

The binding energies of electrons determined by XPS pro-
vide useful information on the oxidation states of different ele-
ments. A typical Ni 2p3;» XPS spectrum of the sample shows
peaks at 855.4 eV, 856.8 eV, and a broad peak at around 861 eV
(Fig. 4). The component at 854.5 eV (with satellites at 861.7)
is attributed to Ni2J of NiO (Ni?* in an octahedral geome-
try) [24]. It is noteworthy that the reducibility of Nigér was
greater than that of Nix" (Ni’* in a tetrahedral geometry).
The shift between the satellite and the main peak was about
6 £ 1 eV; the shift and the relative intensities depend generally
on the nature of the environment and on the electronic charge
of the metal (i.e., the oxidation state and the interaction with
support). It is difficult to analyze these shifts and intensities for
these samples because of the presence of more than one type
of Ni** species on the surface. The peak at 856.8 eV can be
attributed to Ni’* of NiO interacting with the support or Ni
silicate/aluminate or Ni3*. XPS of samples with increasing Ni
loading shows a clear increase in the intensity of the NiO peak
(Fig. 4). Ni 2p3/2 XPS of the samples with differing Si/Al ra-
tios, except the one with pure Al,O3 as support, showed only
two peaks, at 856.8 and 861 eV, which are characteristic of Nizt
in the NiO species interacting with the support. The Al,O3 sam-
ple had an additional peak at 854.5 eV, corresponding to the free
NiO. This indicates that interaction between Ni2t and Al, O3 is

lower than the interaction between Ni>* and SiO,. A plot of
relative concentration of NiO (from XPS) as a function of to-
tal Ni content (from elemental analysis) shows a linear increase
(Fig. 5). This suggests that as the Ni loading increased, the rel-
ative concentration of NiO with no interaction with the support
also increased.

3.1.5. TPR

XPS and TPR are complimentary techniques that when used
in conjunction help identify the oxidation states of a reducible
metal oxide and estimate the interaction of the metal oxide with
the support. The TPR profiles of the samples are presented in
Fig. 6. The presence of Ni**t in the sample can be precluded
by the absence of a reduction peak at 200 °C [25]. The peak
with Timax at 300 °C can be attributed to the reduction of NiO
particles with no interaction with the support [26,27]. The inter-
action of NiO with the support decreases its reducibility [3,28].
The peak with Tpax at around 450 °C thus can be assigned
to the Ni>* of the NiO species interacting with the support,
and not due to the Ni silicate/aluminate peak, because the re-
duction peak of Ni silicate/aluminate would appear at a much
higher temperature. The peak at Tiax = 580°C observed at a
Ni loading of 67% may be due to the formation of amorphous
Ni silicate/aluminate species. Quantification of the TPR curves
(Fig. 7) shows that hydrogen consumption was linearly depen-
dent on the wt% of Ni in the catalysts, and hydrogen consump-
tion corresponded to the total reduction of all of the different Ni
ions from 4-2 to the metallic form. Ni>* was reduced to Ni’ in a
single step. The TPR study clearly demonstrates the differences
in the interactions between Ni>* and the support with varying
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Table 2
NH3 desorbed during the TPD experiments over NiO-SiO7—Al,O3 samples
with ~11 wt% Ni and different Si/Al ratios

Si/Al Weak? Moderate?® Strong? Total
ml/g NH3 ml/g NH3 ml/g NH3 NH3
(Tmax (°C)) (Tmax (°C)) (Tmax (°C)) (ml/g)
Al,O3 19.7 (222) 22.2 (319.1) 14.08 (384) 55.98
0.22 17.44 (220.9) - 44.20 (395) 61.64
0.48 18.68 (224.5) - 45.98 (405) 64.66
2.27 14.48 (218.5) - 46.86 (412) 61.34
SiOy 16.69 (223.4) - 50.35 (436) 67.04

4 Weak = 150-250 °C, moderate = 250-350 °C, and strong = 350-450 °C.

Si/Al ratio. The TPR profile shows that the reducibility of the
Ni?* species increased with increasing Al content. The interac-
tion between Ni2* and the support increased with increasing Si
content. This leads to a shift in the Tjn.x value of peaks corre-
sponding to the reduction of Ni*>* species interacting with the
support from around 425 °C over Al,O3 to around 550 °C over
SiO,. A peak due to the reduction of free NiO was seen only
in samples with high Al content. In samples with high Si con-
tent, a small peak above 600 °C was seen, most probably due
to the formation of amorphous or poorly crystalline Ni silicate
species, which were not visible in the XRD patterns (Fig. 1).

From the TPR and XPS study, it can be concluded that the
Ni was present as NiO on the catalyst, and no Ni3* was present
in the sample. Two kinds of NiO were observed on the support,
one in which the Ni*T interacts with the support and the other
as “free” NiO—that is, with no metal-support interactions. The
relative concentration of free NiO increased; that is, the metal—
support interaction decreased with increasing metal loading as
well as increased Al,O3 content in the catalyst.

3.1.6. TPD

The acidity of the sample was estimated by TPD of NHj3.
The strength of the acid sites can be determined by the temper-
ature at which the adsorbed NH3 desorbs. Based on the desorp-
tion temperature, the acid sites can be classified as weak (150—
250 °C), medium (250-350°C), or strong (350-450°C) [28].
The data were treated mathematically, and the peaks were fit-
ted using a Gaussian function. All of the samples had a peak
in the weak acid site region (i.e., Tmax 150-250°C) and an-
other in the strong acid site region (Tmax 350-450°C). The
catalyst with pure Al,Oj3 as the support had an additional peak
in the medium acid site region (Tmax = 318°C). The Tmax of
the peak corresponding to the strong acid site decreased with
increasing Al content in the support, whereas the Tpax value
of the weak acid site remained constant at around 220 °C. The
total acidity of the sample decreased with decreasing SiO» con-
tent (Table 2). A similar trend has been reported in the litera-
ture [29].

3.2. Catalytic activity
Preliminary investigations were carried out on the effect of

various reaction parameters on the hydrogenation of naphtha-
lene to optimize the reaction conditions.
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3.2.1. Effect of reaction temperature

Reactions were carried out at 150-250 °C. The conversion
of naphthalene increased from 29 to 63% on increasing the re-
action temperature from 150 to 200 °C (Fig. 8) but decreased
at temperatures above 200 °C. Hydrogenation is an exothermic
reaction that does not favor high reaction temperatures. This
Ni catalyst proved to be highly reactive at 200 °C. No high-
molecular-weight products were observed at higher reaction
temperatures.

3.2.2. Effect of reduction temperature

The catalysts were reduced for 7 h in Hp flow at tempera-
tures ranging from 250 to 450 °C. The effect of reduction tem-
perature on the conversion of naphthalene is shown in Fig. 9.
The conversion of naphthalene increased from 55 to 87% on
increasing the reduction temperature from 250 to 300 °C. A fur-
ther increase in the reduction temperature led to decreased
conversion. Sintering of the Ni occurs at temperatures above
300°C [18,30]. The unreduced Ni sample gave a 5% conver-
sion of naphthalene to tetralin.
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study; WHSV = 0.4 h=! wrt. naphthalene, reaction temperature = 200 °C,
reduction temperature = 300°C, Hy = 19 ml/min. Catalyst: Ni = 67%,
Si/Al=11.

3.2.3. Effect of WHSV
The hydrogenation of naphthalene was carried out at 200 °C

with WHSV varying from 0.4 to 4 h™!. It was seen that as
the WHSV increased, the conversion of naphthalene decreased
(Fig. 10). The formation of decalin occurred only at high naph-
thalene conversion, and as WHSYV increased, the yield of de-
calin fell exponentially. The conversion decreased from 98% at
0.4h~! t0 80% at 1.5 h™!, and the yield of decalin fell from 20
to 3% during this period. A further decrease in conversion on
increasing WHSYV led to a drop in the decalin yield to <0.5%.
From the above preliminary studies, the following reaction
parameters were chosen: reduction temperature, 300 °C; reac-
tion temperature, 200 °C; WHSYV, 1 h~!. Time on stream stud-
ies showed that the conversion of naphthalene was stable up to
around 8 h of reaction, after which considerable loss of catalytic
activity occurred (Fig. 11). The yield of decalin was also stable
up to 8 h, and there was a decrease in decalin formation from
around 14-0.5% with a decrease in conversion from 90 to 60%.

3.3. Studies on the reduced catalyst

The effect of reduction on the catalyst was studied by XPS,
TPR, and TEM techniques. The TEM image of the reduced and

the unreduced catalyst is shown in Fig. 12. It appears that ag-
glomeration of Ni particles occurs on reduction. Most of the
NiO particles were in the 5-10 nm range before reduction; on
reduction, the particle size distribution broadened, with 50%
of the particles being in the 30—40 nm range. XPS analyses of
this catalyst before and after reduction showed that only about
35% of the total Ni was reduced (Fig. 13). All of the free NiO
species were reduced, as demonstrated by the absence of a peak
at 854 eV; the peak at 852 eV corresponds to Ni® [23]. Only
20% of the NiO species interacting with the support were re-
duced. This was further confirmed by the TPR studies (Table 3).
The reduced samples showed no Hj uptake at 300 °C, implying
that all of the free NiO species were reduced to Ni. Hy con-
sumption of the samples at 400 °C decreased by around 20%
after reduction, again suggesting that only a fraction of the NiO
particles interacting with the support were reduced. The hydro-
genation reaction was catalyzed by Ni%; the unreduced Ni** did
not play a significant role in catalyzing the reaction.

3.3.1. Effect of NiO content

It was observed that the conversion of naphthalene increased
with increasing Ni content (Table 4). The conversion of naph-
thalene was 20% when the Ni content was 6.8% and increased
to 88% when the Ni content was increased to 67%. The XPS
and TPR results clearly show that the relative concentration of
free NiO increased with Ni loading, and because the hydrogena-
tion of naphthalene is dependent on the Ni’, the conversion of
naphthalene increased with increasing Ni loading. Under the
present reaction conditions, conversion of naphthalene was di-
rectly proportional to the amount of free NiO present, because
this was the most easily reducible species. Transformation of
naphthalene to decalin was observed only at very high naphtha-
lene conversion; for example, the decalin yield was 0.2% at a
naphthalene conversion of 40% and 12% at a naphthalene con-
version of 88%. This implies that decalin was formed only at
high tetralin concentration. This dependence has been observed
by other researchers during the hydrogenation of naphthalene
[31,32]. We discuss the reason for this later in the article. Al-
though the surface area of the samples decreased with Ni load-
ing, this did not seem to have any significant effect on naphtha-
lene conversion. The hydrogenation of aromatic compounds has
been reported to be dependent on the size of the supported metal
oxide particle [33]. Hydrogenation of phenol over Ni and Pd
catalysts was found to be largely structure-insensitive, although
a sharp decline in the rate was observed at particle sizes <2 nm
[34,35]. In the present study it was not possible to distinguish
between the effect of particle size and relative concentration of
free NiO, because both of these parameters increased with in-
creasing Ni content. The easier reducibility of free NiO and a
direct correlation between the free NiO and conversion of naph-
thalene indicates that this is a more dominant effect.

3.3.2. Effect of Si/Al ratio

To study the effect of Si/Al ratio on the activity, the WHSV
of the reactant was increased from 0.4 to 3.3 h~! (with re-
spect to naphthalene) to obtain a lower conversion that would
make the comparison of the catalytic activity more meaning-
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Table 3

Comparison of Hy consumption during TPR of unreduced samples and samples reduced at 300 °C for 7 h

Ni TPR of unreduced sample, Hy consumption (ml/g) TPR of sample reduced at 300 °C, H, consumption (ml/g)
(wt%) Timax 300°C Timax 400°C Timax 580°C Timax 400°C Timax 580°C
15 12.05 38 - 30.5 -

67 101 102.3 445 78 43

ful. However, the samples had vastly different catalytic activity,
and hence the conversions were not low in all cases, as shown
in Fig. 14. Of all of the different catalysts tested, NiO on Al,O3
gave the best result, with a naphthalene conversion of 90%.
As the Al content in the sample decreased, the conversion of
naphthalene decreased; on the pure SiO, support, a naphtha-
lene conversion of 8% was observed. There are two possible
reasons for this: (1) decreased acidity of the sample and (2) in-
creased reducibility of NiO with increasing Al content.
Venezia et al. [23] reported a correlation between the con-
centration of the medium-strength acid sites and the turnover
frequencies in hydrogenation of naphthalene. However, in our
samples the change in acidity was not as significant as the vari-
ation in reducibility of Ni species with varying Si/Al ratios.
Therefore, the more likely reason was that as the Al concen-
tration increased, the free NiO concentration increased. Thus,
after reduction of the catalyst at 300 °C, the number of reduced
Ni species would be greater in samples with higher Al content.

As mentioned earlier, Ni® is the active species in the hydro-
genation reaction. Therefore, samples with high Al,O3 content
would be more active than samples with high SiO, content. Our
results agree with this prediction.

4. Mechanism of hydrogenation

Hydrogenation of naphthalene was carried out at atmosphe-
ric pressure with a hydrogen/naphthalene mole ratio of 100.
The conversion of naphthalene was maintained at <15% by in-
creasing the WHSV to 8 h~!. Hydrogenation of naphthalene
proceeds through a sequential pathway forming tetralin first by
hydrogenation of one ring and cis and trans decalin by hydro-
genation of the second ring. Although there is almost no contra-
diction to the fact that decalin is formed only at very high naph-
thalene conversion, the reason for this is still not clear. Corma et
al. [36] reported that the rate of tetralin formation is much faster
than the rate of decalin formation. Ito et al. [37] claimed that the
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hydrogenation of tetralin to decalin is much faster than the hy-
drogenation of naphthalene to tetralin, but the low conversion
of tetralin results from the greater adsorption of residual naph-
thalene on the active site compared with tetralin, which thus

Table 4
Product distribution in hydrogenation of toluene over NiO-SiO;—Al, O3 cata-
lysts with Si/Al ~11 and different Ni content®

Ni content Conversion of Yield of Yield of

(wWt%) naphthalene (%) tetralin (%) decalin (%)
0 0.4 0.4 0
6.8 20 20 0

11 41 40.8 0.2

15 47 46.6 0.4

19 56 55 1

40 75 71 4

67 88 76 12

a Reaction conditions: WHSV = 0.4 h—! w.r.t. naphthalene, reaction tempe-
rature = 200 °C, reduction temperature = 300 °C, Hy = 19 ml/min.

prevents tetralin hydrogenation. Rautanen et al. [20] carried out
a comprehensive kinetic study on the liquid-phase hydrogena-
tion of naphthalene. They proposed that naphthalene adsorp-
tion occurs on a single active site, whereas tetralin adsorption
requires an ensemble of Ni atoms; they used this finding to ex-
plain the different rates of hydrogenation of naphthalene and
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tetralin. We have tried to obtain a reaction model to describe the
hydrogenation of naphthalene based on the kinetic studies car-
ried out over Ni-SiO,—Al, O3 catalysts. To maintain isothermal
conditions during the reaction, the catalyst was diluted using
SiC. Van Den Bleek et al. [38] demonstrated that dilution af-
fects the conversion during a catalytic transformation. They also
proposed a criterion for determining the allowable degree of di-
lution without introducing errors larger than the experimental
error,

bd
P 4x1073,
18

where b is the fraction of inert diluent, § is error (in percent),
[ is the length of the undiluted catalyst bed, and dj, is particle
diameter. Using this criterion, we find that under our experi-
mental conditions, dilution up to 3.3:1 was permissible within
an experimental error (§) of 3%. Therefore, we used a maxi-
mum dilution of 3:1 in our kinetic studies. The absence of mass
transfer limitations was evaluated using the Madon—Boudart
criterion [39,40]. A In—In plot of activity as a function of Ni
loading over Si0;—Al>,O3 gave a linear correlation and a slope
of 1.17, which is very close to unity. This confirms that there
are no mass transfer limitations under the current experimental
conditions.

For any hydrogenation reaction in which the rate-limiting
step is the surface reaction, the reaction rate can be described
by the equation using the Langmuir—Hinshelwood model that
has been widely used to describe the hydrogenation of aromat-
ics [41]. The rate equation can be derived based on the follow-
ing assumptions:

1. H, is dissociatively adsorbed over Ni surfaces, which nor-
mally is the case [42].

2. Hydrogen and the aromatic are both adsorbed on similar
sites that are kinetically and thermodynamically equal [43].

For the hydrogenation of naphthalene via a two-site mecha-
nism, the following elementary steps can be proposed:

H + 28 <5 2H-S, (1)
1
N+8 <2 N, 2)
;
N-S+ H-S <1 NH-S +§, 3)
;

NH-S + H-S <:—“> NH,-S + S, )
;

NH,-S + H-S <Z—5> NH3-S + S, 5)

;

H3=S + H-S <% T-S + S, ©6)
.

and

T-S <Z—7> T+S. @)

7

Because the reaction is not operating under any diffusion lim-
itations, the rate-limiting step is the last hydrogenation step
(Eq. (6)].

The rate of the overall reaction can be written as

kPxPg, — K Pr

r= . (8)
(14 /Pu,Ku, + KNPx + K1 Pr)?
Assuming that the reaction occurs far from equilibrium
kPx P
? €))

r= .
(1+ /Pu,Ku, + KNPx + K1 Pr)?

For the hydrogenation of naphthalene via a three-site mecha-
nism, the following steps can be proposed:

H2+2S<i—j>2H—s, (10)
1
N+S<'Iz—f>N—s, (1)
2
N-S +2H-S <Z—3> NH,-S + 28, (12)
3
NH,-S + 2H-S <> T-§ + 25, (13)
and 4
T_S<’;—f>T+s. (14)
5

The rate-limiting step as in the previous case is the last hydro-
genation step [Eq. (13)].
The rate of the overall reaction can be written as
kPxPg, — K Pr
r= ,
(14 /Ku, Pu, + KNPx + K1 Pr)?
and that for the reaction occurring away from the equilibrium
can be written as
kPx Pg,
r= .
(14 /Kwu, Pu, + KNPx + K1 Pr)?
Both Egs. (9) and (16) can be expressed in the general form
kPx Pg,
r= ,
(14 /Kn,Pu, + KNPn + K1 P1)*

where z is the number of active sites involved in the rate-
determining step (either two or three). In a large excess of Hp,
variations in concentration can be neglected, the Py, can be
considered a constant, and Eq. (17) can be rewritten as

ki PN
r= .
(K> + KnPN + K1 Pr)?
Nonlinear parameter estimation of the kinetic model was per-
formed using the Levenberg—Marquardt method. The adsorp-
tion constants of naphthalene (Kn) and tetralin (KT) ob-
tained from the above equation were 4.10 x 1073 and 1.88 x
1073 m3 /mol, respectively, at 200 °C. These values are of the

same order as that reported in the literature [44]. The best fit for
the equation was obtained at a z value of 2. Thus the two-site

15)

(16)

A7)

(18)
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naphthalene k>> k;
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Scheme 1. Reaction pathway for the hydrogenation of naphthalene.

model best describes the hydrogenation of naphthalene over the
NiO-SiO,—Al,03 catalysts. Based on this model, naphthalene
adsorbed twice as strongly as tetralin on the catalyst surface
(Kn/KT1 =2.18). Hence it may be concluded that hydrogena-
tion of tetralin did not occur in the presence of naphthalene
because of the competitive adsorption of naphthalene. How-
ever, when carrying out the hydrogenation of tetralin under
the same reaction conditions, only 14% of it was converted
to the products; 35% of the product formed was naphthalene,
with the remainder decalin. This low conversion of tetralin to
decalin may be the result of weak adsorption of tetralin on
the surface. This hydrogenation reaction proceeds through a
Langmuir-Hinshelwood model and according to this model,
reaction occurs between molecules adsorbed on the surface. If
one of the reactants does not adsorb or adsorbs weakly on the
surface, then the reaction cannot proceed smoothly. Thus, the
low conversion of tetralin to decalin in the presence of naph-
thalene was due not to the stronger adsorption of naphthalene,
but rather to the weak adsorption of tetralin on the active sites.
When decalin was passed over the catalyst under the same
reaction conditions, only 1.5% of it was converted to its de-
hydrogenated products, tetralin and naphthalene; only about
4% of the product was naphthalene. The cis/trans ratio of the
decalin was almost the same in the reactant and the product.
From these studies, one can arrive at the reaction pathway in
Scheme 1.

Here k is the rate constant for naphthalene hydrogenation
and ky is the rate constant for tetralin dehydrogenation. The
rate of naphthalene hydrogenation was much greater than the
rate of tetralin dehydrogenation, as demonstrated by the re-
sults of naphthalene hydrogenation. No significant isomeriza-
tion of trans-decalin to cis-decalin (or vice versa) occurred un-
der the current reaction conditions. Dehydrogenation of decalin
to tetralin was negligible.

5. Conclusion

We carried out a characterization study of NiO-SiO,—Al,03
system prepared by a sol-gel method. The nature of the Ni
species on the support was identified, and its interaction with
the support was evaluated. Nickel was present in the +2 state,

mostly as NiO on the catalyst. Two kinds of NiO were present,
one with Ni** interacting with the support and the other as free
NiO (i.e., with no metal-support interactions). The concentra-
tion of free NiO species increased with increasing Ni concentra-
tion. As the amount of SiO; in the support increased, the inter-
action between the Ni>* species and the support increased. This
implies that the interaction was predominantly between Ni**
and SiO, in the support. The reducibility of Ni*t therefore
decreased with increasing SiO;. There is a direct correlation
between the hydrogenation activity of a sample and the relative
concentration of the free NiO present in it before its reduction.
The major product formed on hydrogenation of naphthalene
was tetralin. This hydrogenation reaction was best described by
a two-site Langmuir—Hinshelwood model. The adsorption con-
stants of naphthalene (K) and tetralin (KT) obtained from this
model were 4.10 x 1073 and 1.88 x 10~2 m? /mol, respectively,
at 200 °C. Naphthalene adsorbed twice as strongly as tetralin on
the catalyst surface (Kn/Kt = 2.18). Hydrogenation of pure
tetralin yielded low amounts of decalin. This proves that the
low conversion of tetralin to decalin is due not to the stronger
adsorption of naphthalene, but rather to the weak adsorption of
tetralin on the active sites.
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