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Abstract

A detailed study has been made of the different steps involved upon the preparation of�-Al 2O3-supported Ni-Mo HDS catalyst precursors by
urea–matrix combustion (UMxC) method. Catalyst performance was evaluated using a tubular fixed-bed reactor and the hydrodesulfurization
of thiophene under normal pressure as a model reaction. The oxidic and sulfurized states of the HDS catalysts were characterized by X-ray
d esolution
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iffraction (XRD), laser Raman spectroscopy, thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and high r
ransmission electron microscopy (HRTEM) in order to correlate their oxidic and sulfurized properties with the catalytic behaviou
he UMxC process several consecutive stages such as melting, dissolution and chemical reactions occurred. There was no eviden
arbon and well-dispersed Ni- and Mo-oxo-species supported on alumina were formed.
Urea employed as fuel not only increases the combustion rate, but also undergoes a decomposition process (endothermic r

ould contribute to the reduction of the combustion temperature. The urea–matrix combustion method permit to synthesize hi
-Al 2O3-supported Ni-Mo HDS catalysts with a comparable promoter effect than that of corresponding catalyst prepared by imp
ethod. In addition, an opposite relation between the activity and the hydrogenation properties was observed indicating that hi
DS catalyst requires low consumption of hydrogen. Finally, both the ignition temperature and the urea-oxidizer ratio produce no
hanges in the HDS catalytic properties of Ni-Mo-based catalysts.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The stringent environmental regulations in the US and
urope are requiring significant improvement in the qual-

ty of transportation fuel. It is directed towards reducing the
mount of sulfur content in gasoline and diesel fuel to 10 ppm
y 2009[1]. Many approaches based on novel processes such
s adsorption and selective oxidative desulfurization have
een proposed to remove sulfur-containing compounds from
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petroleum feedstocks to meet this requirement[2], wherea
others are based on the improvement of current hydro
ing technology. Nowadays, alumina-supported molybde
sulphide catalysts, promoted with cobalt or nickel, are
commonly employed catalysts for HDS reactions of fo
fuels due to their high activity and stability[3–7]. Sup-
ported nickel-molybdenum catalysts are usually prep
by depositing molybdenum and nickel oxides on the
face of �-alumina (Al2O3). The catalysts are used in t
active sulfide state and the nature and properties of the o
precursors largely determine the performance of the
lysts. Several studies focused on the promoter effect o
and Ni on the oxo-Mo species indicates that both elem
do not affect greatly the state of the Mo species over
�-Al2O3 [8,9]. However, other studies report that the in
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action between the oxidic precursors after the calcination
process might favour either the formation of NiMoO4-type
phase[10] or the Ni-Mo-O species[11], which could be
optima precursors for the formation of the Ni-Mo-S active
phases.

We recently developed a new approach called urea–matrix
combustion (UMxC) method to prepare highly active Co-
promoted alumina-supported MoS2 HDS catalysts[12]. This
method, based on a self-propagating combustion reaction
[13], requires low ignition temperature to induce a com-
bustion reaction between the catalyst precursor salts and
an organic matrix as the fuel. The final products of com-
bustion might contain a high concentration of structural
defects, which are beneficial as active centres in catalysis
[14]. The main characteristics are complete or partial elim-
ination of an external energy supply and very high rates
of heating and cooling, while control of process rate, tem-
perature, degree of conversion, composition and structure
of products can be obtained by varying the rates of heat
release and transfer[15,16]. This material synthesis method
has been used to prepare catalysts for deep oxidation of
methane[17], oxidative coupling of methane[18], oxidation
of carbon monoxide and reduction of NO[19,20] and more
recently Co-Mo HDS catalysts[12]. Since combustion syn-
thesis is based on the transformation of the precursor salts
through an exothermic reaction; it generates very high heat-
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support at ca. 50◦C for 2–3 h to obtain urea-based slurry
containing nickel and molybdenum fully loaded over the alu-
mina. The resulting paste was divided in two portions: (i) a
part was dried under high vacuum (ca. 10−4 Torr) for 24 h in
order to study the combustion process using TGA–DSC and
(ii) another part is ignited at 500◦C (furnace temperature)
in static air for 10 min to produce a yellow oxide catalyst
precursor material.

2.2. Sulfurization and catalytic tests

The HDS reactions free of mass transport interference
were carried out in a fixed-bed tubular quartz reactor
(34 cm long, 4 mm i.d.). Oxidic catalyst precursors (200 mg,
<250�m) were loaded between quartz wool plugs. The
activation (e.g., sulfurization) process was done using a
20 mL min−1 hydrogen (ultra high purity) flow rate, which
passed through a thiophene (99+%, Aldrich) saturator at room
temperature (10.9 kPa). All lines located after the saturator
were heated at temperature high enough to avoid thiophene
condensation. The furnace temperature is increased linearly
from room temperature to 450◦C at 5◦C min−1 and held at
450◦C for 10 h. Then, the sample was treated with a pure
H2 flow at 450◦C for 1 h and cooled down to 350◦C. The
catalysts were tested at atmospheric pressure (0.1 MPa) and
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ng and cooling rates in very short period, which can
o the formation of new highly defective structures of na
cale meta-stable phases. This fact is particularly impo
or the synthesis of promoted catalysts such as HDS
ysts where the interaction between the oxidic precurso
irectly related to the catalytic performance of hydrotrea
atalysts[21].

In order to find out whether urea–matrix combus
ethod is also suitable to prepare alumina-supported
romoted MoS2 HDS catalysts, we have synthesized
tudied the HDS activity of a series of catalysts with varia
i loadings. The molybdenum oxide content was mainta
onstant at 12 wt.%. In addition, we have carried out a det
hermo-chemical examination of the urea–matrix combus
ethod in order to determine the influence of molybde
recursor (i.e., ammonium heptamolybdate) and the
xidizer ratio on the combustion process.

. Experimental

.1. Preparation of the oxidic precursors

Bimetallic Ni-Mo catalyst precursors with 12 wt.% MoO3
nd variable NiO composition supported on�-Al2O3
164 m2/g) were prepared by mixing urea with ammoni
eptamolybdate-4-hydrate and Ni(II) nitrate employing v
ble urea/(Mo + Ni) molar ratio and ca. 1 g/2 mL = (Ni- a
o-precursors + urea)/water ratio. This mixture was sti

o form a homogeneous slurry, then mixed with the�-Al2O3
he reactants consisted of a 20 mL min−1 H2 flow saturated
ith thiophene vapour at 0◦C (2.96 kPa), resulting in a mi

ure of ca. 3 mol% thiophene in H2. The reaction produc
ere analyzed using an on-line HP 5890 Series II c
atograph equipped with a Hayesep R packed column
flame ionization detector (FID). After completion of

atalytic reaction, the catalyst sample was cooled dow
oom temperature under flowing argon and then passi
efore exposure to the atmosphere and kept in a desic

hereupon.

.3. Characterization of the precursors and HDS
atalysts

The crystalline phases of the oxidic precursors and the
urized catalysts were identified by X-ray diffraction (XR
n a Philips PW1710 diffractometer equipped with an
ay tube (Cu K� radiationλ = 1.5406Å; 40 kV, 30 mA). The
pecimen were prepared by grinding a small amount of
ample using an agate mortar and pestle and then loade
flat sample holder. The data were collected inθ/2θ reflec-

ion mode, from 3 to 70◦ in 2θ, using steps of 0.05◦, with
ime per step of 1.25 s.

Thermogravimetric analysis (TGA) and differential sc
ing calorimetry (DSC) were simultaneously carried out
heometric Scientific STA 1500 instrument. TGA–DSC p
les were recorded from room temperature to 750◦C, using
0 mL min−1 dry air flow and 10◦C min−1 heating rate. Fo
ach analysis ca. 25–35 mg of sample was loaded into a
lumina crucible, using alumina as reference.
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The Raman spectra of the oxidic precursors and the sul-
furized catalysts were recorded in an Yvon Jobin Labram
spectrometer with a 632 nm HeNe laser, run in a back-
scattered co-focal arrangement. The samples were pressed in
a microscope slide; with a 45 s scanning time and 2 cm−1 res-
olution. Several points of each catalyst surface were probed to
explore homogeneity of the sample and reproducibility of the
data.

High resolution transmission electron microscopy
(HRTEM) was carried out using a JEOL 4000FX electron
microscope with a 400 kV accelerating voltage. Ni-Mo
sulfurized catalyst was ground into a fine powder and
dispersed in AR-grade chloroform. Then, it was placed
in an ultrasonic bath for ca. 15 min, before a drop of the
suspension was put on a lacey carbon-coated copper grid
(Agar, 20 mesh) and subsequently analyzed.

3. Results and discussion

3.1. Study of the combustion–decomposition processes
of the urea–matrix prepared catalysts

The TG curves and the differential TG profiles (inset)
of the urea-containing Ni-Mo precursor salts are given in
Fig. 1A. The major weight loss (WL) for the monometallic
(i.e., Ni and Mo) and bimetallic (Ni-Mo) precursor thermo-
grams takes place in the 130–300◦C range and it is attributed
to a complex series of overlapping chemical reactions such
as the partial dehydroxylation of alumina[22] and the partial
dehydration and decomposition of the hydrated nickel nitrate
and ammonium heptamolybdate salts[23–26]. In addition,
weight losses at temperatures greater than 300◦C for the
monometallic oxidic precursors are observed (Fig. 1Aa and
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ig. 1. (A) Thermogravimetric profiles of the�-alumina-supported Ni-Mo prec
n high vacuum (∼10−4 Torr). Inset is the differential TG profiles. (a) 12 wt.% M
l2O3. (B) Differential scanning calorimetry curves of the�-alumina-supported

emperature in high vacuum. (a) 12 wt.% MoO3/�-Al2O3, (b) 3 wt.% NiO-12 wt.%
ursor salts with urea/metals mole ratio of 10 and dried at room temperature
oO3/�-Al2O3, (b) 3 wt.% NiO-12 wt.% MoO3/�-Al2O3, (c) 12 wt.% NiO/�-
Ni-Mo precursor salts with urea/metals mole ratio of 10 and dried at room
MoO3/�-Al2O3, (c) 12 wt.% NiO/�-Al2O3.
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Fig. 2. (A) Thermogravimetric profiles of the�-alumina-supported Ni-Mo precursor salts (i.e. 3 wt.% NiO-12 wt.% MoO3) containing different urea/(Ni + Mo)
mole ratio and dried at room temperature in high vacuum. Inset is the differential TG profiles. (a) 0.0, (b) 0.25, (c) 1.0, (d) 5.0, (e) 10.0. (B) Differential scanning
calorimetry of the�-alumina-supported Ni-Mo precursor salts (i.e. 3 wt.% NiO-12 wt.% MoO3) containing different urea/(Ni + Mo) mole ratio and dried at
room temperature in high vacuum. (a) 0.0, (b) 0.25, (c) 1.0, (d) 5.0, (e) 10.0.

Ac). The total weight losses coincided with the expected
values (assuming the formation of nickel and molybdenum
oxides), indicating that both the urea and the precursor salts
are completely decomposed without residue of carbon.

The DSC profiles of the urea-containing Ni-Mo precur-
sor salts are given inFig. 1B. It shows several endothermic
processes at temperatures lower than 250◦C and differ-
ent exothermic reactions at higher temperatures. A narrow
endothermic peak at 135◦C associated with the melting pro-
cess of urea is shown in the DSC curve of 12 wt.% MoO3/�-
Al2O3 oxidic precursor (seeFig. 1Ba) [25]. A similar stage
is also observed in the profiles of Ni-Mo and Ni precur-
sors (seeFig. 1Bb and 1Bc), however the peak position is
clearly shifted to lower temperature and becomes broader
with increasing of NiO loading. This trend can be due to the
presence of an urea↔ nickel nitrate interaction and/or the

depressed effect of impurities on the melting point of urea
(i.e. colligative property).

On the other hand, a broad endothermic band occurs in
the same temperature range that the major weight loss takes
place and subsequently the sample underwent the combus-
tion process. This sequence of processes suggests that the
thermal decomposition of urea might play a very important
role as an attenuating process of the maximum combus-
tion temperature. These processes (i.e., decomposition and
combustion) can be overlapped as occurred in the Ni-Mo
oxidic precursor or can take place at temperature clearly dif-
ferent as occurred in the monometallic precursors. On the
other hand, not only the peak position of the heat flow lib-
erated during combustion reaction, but also the enthalpy of
the combustion processes depends markedly on the catalyst
composition.
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The TG and differential TG profiles (inset) of the
urea-containing alumina-supported Ni-Mo precursor salts,
corresponding to 3 wt.% NiO-12 wt.% MoO3/�-Al2O3 oxi-
dic precursor, are given inFig. 2A. The sample free of urea
presents two major weight losses of 3.5 and 7.8 wt.% max-
imized at ca. 100 and 233◦C, respectively (Fig. 2Aa). The
former is due to the desorption of physically adsorbed water
on alumina surface[27,28] and the latter is attributed to a
complex series of overlapping chemical reactions, such as
the partial dehydroxylation of alumina[22] and the partial
dehydration-decomposition and the subsequent total trans-
formation of the Ni and Mo precursor salts into the cat-
alyst oxidic precursor[23–26]. The presence of urea (i.e.,
urea/(Ni + Mo) of 0.25) produces a new weight loss step max-
imized at intermediate temperature (i.e., 181◦C) (Fig. 2Ab)
this step becomes greater and asymmetric with the increase
of urea content. Simultaneously, the weight loss step at higher
temperature undergoes both a slight increase of the maximum
temperature and a clear descent of its intensity compared
with the stage at intermediate temperature. This effect is
notable for the precursor containing an urea/(Ni + Mo) ratio
of 10 where one major weight loss at 183◦C is observed see
(Fig. 2Ae).

The DSC profiles of the alumina-supported Ni-Mo pre-
cursor salts are shown inFig. 2B. DSC curve of the urea-free
sample displays two broad endothermic processes centred at
c
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is slightly shifted to higher temperatures and becomes nar-
row whereas the urea/(Ni + Mo) ratio increased up to 1.0.
A further rise of urea content leads to a widening and shift
of the stage to higher temperature and also produces a sec-
ond exothermic process at 346◦C when the urea/(Ni + Mo)
ratio is 10 due to further combustion of residual organic
matrix.

The experimental and theoretical total weight losses and
combustion rates of alumina-supported 3Ni-12Mo catalyst
precursors are listed inTable 1. The experimental total weigh
losses are very close to the theoretical total weight losses,
especially at high urea compositions. This suggests that dur-
ing the combustion process the Ni and Mo oxidic precursors
are not lost by volatilization and also that carbon material does
not remain in the catalyst precursor. Therefore the extent of
combustion reaction based on the carbon content is com-
plete. On the other hand, the weight loss by combustion
against total weight loss (i.e., WLComb/WLTotal

Exp ) for urea-
free precursor is clearly greater than those for urea-containing
precursors. This finding is attributed to the notable contribu-
tion of the urea thermal decomposition over the total weight
loss even at a composition close to the stoichiometric com-
position of the redox mixture (i.e., urea/(Ni + Mo) = 0.27).
Under this optimal composition the total oxidizing and reduc-
ing valences of the oxidizer–fuel mixture is unity, according
to the propellant chemistry and hence the energy released
d
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a. 110 and 199◦C and one narrow exothermic at 243◦C
Fig. 2Ba). The first stage is mainly due to water desorp
nd the second one is associated with the partial dehydr
ecomposition of the Ni and Mo precursor salts, wherea

hird stage at 243◦C is assigned to an exothermic proc
hat leads to total transformation of the partially dec
osed Ni and Mo precursors into the catalyst oxidic precu
he DSC profiles of the urea-containing precursors dis
similar thermal behaviour to that of the urea-free sam
owever, the major endothermic band becomes stronge
symmetric, due to the decomposition of urea, leading t

ormation of two well defined peaks when urea/(Ni + M
atio is 5.0 and a broad band for an urea/(Ni + Mo) r
f 10 (Fig. 2Bd and Be) is observed. Also, these profi
isplayed a small endothermic peak at temperatures c

ower than the melting point of urea (i.e., 135◦C [25]),
robably due to the presence of ionic species within
rystal structure that reduce its melting temperature

igative property). On the other hand, the exothermic fea

able 1
eight losses and combustion rates of 3% NiO-12% MoO3/�-Al2O3 prepa

rea/(Ni + Mo) mole ratio WLTotal
Theor. (%) WLTotal

Exp. (%)

0.0 10.4 11.3
0.25 11.9 13.2
1.0 16.1 16.3
5.0 32.9 33.0
0.0 46.4 45.5

L, weight loss; nd, value not determined because of overlapping of
a Slope of TGA curve in the 200–250◦C region with a correlation coef
uring the combustion is maximum[29–31]. Indeed, the
ombustion enthalpy of the urea-containing precursor
rea/(Ni + Mo) = 0.25) is ca. 32% greater than that produ
y urea-free precursor, a quite similar trend is also obse

or the combustion rates,Table 1. A global analysis o
hese results indicates that the increase of the urea
ng facilitates the urea partial thermal decomposition be
tarting the combustion reaction at the ignition temp
ure of ∼200◦C and both processes are overlapped w
igh urea composition is employed. In consequence
ombustion temperature could be markedly lower than
f the sample prepared from the urea/(Ni + Mo) ratio
.25.

The combustion reactions can reach extremely high
eratures within very short time. It is therefore reasonab
ssume that a thermally isolated system exists because

s very little time for the heat to disperse to its surroundi
herefore, the maximum temperature achieved by the

ion products is assumed to be adiabatic temperatureTad),

urea–matrix combustion method

WLComb./WLTotal
Exp. (%) Combustion ratea (WL%/◦C)× 104

69.0 1009.7± 5.3
56.8 1389.7± 5.2
39.3 1463.9± 6.5
37.6 1429.1± 1.9
nd nd

stion and decomposition processes.
reater than 0.999.
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which can be calculated using the Eq.(1) [32]:

−�H
◦
r =

∫ Tad

T0

Cp(products) dT (1)

where�H
◦
r is the enthalpy of reaction atT0 (298 K) andCp

is the heat capacity of the products atT0. The optimal com-
position of urea was worked out using the total oxidizing and
reducing valencies of the components, so that the equivalence
ratio is unity[30]. The reducing valences of ammonium hep-
tamolybdate and urea are +18 and +6, respectively, whereas
the oxidizing valence of nickel (II) nitrate is−10, consider-
ing the corresponding valencies of the metals,−2 for oxygen
and zero (0) for nitrogen.

Considering the reducing/oxidizing valencies of the start-
ing materials and the required catalyst composition (i.e.,
Ni/Mo molar ratio), it is possible to determine the amount
of urea necessary to obtain an optimal redox mixture. For
instance, for the synthesis of NiMoO4 (Ni/Mo = 1) and
assuming that under stoichiometric composition urea decom-
posed to CO2, H2O and N2 the overall reaction is:

21Ni(NO3)2·6H2O + 3(NH4)6Mo7O24·4H2O + 26CO(NH2)2

→ 21NiMoO4 + 226H2O + 26CO2 + 56N2 (2)

Using the relevant thermodynamic data[25,33–35], we cal-
c ction
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acts as fuel upon combustion process. It is supported not
only by the exothermic stage displayed in the DSC profile of
the urea-free precursor (seeFig. 2Ba), but also by the clear
increase of the adiabatic temperature whereas Mo composi-
tion is increased despite the lower urea composition present
in the redox mixture.

Nevertheless, the presence of urea is of paramount impor-
tance for combustion synthesis since it increases notably the
combustion rate (seeTable 1). Urea, even at stoichiomet-
ric composition, also undergoes a decomposition process
in addition to the combustion process. Hence, when great
amount of urea (greater than the optimal redox mixture) is
used longer reaction time is required (i.e. 10 min) but also
very likely urea contributes to the diminution of the combus-
tion temperature since higher amount of gases are generated
upon decomposition–combustion process. This fact could
affect the growth and/or formation of hard agglomerates as
was determined for the synthesis of Ni-Zn ferrite powders
[36].

Fig. 4 compares the laser Raman spectra of urea and
different formulations of the Ni-Mo catalyst precursors.
The �-alumina-supported Ni-Mo precursor salts display a
major peak at 1012 cm−1 and small bands at 1500–1700 and
1178 cm−1 assigned to the CN, C O bond stretch modes
and coupling between theνs(CN) andρs(NH2), respectively,
[37,38] of the urea matrix. The Raman peak at 548 cm−1 is
a
I m
a nd a
w of
t ion
( r-
m k
b e
a y
r bse-
q mall

F or
s io of
1
A

ulated the enthalpy change involved in the chemical rea
2)and subsequently the adiabatic temperature employin
q. (1).
The adiabatic temperatures and the redox mixture c

ositions against the catalyst molar compositions are r
ented graphically inFig. 3. This reveals that small increas
f the Mo/Ni molar ratio produce strong rises of the a
atic temperature until the system achieves temperature

nduce phase transitions and likely Mo-species volatiliza
hen Mo/Ni ratio is greater than 1. This fact attenuates

ncrease of the adiabatic temperature. On the other han
rea-oxidizer mixture composition continuously decre
s the Mo/Ni mole ratio is raised. Considering this op
ite behaviour it is inferred that ammonium heptamolyb

ig. 3. Influence of the Mo/Ni molar ratio on the adiabatic temperature
he oxidizer–fuel mixture.
t

ttributed to the CO and/or CN deformation vibrations[37].
n addition, a strong peak at 944 and a shoulder at 900 c−1

ssigned to the symmetric and asymmetric stretching a
eak band at 353 cm−1 attributed to the bending mode

he terminal Mo O for the Anderson-type heteropolyan
i.e. (NH4)3[Al(OH)6Mo6O18]) [39] are observed. The defo
ation of the Mo O Mo bridges at 221 cm−1 and a wea
and at 573 cm−1 attributed to the Al O stretching mod
re as well detected[40,41] see (Fig. 4b and c). This entit
esults from the partial dissolution of alumina and its su
uent complexation with the heptamolybdate anion. A s

ig. 4. Laser Raman spectra of the�-alumina-supported Ni-Mo precurs
alts with different formulations and a constant urea/(Ni + Mo) mole rat
0. (a) Urea, (b) 12 wt.% MoO3/�-Al2O3, (c) 3 wt.% NiO-12 wt.% MoO3/�-
l 2O3, (d) 12 wt.% NiO/�-Al2O3.
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Fig. 5. Laser Raman spectra of the�-alumina-supported 3Ni-12Mo precur-
sor salts with different urea/(Ni + Mo) mole ratio. (a) 0.0, (b) 0.25, (c) 1.0,
(d) 5.0, (e) 10.

Raman peak at 1051 cm−1 characteristic of the NO3− anion
from the promoter precursor salt is illustrated[42,43]whereas
Raman peaks characteristic of Ni-oxo species are not clearly
observed (Fig. 4d) owing to its weak Raman scatterers.

The influence of the urea on the initial aggregated state
of 3Ni-12Mo precursor salts supported on�-alumina is
illustrated inFig. 5. The spectra of the samples show the
main Raman features of 6-molybdoaluminate entities (i.e.,
Anderson-type heteropolyanion)[39–41], dispersed on alu-
mina (seeFig. 5a). On the other hand, the spectra of the
urea-containing catalyst precursors suggest that urea partially
hinders the formation of the Anderson-type heteropolyan-
ion. In addition, the main Raman band of the urea matrix at
1012 cm−1, characteristic of the symmetrical CN stretch-
ing vibrational[37], is slightly shifted to lower wavenumbers
and becomes broader with urea composition decreasing. This
indicates the presence of a weak interaction between urea and
the Lewis-type acidic species, probably Ni2+ or even cationic
species of partially-dissolved alumina.

Several consecutive stages such as melting, dissolution
and chemical reactions take place before and upon com-
bustion process to transform the urea and the Ni and Mo
precursor salts to well-dispersed oxidic species over alumina
surface. A schematic representation of the different states of

the catalyst precursors is proposed inFig. 6. The impregna-
tion or deposition of the precursor salts and urea on alumina at
room temperature leads to the formation of poorly-organized
6-molybdoaluminate species as major phase. When the tem-
perature reaches the melting point of urea (i.e. 135◦C), it
is spread out over alumina surface and the Ni and Mo salts
are partially dissolved and dehydrated, a further increase of
the temperature up to 160–175◦C produces a partial decom-
position of the precursor salts and of the fuel. It is envis-
aged that this step facilitates the precipitation of the partially
decomposed Ni and Mo precursor salts since the content of
urea is significantly reduced. When the sample achieves the
ignition temperature (ca. 200◦C) a violent exothermic reac-
tion occurs (simultaneously with the urea thermolysis when
a high urea amount is used), releasing heat and different
gaseous molecules as a consequence of the total transfor-
mation of urea and the precursors to nickel and molybdenum
oxides.

The calculated adiabatic temperatures for the synthesis of
single and mixed oxides from the nickel nitrate and ammo-
nium heptamolybdate is in the same magnitude order as those
determined for synthesis of different single and mixed oxides
(i.e. from 700 to 1600◦C) [13,30,31]. The nature of combus-
tion differs from flaming to non-flaming (smouldering) and
also from the final product characteristics and its microstruc-
ture[13,30]. For the preparation of AlO -supported oxides
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Fig. 6. Schematic representation of the combustion process o
2 3
his temperature is likely lowered not only by the stoich
etric excess of urea, but also the lower content of th
nd Mo precursor salts and the combustion-energy dis

ion through the support. Taking into account these fac
nd the low alumina reactivity under combustion condi

15], it is thought that the transformation of the Mo and
recursor salts proceeds under a reaction of solid state
ustion, hence avoiding the molybdenum oxide loss by

imation or vaporization. Even though, the UMxC-prepa
xidic precursors was obtained from a combustion proce
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rogrammed combustion, one can envisage that in a
hort period of time (∼30 s) the sample undergoes wa
emoval and melting of urea followed by the combus
eaction to produce the oxidic catalyst precursor as was
ioned earlier.

g over the alumina surface upon preparation of Ni-Mo catalyst precu
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Fig. 7. X-ray diffraction patterns of the�-Al2O3-supported Ni-Mo oxi-
dic precursors prepared by urea–matrix combustion. (a) 12 wt.% MoO3/�-
Al2O3, (b) 1 wt.% NiO-12 wt.% MoO3/�-Al2O3, (c) 3 wt.% NiO-12 wt.%
MoO3/�-Al2O3, (d) 6 wt.% NiO-12 wt.% MoO3/�-Al2O3, (e) 12 wt.% NiO-
12 wt.% MoO3/�-Al2O3, (f) 12 wt.% NiO/�-Al2O3.

3.2. Characterization and HDS performance of the
γ-Al2O3-supported Ni-Mo catalysts

3.2.1. X-ray diffraction and laser Raman spectroscopy
The powder X-ray diffraction patterns of the monometal-

lic (Ni or Mo) and bimetallic (Ni and Mo) catalyst oxi-
dic precursors are shown inFig. 7. The XRD pattern of
12 wt.% MoO3/�-Al2O3 shows the main diffraction peaks
of �-Al2O3 support (PDF No. 48-367), taken from the PDF-
ICDD database crystalline materials[44]. Typical features of
molybdenum oxides are not observed owing to a high disper-
sion on alumina and/or poor crystalline structure,Fig. 7a. On
the other hand, the bimetallic oxidic precursors with variable
nickel loading display no defined additional XRD peaks up to
6.0 wt.% however for greater nickel loading (i.e., 12 wt.%) a

Fig. 8. Laser Raman spectra of 3 wt.% NiO-12 wt.% MoO3/�-Al2O3 cata-
lyst under different stages of preparation. (a) Dried in high vacuum at room
temperature, (b) combusted at 500◦C for 10 min, (c) sulfurized at 500◦C
using thiophene as sulfurizing agent.

new broad peak at∼37 and 43.3◦ in 2θ characteristic of NiO
(PDF No. 55-1159) are clearly observed (seeFig. 7e and
f). These findings indicate that nickel loadings lower than
6.0 wt.% lead to the formation of highly dispersed and/or
poorly-ordered Ni-oxo species on alumina surface whereas
higher promoter loadings cause the formation and segrega-
tion of NiO. The XRD patterns of the sulfurized samples (not
shown) suggest the formation of poorly crystalline and/or
highly dispersed Mo and Ni sulfide on�-alumina since their
XRD peaks were not observed.

Fig. 8 compares the effect of the different stages (i.e.,
drying, combustion and sulfurization) on a typical sample.
Again the dried sample displayed the major peaks charac-
teristic of urea matrix[37,38] (Fig. 8a). The Raman bands

DS cat
Fig. 9. HRTEM images of the Ni-MoS2/�-Al2O3 H
 alysts prepared by urea–matrix combustion method.
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associated with the Mo-oxo species are also observed. After
combustion, the spectrum displayed a dominant asymmet-
ric feature at 948 cm−1 and a small band at 344 cm−1,
attributed to the symmetric and bending mode of the ter-
minal Mo O bond of octahedrally coordinated Mo species
for hydrated Mo7O24

6− anion, respectively (Fig. 8b). In
addition, the Raman bands at∼556 and 222 cm−1 are asso-
ciated with the symmetric and deformation modes of the
Mo O Mo bridge for the polymolybdate species[45–49],
respectively. The characteristic Raman features of NiO were
not observed, likely due to the incorporation of the pro-
moter into the structure of the Mo-oxo anion. In fact, it
has been claimed that isopolymolybdate of nickel[50] and
Ni heteropolymolybdates[51] might lead to the formation
of the HDS active phase. The Raman peaks of urea and
residual carbon were not detected either, indicating a total
extension of the combustion reaction in line with the TGA
results.

On the other hand, the Raman spectrum of the sulfurized
catalyst reveals two major Raman features: a strong peak at
1589 and a broad band around 1359 cm−1 characteristic of
carbon material deposited during sulfurizing process when
thiophene is employed as sulfurizing agent (Fig. 8c). The
former is associated with the G peak of graphitic carbon (E2g

symmetry) and the latter is attributed to A1g disorder mode
(D peak) because of the small crystallite size of graphite
[52–54]. In addition, this spectrum shows two weak peaks
at 369 and 397 cm−1 attributed to strongly distorted-MoS2
along the basal plane since the MoS stretching mode (E1

2g)
along the basal plane and the SMo S bond mode along the
c-axis (A1g) is observed at 381 and 405 cm−1 for a well-
ordered MoS2 structure[12]. From these findings one can
conclude that poorly-ordered Mo-oxo entities over alumina
surface form polymolybdate species after the combustion
process. These species lead to the formation of strongly
distorted-MoS2 and graphitic carbon when thiophene is used
as sulfurizing agent.

Representative HRTEM images in different nano-scale
of 3Ni-12MoS2/�-Al2O3 catalyst are shown inFig. 9. The
micrographs display mainly the edge or prism planes ori-
ented along or roughly parallel to the electron beam direction
[55,56]with layer stacking spacing of ca. 6̊A characteristic
of bulky MoS2 [57]. However, other orientations such as the
basal planes and the (1 1 0) orientation were also observed but
in less extent[58]. In addition, dislocations where the slabs
are partially intercalated by another slab and bent on a longer
scale to maximize the interaction with the surface are also
observed, see imageFig. 9b. On the other hand, the degree of

F
a

ig. 10. (A) Catalytic behaviour and (B) and (C) product distribution vs. time
ndυ = 100 mL (gcatmin)−1.
on stream of�-Al2O3-supported Ni-Mo HDS catalysts at 350◦C, p= 0.1 MPa
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stacking is around 3–4 layer and the slab length distribution
are fairly broad with an average slab length of ca. 3 nm, owing
to the relatively high sulfurizing temperature (i.e., 450◦C).
The images are quite similar to the Co-promoted MoS2/�-
Al2O3 HDS catalysts using thiophene as sulfurizing agent as
well [12].

3.3. HDS catalytic performance

The time-dependence of thiophene conversion for�-
Al2O3-supported Ni-Mo HDS catalysts with variable Ni
and fixed Mo compositions is shown inFig. 10A. The Ni-
promoted Mo catalysts showed thiophene conversions four to
five times greater than those for the unpromoted Mo catalyst.
Furthermore, the Ni-Mo HDS catalysts illustrated practically
invariable HDS activity with the time on stream. Except for
1Ni-12Mo catalyst, which underwent a slight decrease of
the thiophene conversion similar to the monometallic (Ni or
Mo) catalysts, achieving the steady state after 10 h of reac-
tion. On the other hand, the C4 product distribution obtained
through the removal of sulphur from thiophene (C4H4S) was
not significantly affected by neither the time on stream nor
the presence of nickel since C4 is the major product for
Mo-containing catalysts (i.e. greater than 99%)[8]. Also,
Ni monometallic catalyst showed C4 selectivity greater than
9 ons
( at
t her
t
a am
h tion,
F

lar
c
m ydro-
g ced
t

F
o

nation of intermediate thiophene compounds (HDS)[59], the
C4/C4

= mole ratio can be a convenient indicator of the rela-
tive rate of HYD to HDS reactions. It was observed a strong
increase of the SE at low nickel composition achieving a max-
imum in Ni/(Ni + Mo) mole ratio of 0.33 and then decrease
at higher content. An opposite trend but less pronounced was
noted for the C4/C4

= mole ratio. Indeed, at approximately iso-
conversion (i.e., 50%), the relative rate of HYD to HDS for
Ni/(Ni + Mo) of 0.14 increases just by 20% compared with
the Ni mole fraction of 0.66, indicating that a slight antago-
nism effect on the C4/C4

= mole ratio is present. Therefore,
synergistic effect increases markedly the CS bond cleavage
reaction but to a much lesser extent affects the relative rate
of hydrogen transfer reactions.

The optimal composition and the qualitative behaviour of
the promoter effect of nickel on Mo-based HDS catalyst are
rather similar to the earlier reports of Al2O3-supported Ni-Mo
catalysts[60,61]. However, the optimal promoter effect (i.e.,
kNi-Mo/kMo) of the combustion-prepared catalyst was slightly
lower (ca. 15%) than that recently given by Zdražil over
impregnation-prepared Ni-Mo catalyst[62]. This is probably
due to the coverage of the most active HDS sites by deposition
of graphitic carbon upon sulfurizing process when thiophene
is employed as a sulfurizing agent and/or the lateral growing
of MoS2 by sintering.

An HDS apparent activation energy (E
app) derived from
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C1–C3 compounds) (Fig. 10B). These findings indicate th
he promoter effect is closely linked to HDS activity rat
han the selectivity to C4 compounds. The C4/C4
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gain did not change significantly with the time on stre
owever this was clearly affected by the nickel composi
ig. 10C.

Fig. 11 illustrates the influence of the relative Ni mo
omposition on the synergistic effect (SE) and the C4/C4

=

ole ratio. Since butane is a molecule generated by h
enation (HYD) of C4-unsaturated compounds produ

hrough the hydrogenolysis of thiophene and/or�-H elimi-

ig. 11. Dependence of the synergistic effect (SE) and the C4/C4
= mole ratio

n the Ni-Mo catalyst composition.
a
rrehenius plot of 59± 8 kJ/mol for the catalyst with opt
al composition (i.e., 3Ni-12Mo) was obtained. This is

ather good agreement with the figure reported by Borg
l. [63,64]and Ledoux et al.[65]. This suggests that carb
eposited from the sulfurizing process does not significa

nhibit the hydrodesulfurization reaction, probably due to
articipation in the formation of the HDS active sites,
as been previously reported[12,66,67]. Therefore, the mai
ause of the slightly lower promoter effect is due to the
ral growing of MoS2 rather than the deposition of carbon.
igher temperatures of 583 K, on the other hand, the app
ctivation energy decreases to 37 kJ/mol. This behavio
ot ascribed to mass-transfer limitations since experim
ith different catalysts particles sizes revealed that t

imitations are absent. This result has been attributed t
hanges in the rate limiting step in the HDS reaction m
nism[68] and/or to a decrease of reactant surface cove
s temperature increases[64,69].

It must be pointed out that the�-alumina-supported 3N
2Mo HDS catalysts prepared using different urea/(Ni +
ole ratio and also combusted at different ignition tem
tures (i.e. 300–600◦C) for 10 min showed similar catalyt
ehaviour (i.e., HDS activity and product distribution) th

hat presented inFig. 11. This indicates that both paramet
o not affect significantly the catalytic properties of 3
2Mo HDS catalyst, probably due to a stabilizing effec

he alumina upon the combustion process and/or to the c
aterial deposited during sulfurization process. Indeed,
nelli and co-workers have found that the interaction betw

he carbon and the edge planes of MoS2 not only favours th
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formation of surface “carbonsulfide” phase, but also stabi-
lizes texturally the sulfide particles[66,67], which would be
reflected in a remarkable catalytic stability.

4. Concluding remarks

A new approach named urea–matrix combustion method
based on combustion and decomposition processes has
been successfully applied for the first time to prepare
alumina-supported Ni-Mo oxidic precursor. Several consec-
utive stages such as melting, dissolution and chemical reac-
tions take place before and during combustion process. The
deposition of the precursor salts and urea as fuel on alu-
mina at room temperature leads to the formation of poorly-
crystallized Mo-oxo species as the major phases. After the
combustion process well-dispersed Ni (at compositions not
greater than 6 wt.%) and polymolybdate species on alumina
surface are formed. There is not evidence of residual carbon
after combustion process. The sulfurization process using
thiophene in H2 as sulfurizing agent facilitates the forma-
tion of graphitic carbon and a strongly distorted-MoS2 type
structure.

The urea–matrix combustion method is a simple method
and the catalysts can be prepared in a short period of ther-
mal treatment. Urea employed as fuel not only increases
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