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The synthesis of two NiMo/Al2O3 catalysts by the supercritical carbon dioxide/meth-
anol deposition (NiMo-SCF) and the conventional method of wet coimpregnation
(NiMo-IMP) were conducted. The results of the physical and chemical characterization
techniques (adsorption–desorption of nitrogen, oxygen chemisorption, XRD, TPR,
TEM, and EDAX) for the NiMo-SCF and NiMo-IMP demonstrated high and uniform
dispersed deposition of Ni and Mo on the Al2O3 support for the newly developed cata-
lyst. The hydrodesulfurization (HDS) of fuel model compound, dibenzothiophene, was
used in the evaluation of the NiMo-SCF catalyst vs. the commercial catalyst (NiMo-
COM). Higher conversion for the NiMo-SCF catalyst was obtained. The kinetic analy-
sis of the reaction data was carried out to calculate the reaction rate constant of the
synthesized and commercial catalysts in the temperature rang of 543–603 K. Analysis
of the experimental data using Arrhenius’ law resulted in the calculation of frequency
factor and activation energy of the HDS for the two catalysts. VVC 2009 American Institute

of Chemical Engineers AIChE J, 55: 2665–2674, 2009
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Introduction

Hydrodesulfurization (HDS) is a key process used in pro-
ducing clean engine fuels. In the process, alumina supported
CoMoS, NiMoS, and NiWS phases are traditionally used as
catalysts. The various classes of sulfur compounds are in the
middle distillate fraction having different alkyl substitutions

in positions 4 and 6 on the dibenzothiophene (DBT) ring,
are known as refractory compounds, which are the most re-
sistant to HDS.1,2 Because of new stringent environmental
restrictions on the sulfur content of diesel fuel, many
attempts have been made to improve the catalysts activity of
HDS process.3,4 In this sense, the threshold limit for sulfur
in diesel fuel is expected to be regulated to 50 ppm of
weight (ppmw) or less within the next few years.5 To meet
the specifications, refineries need to increase the conversion
in their HDS processes and requires catalysts that are more
active than those currently used. To improve the catalytic
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activity several approaches have been taken, of which the
search for new active phases, supports and catalysts synthe-
sis methods has been particularly noticeable.

The catalyst preparation method also had an effect on the
HDS activity. The conventional method for the preparation
of Mo supported catalysts on silica or alumina is the incipi-
ent wetness impregnation with an ammonium heptamolyb-
date solution, followed by calcination and sulfidation.6–8

Many researches have been recently carried out in this
regard such as sol-gel, incipient wetness impregnation/coim-
pregnation,9 equilibrium deposition filtration (EDF),10 and
thermal spreading.11

Nowadays, it is well known that catalytic behavior (activ-
ity and selectivity) of molybdenum-based HDS catalysts
strongly depends on the dispersion of the Mo surface spe-
cies. Recently, nanoparticles with high dispersion and sur-
face area supported on different support materials are cur-
rently used extensively as catalysts for chemical transforma-
tions. The surface of the nanoparticles plays an important
role in their catalytic properties. The surface atoms are
chemically more active compared to the bulk atoms because
they usually have fewer adjacent coordinate atoms and un-
saturated sites or more dangling bonds.12,13

Supercritical fluid (SCF) deposition is an alternative and
promising way to deposit metal nanoparticles onto the surfa-
ces of porous solid supports with high dispersion.14–19 Super-
critical deposition involves the dissolution of an organome-
tallic precursor in a SCF and the impregnation of the sub-
strate by exposure to this solution. Subsequent treatment of
the impregnated substrate results in metal/substrate nano-
composites. Erkey and coworkers. have successfully synthe-
sized supported platinum and ruthenium nanoparticles with
particle size as small as 1 nm and metal content as high as
40 wt % on a wide range of materials.20–22 High-resolution
TEM micrographs showed a good distribution of highly dis-
persed platinum and ruthenium particles throughout the bulk
of all the supports used.

Compared with conventional liquid solvents, the low sur-
face tension of SCFs not only permit better penetration to
the pores and wetting of the pores than liquid solvents, but
also avoid the pore collapse which can be occurred on cer-
tain structures such as organic and silica aerogels by liquid
solvents. Among the SCFs, supercritical carbon dioxide (SC-
CO2), readily accessible with a Tc of 304 K and a Pc of 73.8
bars, is particularly attractive since it is abundant, inexpen-
sive, nonflammable, nontoxic, and environmentally benign
and leaves no residue in the treated medium.23

It is known that inorganic salts are generally not soluble
in SC-CO2 because CO2 is nonpolar. However, entrainers
may be employed to increase solubility and conductivity in
SC-CO2, for example, (i) addition of small amounts of polar
fluids as a cosolvent (e.g., water, methanol, ethanol, and ace-
tone24,25), (ii) use of a salt with a large hydrophobic cation
and anion (e.g., alkylammonium þ tetraphenylborate26), (iii)
use of a fluorinated ion for increased solubility (e.g., tetra(p-
fluorophenyl)borate27), or (iv) a combination of the above.

To improve the activity of the catalyst in the HDS of
DBT, the preparation of NiMo/Al2O3 catalyst was carried
out in this study by supercritical carbon dioxide impregna-
tion (NiMo-SCF). The newly developed catalyst was charac-
terized by different physical and chemical methods and its

characteristics were compared with those of prepared cata-
lyst via wet coimpregnation (NiMo-IMP). The activity of
NiMo-SCF was evaluated in the HDS process using a fixed
bed reactor and compared with commercial catalyst (NiMo-
COM).

Experimental

Catalyst preparation

In preparation of the catalyst, one metal complex com-
pound and one metal salt as the source of catalytic metal
and promoter were used: molybdenum hexacarbonyl
(Mo(CO)6) and nickel nitrate (Ni(NO3)2�6H2O). Due to the
much better solubility and phase behavior of Mo(CO)6 in
SC-CO2

28 with respect to (NH4)6Mo7O24, thus in this study
Mo(CO)6 was chosen as the main source of molybdenum to
provide active sites of the catalyst. As the source of catalyst
promoter, Ni(NO3)2.6H2O was used but because of its insol-
ubility in SC-CO2, 6 wt % methanol was utilized as an
entrainer, which can significantly enhance the solvation
power of SC-CO2.

The experimental set-up used in the synthesis of the cata-
lyst is shown in Figure 1. With crushing and sieving, the
commercial Al2O3 support was prepared with the mesh sizes
of 18 and 35 (0.5–1.0 mm particle diameter). The prepared
Al2O3 commercial support was then placed into a basket
made out of stainless steel, and then the basket was placed
into a high-pressure vessel (internal volume of 60 cm3)
equipped with a stirring bar together with suitable amount of
Ni(NO3)2 � 6H2O (Fluka 99%), Mo(CO)6 (Merck 99%), and
methanol (Merck 99.5%). The vessel was sealed and cooled
to the 283 K using a bath circulator and charged with CO2

(65 bar). Subsequently, the vessel was heated to 353 K using
the bath circulator; higher temperature increased the pressure
of the CO2 inside the vessel and then using a needle valve
the pressure was set and controlled at 276 bars. The operat-
ing conditions of SCF (353 K, 276 bars) were maintained
for a period of 24 h and then the vessel was depressurized.
After cooling the vessel to ambient temperature, the basket
was removed. The samples were dried at 333 K overnight

Figure 1. The experimental set-up for SC-CO2 deposi-
tion.

1, CO2 cylinder; 2, valve; 3, bath; 4, magnetic stirrer; 5,
stirrer; 6, basket; 7, vessel; 8, solution; 9, screen; 10, circu-
lating heater and cooler; 11, needle valve; 12, vent.
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and calcined in air at 823 K for 3 h. The metal content of
the prepared catalyst (NiMo-SCF) was determined using
atomic absorption technique (3.2 wt % Ni and 8.2 wt %
Mo). A conventional catalyst (NiMo-IMP; 3.1 wt % Ni and
8.3 wt % Mo) with Al2O3 commercial support (0.5–1.0 mm
particle diameter) was synthesized via wet coimpregnation
of ammonium heptamolybdate (Aldrich, 99.98%) and nickel
nitrate hexahydrate (Fulka 99%). The impregnated samples
were dried at 60�C overnight and calcined in air at 550�C
for 3 h. The commercial catalyst (2.2 wt % Ni and 9.3 wt %
Mo) used in this study supplied as extrudates. With crushing
and sieving, the commercial catalyst (NiMo-COM) sample
was prepared with the same mesh sizes 18 and 35 compara-
ble with the synthesized catalyst of this study.

Catalyst evaluation

Two catalysts (NiMo-SCF and NiMo-COM) were eval-
uated in a laboratory scale fixed bed flow reactor shown in
Figure 2. This apparatus provides a high pressure and tem-
perature continuous flow reactor. The stainless steel 316
tubular reactor was custom designed with 50 cm length,
0.94 cm internal diameter, and wall thickness of 0.17 cm. It
is housed in a tubular electric furnace capable of heating up
to 1073 K. A high-pressure syringe pump (ISCO, Model
260D) was used to pump the liquid hydrocarbon feed into
the reactor against hydrogen pressure. During operation, the
pump liquid storage cylinder was kept at a constant tempera-
ture of 273 K using a cooling tape. This led to a better con-
trol and reliability of the hydrocarbon flow rate. Evaporator
vaporized the liquid before it was charged into the reactor.
Hydrogen flow rate was measured and controlled using a
Brooks mass flow meter. A back pressure regulator was used
to maintain the overall system pressure required for HDS.
Temperature in the reactor was monitored and maintained
using two thermocouples. The first was used to control the
temperature of the tubular furnace. The second is connected

to the tubular reactor such that its tip was always at the cen-
ter of the catalyst bed. All temperature measurements
reported in this study refer to the temperature measured by
the reactor thermocouple.

Two model hydrocarbon feeds were used in this study: (1)
n-heptane (Merck, [99%) þ dibenzothiophene (DBT,
Aldrich, [99%), and (2) n-heptane þ toluene (Aldrich,
[99.5%) þ DBT. The DBT concentration in the fuel was
0.5 wt %. For each run, to avoid hot spots, 0.50 g of catalyst
was diluted with Silicon carbide (SiC, 60 mesh) to a con-
stant volume of 1.5 cm3 before being charged into the reac-
tor. Silicon carbide of particle diameter 0.25 mm was used
to enclose the catalyst bed at both ends in the reactor. Before
the performance test, the catalysts were sulfided in situ with
a solution of 3 wt % carbon disulfide (CS2, Aldrich, [99%)
in cyclohexane (Aldrich, [99%) at 573 K and 20 bars for
4 h. Upon reaching system steady state after 4 h, the reac-
tion effluents were condensed and analyzed by a gas chro-
matograph (Model 8700 Perkin–Elmer) using a fused silica
capillary column (15 m) with a temperature program from
373 to 523 K (10 K min�1). The temperature range, pres-
sure, H2/feed ratio, and weight hourly space velocity
(WHSV) for the HDS reaction were 543–603 K, 20 bar, 800
Nm3/m3, and 45 h�1, respectively. All measurements in this
study were triplicated with the reproducibility of �2.6%
standard deviation.

The reaction scheme for DBT desulfurization is shown in
Figure 3. It has been proposed29,30 that the reaction proceeds
in accordance with the hydrogenolysis pathway, through the
direct desulfurization route (DDS), leading to the production
of biphenyl (BP), or by a second hydrogenation reaction
pathway (HYD), in which one of the aromatic rings of DBT
is firstly prehydrogenated, forming tetrahydrodibenzothio-
phene and hexahydrodibenzothiophene, which is later desul-
furized to form cyclohexylbenzene (CHB).

To apply the appropriate assumption for the experimental
reactor in regard to mass transfer mechanism, it is necessary
to investigate the actual geometrical conditions of the reactor
and catalyst. While catalyst particles of 0.5–1.0 mm diameter
were shown to have minimal mass transfer limitations, some
studies31,32 has shown that when catalyst particles are sand-
wiched between smaller particles of an inert material, it
could be assumed that the effective catalyst particle diameter
is that of the smaller material. The importance of the aspect
ratio and axial convective diffusion parameters for accepta-
ble evaluation of hydroprocessing catalysts has been

Figure 2. Schematic of flow fixed bed reactor.

1, H2 cylinder; 2, pressure reducer; 3, mass flow meter; 4,
screw-down valve; 5, check valve; 6, relief valve; 7, evapo-
rator; 8, pump; 9, furnace; 10, reactor; 11, condenser; 12,
separator; 13, back pressure regulator; 14, liquid trap; 15,
GC; 16, vent; 17, liquid feed; TC, thermocouple; PG, pres-
sure gauge.

Figure 3. Reaction path network for HDS of DBT.
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explained.31 Table 1 presents the minimum and actual values
of this study for these parameters recommended.31 The as-
pect ratio and axial convective diffusion parameters for the
catalyst particles used in this study exceed the minimum rec-
ommended values by 1.5 and 1.7 times, respectively. It is
clear from Table 1 that the present study has used acceptable
catalyst evaluation conditions.

For the synthesized and commercial catalysts, the main
products of the reaction were BP and CHB. Based on the
conversion and selectivity data, utilizing the pseudo first
order rate equation with respect to DBT,7,33–36 and convec-
tive mass transfer mechanism (neglecting axial dispersion
coefficient: Dz ! 0 or in other words, NPec ! 1), the reac-
tion rate constant of HDS (kHDS) was calculated according to
the one-dimensional axial mass balance equation for the
plug flow reactor:

kHDS ¼ � F

W
lnðl� XÞ (1)

kHDS ¼ koexp � E

RT

� �
(2)

where F is the feed rate of DBT (mol/min), W is the catalyst
weight (g), X is the mole fractional conversion of DBT, ko is
the frequency factor (mol/g cat. min) and E is the activation
energy (J/mol). Hydrogenolysis (DDS) and hydrogenation
(HYD) overall selectivity was calculated according to the
formula:

So ¼ XCHB

XBP

(3)

Characterization methods

The nitrogen adsorption–desorption isotherms were deter-
mined on an ASAP 2000 Micromeritics equipment. Before
the experiments, the samples were degassed at 573 K in vac-
uum for 2 h. The volume of the adsorbed N2 was normalized
to the standard temperature and pressure. Specific surface
area (SBET) was calculated by the BET equation applied to
the range of relative pressures 0.05 \ P/P0 \ 0.20. The av-
erage pore diameter was calculated by applying the Barret-
Joyner-Halenda method (BJH) to the adsorption branches of
the N2 isotherms. The cumulative pore volume was obtained
from the isotherms at P/P0 ¼ 0.99.

Oxygen pulse chemisorptions were used to characterize
the dispersion of MoS2 on the catalysts. An automated cata-
lyst characterization unit (Autosorb 2321) was used for the
chemisorptions measurement. The samples were pretreated
in hydrogen at 523 K for 2 h before oxygen chemisorptions.
Oxygen chemisorptions isotherms were obtained at 298 K.

The X-ray patterns were recorded on a PHILIPS PW1840
diffractometer using a monochromatic Cu Ka radiation. The
TPR experiments of catalysts were carried out in a semiauto-
matic Micromeritics TPD/TPR 2900 apparatus interfaced to
a microcomputer. TPR profiles were obtained by passing a
5% H2/Ar flow (50 ml/min) through the sample. The temper-
ature was increased at a rate of 10 K/min, and the amount of
H2 consumed was determined with a thermoconductivity de-
tector (TCD). The effluent gas was passed through a cold
trap before the TCD to remove water from the exit stream.

Transmission electron microscopy (TEM) was used to
determine the dispersion of nickel and molybdenum on the
support. Sample slurry was prepared via dispersion in etha-
nol. The powders in the solution were deposited on a grid
with a holy carbon copper film. After drying, the samples
were transferred to a PHILIPS CM200 FEG (Field Emission
Gun) instrument with 200 kV of acceleration voltage for
transmission electron microscopy test. The metal content of
the prepared catalyst was determined using atomic absorp-
tion technique (Perkin–Elmer Model AAnalyst 200).

Results and Discussion

Catalyst characterization

The pore textural parameters, such as the specific area
(SBET), cumulative pore volume (Vp), average pore diameter
(Dp) of supports and catalysts, and oxygen uptake of sulfided
prepared catalysts via supercritical impregnation (NiMo-
SCF) and wet coimpregnation (NiMo-IMP) are listed in
Table 2. The BET surface area, pore volume and BJH aver-
age pores diameter of Al2O3 support after incorporation via
supercritical deposition slightly decreased with respect to
commercial support about 14.6%, 10.8%, and 3.0% respec-
tively. But, the dispersion of the Ni and Mo species for
NiMo-IMP results in significant decreasing the BET surface
area (30.5%) and pore volume (24.3%) as shown in Table 2.
It is imperative to realize that the decrease in the surface
area and pore volume of support by using conventional
impregnation method is significant in comparison to
supercritical deposition which is also obtained in other
studies.37–40

Dispersion of the active phase plays an important role in
catalysis. Catalysis is a surface phenomenon and typically
only the fraction of the active phase exposed on the support
surface is important and responsible for catalytic activity.
This is described and quantified by dispersion. In this study,
oxygen chemisorptions were conducted on the catalysts syn-
thesized by supercritical deposition and conventional method
and the results are shown in Table 2. The results

Table 1. Reactor and Catalyst Evaluation Parameters

Parameter

Aspect Ratio
(Reactor Internal
Diameter/Catalyst
Particle Diameter)

Axial Convective
Diffusion Parameter

(Reactor Length/Catalyst
Particle Diameter)

Minimum 25.0 50
This study 37.6 86

Table 2. Pore Textural Parameters of Support and Catalysts
and Oxygen Chemisorption Data of MoS2 Catalysts

Sample
SBET

(m2 g�1)
Vp

(cm3 g�1)a
Dp

(nm)b

Oxygen
Uptake

(mol/g cat.)

Al2O3 295 0.37 5.07 –
NiMo-SCF 252 0.33 4.92 97
NiMo-IMP 205 0.28 4.65 83

aVp at P/P0 ¼ 0.99.
bCalculated by BJH method.
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demonstrate that the oxygen uptake for the synthesized cata-
lyst by supercritical deposition is higher than the synthesized
conventional catalyst.

The observed phenomena are due to low surface tension
of SCFs which not only permits better penetration into the
pores than liquid solvents, but also avoids the pore collapse
and agglomeration of Mo and Ni species. Overall one can
conclude that there is a major improvement in the dispersion
of the active phases of the catalyst on the Al2O3 support
using supercritical deposition in comparison with conven-
tional impregnations methods.

Figure 4 shows the XRD patterns of the prepared NiMo-
SCF catalyst and NiMo-IMP catalyst. As observed in Figure
4, no reflections belonging to molybdenum oxides are real-
ized and the observed reflection for nickel oxides is also
very weak. Contrary to the obtained results for NiMo-SCF,
the Figure 4 shows some reflections for the NiMo-IMP cata-
lyst which is the indication of larger particle size for the two
metals. The X-ray of NiMo-SCF and NiMo-IMP catalysts
were taken and the results are shown in Figure 5. Molybde-
num sulfide is expected to have their most intense reflections
at 2h values of 14.4� (d value ¼ 0.614 nm). None of this
was, however, detected in the patterns for the NiMo-SCF
and NiMo-IMP catalysts as shown in Figure 5. This is not
unexpected since the MoS2 is poorly crystalline and its most
intense X-ray reflections are barely visible even in unsup-
ported MoS2.

41

Thus one can conclude that the observed phenomenon
deviating the two catalysts in terms of produced particle size
is due to fact that the smaller sized metal particles deposit in
the pores of the support and, therefore, can not be detected
as specific strong reflections as shown for the NiMo-SCF in
Figure 4. It is imperative to realize that the method of metal
deposition via supercritical impregnation can be pinpointed
as the most significant and effective variable in the forma-
tion of highly dispersed Ni and Mo oxide phases inside the
support pores due to special properties of SCFs in terms of
low surface tension and viscosity and higher diffusion rate.

These special properties of SCFs permit the dispersed depo-
sition of metallic salts on the support surface and avoid the
agglomeration of particles in contrast to liquid solvents in
the conventional method.

The TPR curves of the NiMo-SCF and NiMo-IMP cata-
lysts in the oxide form and of bulk MoO3 are shown in Fig-
ure 6. The TPR profile of the bulk MoO3 contains two
reduction peaks at 1036 and 1163 K,42 which correspond to
the two-steps reduction of MoO3 (MoO3 ! MoO2

! Mo0).43–45 A significant decrease in the reduction temper-
ature is observed when MoO3 oxide is used in the catalyst
support. As shown in Figure 6, the TPR profile of the NiMo-
SCF catalyst contains three peaks at 692 K (low tempera-
ture), 824 K (medium temperature) and 965 K (high temper-
ature). These peaks are in accordance with the MoI, NiI, and
MoII þ NiII peaks respectively.46 The low temperature peak

Figure 4. X-ray patterns of the oxided NiMo-SCF and
NiMo-IMP catalysts.

Figure 5. X-ray patterns of the sulfided NiMo-SCF and
NiMo-IMP catalysts.

Figure 6. TPR curves of the NiMo-SCF and NiMo-IMP
catalysts and of bulk MoO3.
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is generally associated with the reduction of Mo6þ to Mo4þ

of polymeric octahedral Mo species (MoI)
47,48 while the me-

dium temperature peak corresponds to the reduction of octa-
hedrally coordinated Ni2þ species (NiI) weakly bound to the
surface.49 The high temperature peak may be assigned to the
peak of (MoII þ NiII). The NiII peak is identified with bulk-
like NiAl2O4,

50 whereas the MoII peak can be ascribed to
the second step in the reduction of the polymeric octahedral
Mo species (from Mo4þ to Mo0) or to the first step of reduc-
tion of isolated tetrahedral Mo6þ species in strong interaction
with the support.48,51 A broad peak is observed in the range
of 773–1163 K for the conventional catalyst. It should be
mentioned that the intensity of main reduction peak in
NiMo-SCF catalyst is high compared with the TPR profiles
of NiMo-IMP catalyst. Comparing the TPR of NiMo-SCF
with NiMo-IMP catalyst and other TPR profile in literature52

indicates that the reduction of Ni and Mo species in sup-
ported catalyst synthesized via supercritical deposition
occurs at lower temperatures. The better reduction behavior
of catalyst synthesized via supercritical deposition is due to

the increase in the dispersion of Mo and Ni oxide species
into Al2O3 support.

In addition to other analyses, the sulfided catalyst used in
this study was also characterized using TEM. The main
objective for the TEM studies was to determine the disper-
sion of MoS2 in the Al2O3 supported catalyst. Despite sev-
eral sample preparation methods, the Al2O3 supported cata-
lyst could not be anchored to the grids well enough to allow
the electron beam to focus and image the catalyst at high
magnification. At high magnification, focusing the electron
beam on the Al2O3 supported catalyst resulted in rapid
movement of the Al2O3 supported catalyst, thus preventing
its effective imaging. Therefore, due to the aforementioned
obstacles, MoS2 particles can not be appreciated in Figures 7
and 8, corresponding images of the sulfided catalyst prepared
using the supercritical deposition method. Thus, to obtain
evidence of the uniform dispersed deposition of active phase
in the Al2O3 supported catalyst via supercritical impregna-
tion, utilization of elemental composition determination
using energy dispersive analysis of X-ray (EDAX) was car-
ried out while performing TEM. Ni and Mo were detected at
two arbitrary points of NiMo-SCF and their representative
EDAX spectra are provided in Figures 9 and 10. The quanti-
tative analysis of different elements showed 2.93 and 2.71
wt % for the Ni and 7.63 and 6.77 wt % for the Mo content
in the two arbitrary chosen points. It is important to realize
that the Ni/Mo ratio in the two arbitrary selected points is
0.384 and 0.400 which are very compatible. The obtained
EDAX spectra of the two arbitrary points of the NiMo-SCF
sample show images with no significant change in relative
intensities. The EDAX results provide strong indication that
most of the Ni and Mo in the NiMo-SCF are uniformly dis-
tributed in the Al2O3 support.

From the results of X-ray, oxygen chemisorption and
EDAX analyses, it is likely possible to draw a general con-
clusion that the observed high and uniform dispersion for the
NiMo-SCF catalyst is related to the morphology of the

Figure 7. TEM micrograph of the sulfided NiMo-SCF
catalyst (E8 and E8-2 points).

Figure 8. TEM micrograph of the sulfided NiMo-SCF
catalyst (E8-2 point).

Figure 9. EDAX spectrum of E8 point of the NiMo-SCF
catalyst (Figure 7).

Figure 10. EDAX spectrum of E8-2 point of the NiMo-
SCF catalyst (Figure 8).
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sulfided phase. MoS2 crystallites on Al2O3 are expected to
be shorter and to have less stacking of the layers40,53,54 com-
pared with those of NiMo-IMP catalyst. Smaller MoS2 par-
ticles should have a greater number of active sites through
increased exposure of MoS2 crystallite edges. These supposi-
tions were confirmed by comparing the amount of Mo active
sites in Mo catalysts determined by oxygen chemisorption
(Table 2).

Catalyst performance: HDS conversion and selectivity

In the present study, the catalytic performance of synthe-
sized sulfided NiMo-SCFcatalyst in terms of conversion and
selectivity was examined in the HDS of DBT; DBT was
chosen as the hydrocarbon model compound because it is
one of the most refractory sulfur compounds in gas oil. For
comparison purposes, commercial catalyst (NiMo-COM) was
also evaluated in the HDS of DBT.

Figure 11 shows the conversion of DBT in the HDS using
NiMo-SCFcatalyst and NiMo-COM catalyst as a function of
temperature. The NiMo-SCFcatalyst shows higher conver-
sion of DBT into BP and CHB at all temperatures. For
instance, conversion of 91.3% was obtained using NiMo-
SCF catalyst at 603 K in contrast to 69.6% for the NiMo-
COM catalyst. This increased conversion may be explained
in terms of higher obtained dispersed deposition of active
phases which would lead to significant frequency factor
enhancement in the reaction rate constant according to the

Arrhenius’ law. As the supporting evidence for this phenom-
enon, the calculated reaction rate constants of HDS at tem-
peratures of 543–603 K are summarized in Table 3. The
reaction rate constant for the NiMo-SCF at 603 K increased
about 105% with respect to the NiMo-COM catalyst. As
shown in Table 4, the activation energy and frequency factor
for the newly synthesized and commercial catalyst were cal-
culated. The results show that frequency factor and activa-
tion energy is 70 and 1.3 times higher for the new synthe-
sized catalyst with respect to the commercial one. Even
though the activation energy of the synthesized catalyst is
moderately higher than the commercial catalyst which is
considered to be a disadvantage, but the positive effect of
frequency factor for the new catalyst is much higher on the
reaction rate. This incentive may be explained via obtained
high dispersion and uniform distribution of metal active
phase on the support by supercritical impregnation method
in which much higher reaction rate can be achieved using
the provided active surface area. According to Arrhenius’
law, increased frequency factor leads to higher number of
effective collision that causes higher conversion of reactants.

In accordance with other studies,55,56 the aromatic hydro-
genation efficiency is defined as the selectivity of CHB to
BP. As shown in Figure 12, the overall selectivity in terms
of yield of two products increases slightly in the temperature
range of 543–603 K for the NiMo-SCF catalyst. But for the
NiMo-COM catalyst, it is increasing moderately with

Figure 11. Conversion of DBT as a function of the reac-
tion temperature.

(~), NiMo-SCF catalyst; (n), NiMo-COM catalyst; P ¼
20 bar; catalyst weight ¼ 0.5 g; H2/feed ratio ¼ 800 Nm3/
m3; WHSV ¼ 45 h�1.

Table 3. Reaction Rate Constants for HDS of DBT
(mol/g cat. min 3105); P 5 20 bar, Catalyst Weight 5 0.5 g,

H2/Feed Ratio 5 800 Nm
3
/m

3
, WHSV 5 45 h

21

Catalyst 543 K 563 K 583 K 603 K

NiMo-SCF 0.70 0.93 1.60 4.96
NiMo-COM 0.58 0.66 1.35 2.42

Table 4. Activation Energy and Frequency Factor for the
NiMo-SCF and NiMo-COM Catalysts; P 5 20 bar,
T 5 543–603 K, Catalyst Weight 5 0.5 g, H2/Feed

Ratio 5 800 Nm3/m3, WHSV 5 45 h21

Catalyst K0 (mol/g cat. min) E/R (K)

NiMo-SCF 1.15 � 108 10386
NiMo-COM 1.64 � 106 8158

Figure 12. Variation of XCHB/XBP selectivity with tem-
perature during HDS of DBT.

(~), NiMo-SCF catalyst; (n), NiMo-COM catalyst; P ¼
20 bar; catalyst weight ¼ 0.5 g; H2/feed ratio ¼ 800 Nm3/
m3; WHSV ¼ 45 h�1.
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increasing temperature until it reaches 593 K and becomes
constant with subsequent increase of temperature up to
603 K as shown in Figure 12. The results demonstrate that
the CHB/BP selectivity is lower using the synthesized cata-
lyst with respect to the commercial catalyst. The results
clearly indicate that the BP is the main product of HDS of
DBT and indicates that the DDS is preferred on the NiMo
catalysts. This route is preferred to HYD followed by desul-
furization at all temperatures. This can be explained by look-
ing at the different active sites necessary for DDS and HYD.
The DDS route is generally believed to require sulfur vacan-
cies on the catalyst surface, where the cleavage of CAS
bond and the formation of H2S can occur. Hydrogen disul-
fide then most probably adsorbs strongly on these sites and
affects the DDS path. The HYD route is believed to proceed
through the surface reaction of DBT on strong Brönsted acid
active sites57 followed by hydrogenation reaction with
adsorbed H2 on the adjacent active sites. Hence, it seems
that H2S affects mainly the DDS route while HYD is inhib-
ited much less and this is more pronounced with increasing
temperature. The observed increase in CHB/BP ratio is the
result of this effect.

The inhibitive effect of aromatics on the HDS of DBT
was studied by the addition of toluene to the feed mixture.
The reaction rate constant of HDS at toluene concentration
range of 0–20 wt % in feed at 583 K is summarized in Table
5. The conversion profile of DBT in the reactions with dif-
ferent amount of toluene is presented in Figure 13. A small
addition of toluene decreases the conversion and the inhibi-
tion effect is getting stronger with the increasing amount of
aromatics.38,58,59 The results of Figure 13 show that the inhi-
bition effect of synthesized NiMo-SCFcatalyst is lower than
the commercial catalyst. This can be ascribed as another
advantage for the newly developed catalyst. The effect of
toluene clearly seems to be the suppression of the hydrogen-
ation properties of the catalyst. The deactivation of the
hydrogenolysis sites does not play a paramount role here and
it can be speculated that the competition between toluene
and DBT for the hydrogenation sites governs the importance
of the different HDS pathways. This leads to a decrease of
conversion of DBT.

Based on the physical/chemical characterization and activity
evaluation of NiMo-SCF, NiMo-IMP and NiMo-COM cata-
lysts, one can conclude that preparation of catalyst via super-
critical deposition method, lead to a high dispersion of the
metal species on the support. It is well accepted that high dis-
persion of Ni and Mo species on the support surface is essen-
tial for preparation of high performance HDS catalysts.

Conclusion

The synthesis of NiMo-SCF catalyst using a new impreg-
nation method in the SC-CO2-methanol solution resulted in

higher conversion of HDS of DBT because of the following
main phenomenon. Since supercritical medium has special
fluid properties such as high diffusivity, low viscosity, and
low surface tension, therefore, deposition of metals occurs
with higher dispersion and uniformity on the support, which
consequently results in much higher available active surface
area on the catalyst. Thus, higher active surface area pro-
vides higher activity of the catalyst. Moreover, higher disper-
sion of catalytic metal with much reduced particle size
results in less needed amount of metal and also avoids the
undesirable particle agglomeration.

As a function of conversion and temperature in the HDS
of DBT, the Al2O3 supported NiMo catalyst prepared by
supercritical carbon dioxide deposition method to be more
effective than the commercial industrial catalyst. In addition,
1.1 wt % less Mo was used in the new catalyst with respect
to the commercial catalyst due to higher dispersion and uni-
formity of the active metallic phase. This saving in metal
consumption becomes very cost effective in the case of ex-
pensive metals such as platinum, palladium, and rhenium
which are usually being used in the petroleum processing.
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Notation

BJH ¼ Barret-Joyner-Halenda
BP ¼ biphenyl
CBP ¼ concentration of biphenyl (mol/lit)

CCHB ¼ concentration of cyclohexylbenzene (mol/lit)
CHB ¼ cyclohexylbenzene
CS2 ¼ carbon disulfide
Dp ¼ average pore diameter (nm)
Dz ¼ axial dispersion coefficient (m2/sec)

Table 5. Reaction Rate Constants for HDS of DBT in
n-Heptane-Toluene Mixture (mol/g cat. Min 3 105);

T 5 583 K, P 520 bar, Catalyst Weight 5 0.5 g, H2/Feed
Ratio 5 800 Nm

3
/m

3
, WHSV 5 45 h

21

Toluene Concentration (wt %) 0 10 20

NiMo-SCF 1.60 1.39 1.06
NiMo-COM 1.35 0.95 0.85

Figure 13. Conversion of DBT as a function of the
amount of toluene in the feed.

(~), NiMo-SCF catalyst; (n), NiMo-COM catalyst; T ¼
583 K; P ¼ 20 bar; catalyst weight ¼ 0.5 g; H2/feed ratio
¼ 800 Nm3/m3; WHSV ¼ 45 h�1.

2672 DOI 10.1002/aic Published on behalf of the AIChE October 2009 Vol. 55, No. 10 AIChE Journal



DBT ¼ dibenzothiophene
DDS ¼ direct desulfurization route

E ¼ activation energy (J/mol)
EDAX ¼ energy dispersive analysis of X-ray
EDF ¼ equilibrium deposition filtration

F ¼ feed rate of DBT (mol/min)
HDS ¼ hydrodesulfurization
HYD ¼ hydrogenation reaction pathway

ko ¼ frequency factor (mol/g cat. min)
kHDS ¼ reaction rate constant of HDS (mol/g cat. min)
NPe ¼ Peclet number
P ¼ pressure (bar)
P0 ¼ ambient pressure (bar)
R ¼ universal gas constant (J/mol.K)

SBET ¼ specific area by BET method (m2/g)
So ¼ overall selectivity

SCF ¼ supercritical fluid
SC-CO2 ¼ supercritical carbon dioxide

T ¼ temperature (K)
TCD ¼ thermoconductivity detector
TEM ¼ transmission electron microscopy
TPD ¼ temperature programmed desorption
TPR ¼ temperature programmed reduction
Vp ¼ pore volume (m3/g)
W ¼ catalyst weight (g)

WHSV ¼ weight hourly space velocity (1/h)
X ¼ mole fractional conversion of DBT

XCHB ¼ mole fractional conversion of DBT to CHB
XBP ¼ mole fractional conversion of DBT to BP

XRD ¼ X-ray diffraction
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