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Abstract—A series of AL,O;-ZrO, composite with various ZrO, contents were prepared by precipitation and NiMo
was dispersed over them via sequential impregnation. The samples were characterized by XRD, FESEM, EDX, BET,
TPR-H, and FTIR techniques. XRD patterns indicate the homogeneous dispersion of ZrO, on AlLO; in small amounts
of ZrO,. Comparison of FESEM images implies that with the incorporation of small amounts of ZrO, (5, 12 and 17
wt%) on Al,O;, the catalyst morphology changed from large ensembles to smaller particles with uniform distribution.
According to TPR-H, profiles, adding ZrO, increases the reducibility of nanocatalysts. Catalytic activity results showed
that the NiMo over ALO;-ZrO, composite showed higher hydrodesulfurization activity than that of ALO, supported
catalyst. The maximum of hydrodesulfurization activity was observed for NiMo/Al,O;-ZrO, nanocatalyst with 12 wt%
of ZrO, content related to enhanced physicochemical properties.

Keywords: NiMo/ALOs-ZrO,, Precipitation, Sequential Impregnation, Hydrodesulfurization, Thiophene

INTRODUCTION

Improvement of the performance of hydrodesulfurization (HDS)
catalysts is necessary to comply with the new worldwide strict envi-
ronmental legislations concerning sulfur content in fuels [1]. To
achieve this goal, many approaches were experimented, among which
the variation of support composition that could be one of the most
promising routes [2,3]. It is well-documented that the support has
a basic role in determining the nature and the number of active
sites and consequently catalytic performances [4,5].

The basic composition of traditional HDS catalysts is composed
of molybdenum sulfide promoted by cobalt or nickel on y~ALO,
[6]. The active sites in these types of catalysts are represented by
(Co)NiMoS, Ni,S,, Co,S, structure in which nickel (cobalt) atoms
are located at the edges of MoS, slabs [7]. Due to its outstanding
textural and mechanical properties and relatively low cost, y-alu-
mina is the most widely used support for HDS catalysts [8-10]. How-
ever, due to the existence of undesirable strong interactions between
active phase and support, a major part of the research is focused
on development of HDS catalyst support with new materials [11].
Many studies have shown that variations in metal-support interac-
tions influence the formation of the (Co)NiMoS, Ni,S,, Co,Ss active
phases and their dispersion over the support surface. Furthermore,
the reducibility and sulfidability of the deposited metal oxides can
be influenced [12,13].

Different materials have been used as supports for HDS catalysts,
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namely; zirconia [14-16], titania [17,18], carbon [19,20], mesoporous
materials like MCM-41 [21,22], SBA-15 [23], etc. Among these sup-
ports, ZrO, has attracted great attention due to its high redox prop-
erties and promising activity [24]. However, its low surface area
and high price make this support unsuitable for industrial applica-
tions [25]. To overcome these drawbacks, increasing attention has
been given to the development of mixed oxide supports by com-
bining the higher surface areas and thermal stability of AL,O, with
the unique properties of ZrO, [26]. Catalysts supported on Al O;-
ZrO, were found to be more active than pure alumina in HDS reac-
tion. Zhang and coworkers [27] prepared ALO;-ZrO, composite
oxides and investigated the HDS performance of diesel oil on the
sulfided NiMo/ALO;-ZrO, catalyst. They reported a significant
increase in the NiMo dispersion with incorporation of ZrQO, into
the support. Furthermore, they reported binary oxide-supported
catalysts exhibit higher and easier reducibility in comparison to alu-
mina supported ones. Their HDS results illustrated that NiMo/ALO;-
ZrO, catalyst with optimum ZrO, contents exhibited much higher
catalytic activities than that of AL,O;-supported catalyst. They have
shown with ZrO, content of 15 wt%, the NiMo/ALO;-ZrO, catalyst
presented the highest HDS activity, which was consistent with its tex-
tural properties and the large amounts of Lewis acid sites. Li and
coworkers [28,29] investigated the HDS activity of dibenzothiophene
(DBT) on sulfided CoMo/ALO;-ZrO, catalyst. In result, CoMo/
AL O;-ZrO, catalyst with suitable ZrO, content (12.1 wt%) was the
most active catalysis for HDS of dibenzothiophene. They observed
a multilayered active structure for mixed oxide supported catalyst
and mono-layered low active structure for ALO;-supported cata-
lyst. Unlike the AL,O;-TiO, system which has been studied widely
and thoroughly for its commercial brightening prospects [30-32],
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the zirconia supported catalysts have shown higher intrinsic activ-
ity in HDS reactions.

The physicochemical properties of the synthesized catalyst can
be influenced by preparation method [33-35]. The reported litera-
ture has shown that the precipitation method could enhance the
catalyst properties like surface area, morphology and particle size
[36-38]. To explore further insight into the effect of zirconia on HDS
activity of supported catalysts, in the present work zirconia-doped
alumina supports were prepared by precipitation method and NiMo
was dispersed over support via sequential impregnation method.
X-ray diffraction (XRD), field emission scanning electron micros-
copy (FESEM), energy dispersive X-ray (EDX), nitrogen adsorp-
tion, Brunauer-Emmett-Teller (BET), H,-temperature programmed
reduction (TPR-H,) and Fourier-transformed infrared (FTIR) tech-
niques were employed for physicochemical characterization of the
synthesized nanocatalysts. Finally, the catalytic activity of prepared
catalysts was evaluated during the HDS of thiophene at 160 °C and
atmospheric pressure.

MATERIALS AND METHODS

1. Materials

For the preparation of support, zirconium oxychloride (ZrOCl,-
8H,0) supplied from Aldrich and aluminum hydroxide Al(OH),
from Merck company were applied as the sources of ZrO, and »
AlL,O;, respectively. Distilled water and NH,OH aqueous solution
(Merck) were used as solvent and as precipitating agent, respec-
tively. Ammonium heptamolybdate tetrahydrate (NH,)sMo,O,,
4H,0) and nickel nitrate hexahydrate (Ni(NO;),-6H,O as the sources
of molybdenum and nickel, respectively, were obtained from Merck
and used without any further purification for the preparation of
catalysts. To measure the catalytic activity, thiophene (Merck) and
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Fig. 1. Preparation steps of ALO,-ZrO, support with different ZrO,
loading using precipitation method.

decane (Merck) were used as the model sulfur compound and sol-
vent, respectively.

2. Nanocatalyst Preparation and Procedures

2-1. ALO;-ZrO, Synthesis

A schematic flow chart for the preparation steps of ALO;-ZrO,
support by precipitation method is given in Fig. 1. The following
procedures were employed for preparation of support: pseudo-boeh-
mite and deionized water were mixed and then the required amount
of ZrOCl,-8H,0 aqueous solution was added into the above mix-
ture while vigorous stirring for 4 h. Then, ammonia solution as pre-
cipitating agent was gradually added into the mixture until the final
pH reached 8+0.2. The mixture was aged for 2 h at room tempera-
ture and was filtered and washed with required amount of distilled
water to eliminate all the Cl ions. Then, the samples were dried
over night at 110°C and finally calcined at 550 °C for 4h in air.
The samples were indicated as AZx where A and Z denote the ALO;
and ZrO,, respectively, and x refers to the weight percentage of zir-
conium on support.

2-2. Dispersion of NiMo over ALO;-ZrO,

A schematic flow diagram for dispersion of NiMo over ALO;-
ZrO, via impregnation method is shown in Fig. 2. The calcined
support was impregnated successively using required amounts of
aqueous solutions of ammonium heptamolybdate, (NH,);Mo,0,,-
4H,0 and nickel nitrate, Ni(NO,),-6H,O. First, Mo was impreg-
nated, mixed for 1.5h at 40 °C. Then Ni was impregnated while
mixing for 2 h. The impregnated catalyst was dried at 110 °C over-
night, and calcined in the presence of air at 550 °C for 4h. The sam-
ples were indicated as NiMoAZx where A and Z denote the ALO;
and ZrO,, respectively, and x refers to the weight percentage of zir-
conium in support. All the samples were prepared with the con-
stant amounts of Mo and Ni (corresponding to MoOs: 17 wt% and
NiO: 3.5 wt%) and the various amounts of ZrO, as can be seen in
Table 1.

The oxidic catalysts obtained in the previous step, prior to the
HDS reaction, were pre-sulfided in a stream of 10 vol% H,S in H,
(with a flow rate of 40 ml/min) under atmospheric pressure. This
operation was performed in a glass-tubular reactor at 400 °C for
2h. The catalyst sulfidation was done ex-situ in a glass-tubular reac-
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AlLOy-Zr0, (NH)Mo,0,,-4H,0 || De-ionized || Ni(NO,), 6H,0
(Zr05: 0,5, 12,17, 30, 100 wt¥a) || (17 wt% as MoO;) water (3.5 wi% as NiO)
I

¥
[ Impregnation for 1.5 h at 40°C while stirring at 500 rpm ]

[ Impregnation for 2 h at 40°C while stirring at 500 rpm |'<—

| Drying at 110°C for 12 h under air flow ]

I Calcination at 550°C for 4 h under air t‘Inw]

NiMo/ALO;-Zr0,

Sulfidation in H,S/H, atmosphere (10/90 vol/vol):

Heating from room to 400°C with a rate of 10°C/min,

then keeping the powders at this temperature for 2 h
Nanocatalyst: NiMoS/Al,0,-ZrO,

NiMoAZD, NiMoAZS, NiMoAZ12, NiMoAZ17, NiMoAZ30, NiMoAZ100

Fig. 2. Preparation steps of NiMo/ALO;-ZrO, nanocatalysts with
different ZrO, loading via sequential impregnation method.
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Table 1. Composition and nomenclature of NiMo/Al,O,-ZrO, nanocatalysts with different ZrO, loading synthesized via sequential impreg-

nation method

P. Jabbarnezhad et al.

Nanocatalysts Nomenclature Synthesis method NiO (%) MoO; (%) 71O, (%)
NiMo/AlLO; NiMoAZ0 Impregnation 35 17 0
NiMo/Al,O,-ZrO, NiMoAZ5 Impregnation 35 17 5
NiMo/Al,0,-ZrO, NiMoAZ12 Impregnation 3.5 17 12
NiMo/Al,0,-ZrO, NiMoAZ17 Impregnation 3.5 17 17
NiMo/Al,0,-ZrO, NiMoAZ30 Impregnation 3.5 17 30
NiMo/ZrO, NiMoAZ100 Impregnation 35 17 100

tor. To avoid any contact with air, the sulfided catalyst was trans-
ferred into the stirred slurry-tank reactor in an insulated system.
3. Nanocatalysts Characterization Techniques

For identification of crystallography of the synthesized nanocata-
lysts, XRD patterns were obtained between 26=10-90° using a Bruker
D8 Advance diffractometer; using CuKa radiation (1=1.54178 A)
and step rate of 0.03°/s. The morphology of the catalysts was inves-
tigated using field emission scanning electron microscopy (FESEM),
Hitachi S-4160. EDX analysis was carried out by Vega\\Tescan,
BSE detector for elemental analysis. BET (Brunauer, Emmett, and
Teller) surface area (Sggp) of the samples was measured by the con-
ventional nitrogen adsorption-desorption technique in a Quanta-
chrome ChemBET 3000 apparatus. The reducibility of the catalysts
was measured by temperature-programmed reduction of hydrogen
(TPR-H,) using a BELCAT (Japan), which included an online ther-
mal conductivity detector (TCD). The sample was loaded into a

quartz reactor and a flow of 10% H,/Ar with 40 ml/min was pass-
ing through the samples and the temperature was being raised at a
rate of 10 °C/min. Infrared analysis of the support and catalysts was
carried out by a Unicam 4600 FTIR spectroscope for identification
of surface functional groups.
4. Experimental Setup for Catalytic Performance Test

A schematic flow diagram of experimental setup for HDS activ-
ity tests of the sulfided nanocatalysts is shown in Fig. 3. Hydrode-
sulfurization of thiophene tests was performed in a stirred slurry-
tank reactor (50 ml) in the liquid phase at 160 °C under atmospheric
hydrogen pressure for 2h. In each run, the reactor was charged
with 30 ml of the reactant solution consisting of 1 wt% thiophene
in decane and 0.2 g of sulfided catalyst. During the reaction, hydro-
gen flow rate was fixed at 20 ml/min. The liquid product was col-
lected and analyzed by gas chromatography (GC Chrom, Teif Gostar
Faraz, Iran) with FID detector and using a silicone capillary column
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Fig. 3. Experimental setup for activity test of NiMo/ALO,-ZrO, nanocatalysts with different ZrO, loading toward hydrodesulfurization of

thiophene.
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Fig. 4. XRD patterns of NiMo/ALO,-ZrO, nanocatalysts with dif-
ferent ZrO, loading: (a) NiMoAZ0, (b) NiMoAZS5, (c) NiMo
AZ12, (d) NiMoAZ17, (¢) NiMoAZ30 and (f) NiMoAZ100.

(HP PLOT-Q; 0.53 mmx15m). Note that the sampling process
carried out in batch mode. To take liquid sample from the reac-
tor, a syringe was employed.

RESULTS AND DISCUSSIONS

1. Nanocatalysts Characterization
1-1. XRD Analysis

The XRD patterns of the synthesized NIMoAZx catalysts are shown
in Fig. 4. To identify the crystalline phases, XRD patterns of the sam-
ples were compared with those of Joint Committee Powder Dif-
fraction Standards (JCPDS) data. The peaks observed at 260=374,
42.8,45.7 and 67.3 degree in the patterns are related to presence of
7+ALO; (00-004-0880). And the intensity of these peaks is decreased
with increasing of ZrO, contents. As can be seen in the figure, no
independent lines due to crystalline ZrO, are observed in XRD pat-
terns of NiMoAZ5, NiMoAZ12 and NiMoAZ17 catalysts. This may
be due to the low concentration of ZrO, or well dispersion of this
oxide in the alumina matrix in the samples. However, the XRD pat-
tern of NiMoAZ30 showed weak peaks at 20=30.2 and 50.3°, which
correspond to the tetragonal phase of zirconia [28]. The peaks related
to tetragonal and monoclinic phases of ZrO, were detectable in
pure zirconia-supported catalyst. This observation indicates that
by doping of ZrO, on alumina, the monoclinic phase of ZrO, was
eliminated and the tetragonal phase was stabilized [27]. As can be
seen from XRD patterns, the peaks related to ZrO, in the NMAZ30
samples appeared slightly at lower 26, This observation indicates
the progressive formation of a solid solution between ALO; and
ZrO,. According to the literature [39] the formation of solid solu-
tion between ALO; and ZrO, was started from x=0.2 and lasted at

x=0.8.

The weak diffraction peaks attributed to the bulk MoO; (00-047-
1081), NiO (01-073-1519) and NiMoO, (00-045-0142) active phases,
were detected in NiMoAZ0, NiMoAZ5, NiMoAZ17, NiMoAZ30
and NiMoAZ100 that are poorly crystalline. However, the absence
of any nickel or molybdenum oxide in NiMoAZ12 nanocatalyst
suggests good dispersion of precursors of the impregnated metals
over the support or the crystallite size with the lower than the XRD
detection limitation.

1-2. FESEM Analysis

To investigate the effect of ZrO, content on catalyst morphol-
ogy, FESEM images of NiMoAZx with different ZrO, loading are
shown in Fig. 5. Loading sufficient amount of zirconia on alumina
leads to the production of nanocatalysts with smaller particles and
more uniform particle size distribution compared to pure alumina
supported catalyst. With the addition of 5-17 wt% of ZrO, on alu-
mina, the morphology of supported catalysts changes from large
ensembles to smaller particles. Visible uniform morphology related
to NiMoAZ12 and NiMoAZ17 nanosized catalysts micrographs
can be addressed by appropriate dispersion of active metals on sup-
port. This observation is in good agreement with XRD results which
were previously presented. However, increasing of ZrO, loading to
30 wt% resulted in particle agglomeration. As can be seen in Fig.
5(f), active metal agglomeration increased in the NiMoAZ100 nano-
catalyst and formed large ensembles of particles. Active metal agglom-
eration causes a decrease in the number of surface metal atoms per
unit mass of metal, and therefore decreases the number of active sites
of the catalyst. So it can be expected that the activity of NiMoAZ30
and NiMoAZ100 nanocatalysts to be less than the other ZrO, con-
taining catalysts. Zhang and coworkers [27] observed similar results
after introduction of 15 wt% ZrO, into the alumina. They observed
formation of some interpores between small particles.

Fig. 6 illustrates the particle size distribution histogram of NiMo
AZ12 nanocatalyst. The quantitative investigation of FESEM image
by Image] software shows that the particle size of NiMoAZ12 nano-
catalyst is in the range of 20-80 nm with an average size of about
43 nm, which dramatically is smaller than the particle size of catal-
ysis prepared by Zhang and coworkers [27]. Small and uniform
particle size distribution of NiMoAZ12 nanocatalyst makes it a very
suitable catalyst for HDS reaction.

1-3. EDX Analysis

The EDX dot-mapping images of the AZ12 support and NiMo
SAZ12 nanocatalyst are illustrated in Fig. 7. All of the materials (Ni,
Mo, Al, Zr, O and S) used in preparation of AZ12 and NiMoAZ12
can be observed in the EDX spectra. Some of the materials that
were not detected in XRD patterns exist in EDX analysis. From
the figure, homogeneous dispersion of Zr and Al oxides in AZ12
and also uniform dispersion of Ni, Mo and S elements in the form
of small particles within the NiIMoAZ12 nanocatalyst are observed.
It is notable that high dispersion of NiMoS particles on the support
can have a direct effect on the catalyst activity in HDS reaction.
1-4. BET Analysis

The BET surface areas of AZx supports and NiMoAZx nano-
catalysts are shown in Fig. 8. The surface areas of »-Al,O; and pure
ZrO, were reported 151 and 58 m”/g, respectively. As can be seen,
the specific surface area of AZx supports decreases with the increase

Korean J. Chem. Eng.(Vol. 32, No. 7)
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Fig. 5. FESEM images of NiMo/ALQO;-ZrO, nanocatalysts with different ZrO, loading: (a) NiMoAZ0, (b) NiMoAZ5, (c) NiMoAZ12, (d)
NiMoAZ17, (e) NiMoAZ30 and (f) NiMoAZ100.
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Fig. 6. Surface particle size histogram of NiMo/Al,O;-ZrO, nanocatalyst with 12 wt% ZrO, loading (NiMoAZ12).

in ZrO, loading. It can be addressed by blockage of the alumina area decreases below 100 m’/g. On the other hand Klimova [41]
pores by ZrO, particles. According to the literature [40], loading even and coworkers observed for catalysis synthesized via sol gel methods
a small amount of zirconia on alumina causes a decrease in surface the surface area increases by loading of zirconia up to 50 %.wt.; fur-
area and when zirconia crystal phase begins to appear, the surface ther loading of zirconia decreases it. The results also show that incor-
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poration of molybdenum and nickel into AZx support causes a de-
crease in surface area of the samples. That can be addressed by depo-
sition of Ni and Mo particles in the pores of support.
1-5. TPR-H, Analysis

Temperature programmed reduction (TPR-H,) analysis was per-
formed on NiMoAZ0 and NiMoAZ12 nanocatalysts to address the
interaction between active metal and support (Fig. 9). The reduc-
tion peaks are reported about 515 and 545 °C for NiMoAZ0 and
NiMoAZ12 nanocatalysts, respectively. Variation of TPR-H, pro-
files indicates that the nature of surface molybdenum and nickel

o oned e Zonedl
515
S 22.4 mmol H,
8
g (a) NiMoAZO
2T T 545
o
& t
'—
26.3 mmol H,
(b) NiMoAZ12
_—____"'_"‘"—\_________’_‘

100 150 200 250 300 350 400 450 500 550 600 650 700
Temperature (°C)

Fig. 9. TPR-H, analysis of ALO;-ZrO, support and NiMo/ALO;-
ZrO, nanocatalyst (a) NIMoAZ0 and (b) NiMoAZ12.

species in NiMo/ALO; changed with loading of ZrO, (12 wt%).
Due to the broadness of TPR-H, profiles, it is not possible to dis-
tinguish the nature of Ni and Mo species. The higher amount of
hydrogen consumption corresponding to NiMoAZ12 compared
that corresponding to the NiMoAZ0, and consequently higher reduc-
ibility of NiMoAZ12 catalyst may arise as a result of relatively weaker
metal-support interaction in this sample that is favorable in HDS
reaction [27]. According to ref. [42] the introduction of ZrO, into
the alumina changed the TPR pattern via these two ways: (i) increas-

Korean J. Chem. Eng.(Vol. 32, No. 7)
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Fig. 10. FTIR spectra of NiMo/ALO,-ZrO, nanocatalysts with dif-
ferent ZrO, loading: (a) NiMoAZ0, (b) NiMoAZ5, (c) NiMo
AZ12, (d) NiMoAZ17, (¢) NiMoAZ30 and (f) NiMoAZ100.

ing the amount of consumed hydrogen, and (ii) decreasing of reduc-
tion temperature. In the case of our study;, TPR profiles show higher
amount of hydrogen consumption correspond to NiMoAZ12 in
comparison with the NiMoAZ0. This observation indicates that
incorporation of ZrO, on support leads to an increase in the num-
ber of active species in the NiMo catalyst which have adequate inter-
action with support and are able to be reduced at relatively low tem-
perature range (below 700). This result is in good agreement with
ref. [23]
1-6. FTIR Analysis

Fig. 10 shows the FTIR spectra of the NiIMoAZx catalysts in the
range of 400-4,000 cm . The peaks at 1,630 and 3,450 cm™ are as-
signed to the bending and stretching vibrations of the O-H bond
due to absorbed water molecules [43-46]. The spectrum of the sam-
ples with alumina and mixed oxide supports shows a broad vibra-
tion centered near 555 cm™* which is attributed to Al-O [47-49].
FTIR spectra of NiMoAZ100 are different from other samples and
shows peaks at 970, 460 and 510 cm™". The peak at 970 cm™ cor-
responds to the metal=oxygen bond that in our investigation can
be related to the stretching vibration of Mo=O. The bands at wave
numbers around 460 and 510 cm™" are ascribed to Zr-O vibrations
of tetragonal phase of ZrO, [50-52]. It is notable that no vibrating
bands corresponding to zirconia phase were registered in mixed
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i=1

oxides supported catalysts spectra. This observation is attributed to
non-crystalline nature of ZrO, in these samples and complements
the XRD results.
2. Catalytic Performance Study in Hydrodesulfurization Reac-
tion

The catalytic activities in hydrodesulfurization of thiophene were
evaluated on the sulfided catalysts as functions of support compo-
sition and the results are shown in Fig. 11. Obviously; the intro-
duction of ZrO, to NiMo/ALO; enhances the HDS activity. As can
be seen, the ZrO,-doped supported catalysts exhibit much higher
thiophene conversion than the pure alumina supported catalyst.
The maximum activity was observed for NIMoAZ12 nanocatalyst,
which was predicted from characterization results. The reaction
over this nanocatalyst decreased the sulfur content of feed from
10,000 to 38 ppm. Excellent activity of the NiMoAZ12 nanocata-
lyst can be attributed to small and uniform particle size distribution
as well as relatively higher reducibility. Thiophene conversion de-
creases with the further increase of ZrO, content, but it still remains
slightly higher than the AL, O, supported catalyst. For catalysts pre-
pared over the AZ30 and AZ100 supports, the significant decrease
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Fig. 12. Reaction mechanism of thiophene hydrodesulfurization
over NiMo/Al,O;-ZrO, nanocatalyst.
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in activity can be explained by active metal agglomeration and reduc-
tion in surface area which resulted from FESEM and BET results,
respectively.

3. Hydrodesulfurization Reaction Mechanism

The reaction scheme of thiophene hydrodesulfurization over NiMo/
ALO;-ZrO, nanocatalysts is shown in Fig. 12. According to litera-
ture [53,54] the reaction of thiophene with H, over sulfided cata-
lysts occurs via two parallel pathways:

(a) Hydrogenation of the aromatic ring of thiophene to tetrahy-
drothiophene, with further C-S bonding hydrogenolysis leading to
butane.

(b) Direct C-S scission to form 1,3-butadiene which is lately hy-
drogenated to form butene.

1-Butene, cis- and trans-2-butene are intermediary products
that can be hydrogenated to form n-butane. In hydrodesulfuriza-
tion of thiophene, it is almost impossible to discriminate between
those pathways from product yields, as butadiene produced via DDS
pathway is rapidly hydrogenated to butene and butane, the product
of HG [53]. It has been found that the formation of NiMoS active
sites is necessary to provide the catalyst ability for the cleavage of
the C-S bond in the thiophene molecule [54]. The improvement
in the overall HDS activity of thiophene over AL O,-ZrO, supported
catalyst suggests the formation of greater number of Ni-Mo-S active
sites. There are two distinct types of active sites for adsorption of
thiophene. One site is proposed to catalyze direct C-S cleavage through
the involvement of sulfur vacancies (coordinately unsaturated sites)
at edges of the NiMoS structures. The other site that occurs on the
top of NiMoS slabs, close to the edges, catalyzes the hydrogena-
tion and hydrogenolysis of C-C and C-S bonds [55].

CONCLUSIONS

The introduction of proper amount of ZrO, into AL,O; matrix
combines the favorable properties of both components. Therefore,
NiMo/ALO;-ZrO, nanocatalyst with optimum content of ZrO, can
be a promising catalyst for hydrodesulfurization process. The opti-
mum value of ZrO, was found to be 12 wt%. Introduction of this
amount of ZrQ, into alumina leads to the formation of nanostruc-
tured catalyst with smaller and more uniform particle size distri-
bution. Adequate interaction between active metals and support in
NiMo/AZ12 nanocatalyst seems to be responsible for the obtained
relative maximum hydrodesulfurization activity.
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