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Abstract This study presents a simple fabrication pro-
cedure for obtaining a nanocatalyst by homogeneously
implanting CoMo within the structure of multiwall carbon
nanotubes. The nanocatalyst efficiency was determined by
applying the catalyst in a laboratory hydrothermal testing
rig to remove sulfur from gasoil using various methods.
The conventional catalyst (CoMo/Al2O3) was also used as a
reference. Scanning electron microscope (SEM), high- reso-
lution transmission electronmicroscope (HRTEM), anX-ray
diffractometer (XRD), and Brunauer, Emmett, and Teller
(BET) method were used to study the morphology and the
structure of prepared samples, and the X-ray fluorescence
technique (XRF) was used to determine the sulfur content in
gasoil. After preparation, the nanocatalyst composite struc-
ture observed the formation of network structure between
metal catalysts and CNTs, and almost all CoMo particles
were homogeneously decorated within the bulk of CNTs.
Experiments using nanocatalysts reveal better results than
the conventional catalyst (CoMo/Al2O3) in removal of sul-
fur from gasoil. As a result, an improvement of about 10%
(73.5%max. HDS) in hydrodesulfurization (HDS) over con-
ventional catalyst was obtained with a 10 h contact time,
280 ◦C reactor temperature, 10 bar system pressure, and 2
h−1 space velocity of gasoil, which may be an optimum con-
dition for removal of sulfur from gasoil within the conditions
and design parameters of our experimental system.
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1 Introduction

The concentration of sulfur in crude oil is typically between
0.05 and 5.0% (by weight), although values as high as
13.95% have been reported [1].Upon combustion, sulfur in
fuels can contribute to air pollution in the form of particulate
material and acidic gases, such as sulfur dioxide. To reduce
sulfur- related air pollution, the level of sulfur in fuels is
regulated and sulfur must be removed from fuels during the
refining process. Hydrodesulfurization (HDS) is a catalytic
chemical process that typically uses a heterogeneous cobalt-
or nickel-doped molybdenum sulfide catalyst supported on
alumina [2].HDS iswidely used to remove sulfur compounds
from refined petroleum products such as gasoline, jet fuel,
kerosene, diesel fuel, and fuel oils.

The purpose of removing sulfur is to decrease atmospheric
pollution caused by the emission of sulfur dioxide as a result
to fuel combustion [3].

The conventional hydrodesulfurization (HDS) process
is usually conducted over sulfidized CoMo/Al2O3 and
NiMo/Al2O3 catalysts [4]. The performance, in terms of
desulfurization level, activity, and selectivity, depends on the
properties of the specific catalyst used (concentration of the
active species, support properties, synthesis route), the reac-
tion conditions(sulfidizing protocol, temperature, and partial
pressure of hydrogen and H2S), the nature and concentra-
tion of the sulfur compounds present in the feed stream,
and the reactor and process design [5]. Alumina is the most
widely used support among hydrodesulfurization catalysts
[6]. A notable feature of alumina supports is their ability
to provide high dispersion of the active metal components.
However, numerous chemical interactions exist between alu-
mina and transitionmetal oxides. Some of the formed species
are very stable and resist completely sulfidizing; therefore,
the catalytic activity of such catalysts is low [7]. Coke for-
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mation during the hydrodesulfurization process of petroleum
fractions is another disadvantage of alumina-supported cat-
alysts; it causes deactivation and decreases the lifetime of
catalysts [8]. Carbon nanomaterials have received attention
as a support in heterogeneous catalysts [4] due to its unique
properties: the possibility to control surface chemistry and
porosity, its resistance to basic and acid media, and the easy
recovery ofmetals by support burning.Multiwall carbon nan-
otubes (MWCNTs) have been studied extensively as a novel
support material [9,10].

Our aim is to provide hydrodesulfurization nanocatalysts
to overcome the problems of conventional art catalysts. The
catalyst, according to our research, may have an increased
surface area and therefore better activity. The more common
catalyst, according to our research, provide improved dis-
persion of the active metals over the support material, while
chemical interactions between the supportmaterial and active
metal are minimized. We also analyze catalysts that function
under relatively mild operating conditions as compared to
alumina-supported conventional catalysts.

2 Experiment

2.1 Preparation of the Nanocatalyst

MWCNTs were prepared by chemical vapor deposition
(CVD), purified, and functionalized according to our previ-
ously published work [11]. Functionalized MWCNTs were
used in preparation of the nanocatalyst as a carrier for CoMo
metal. A solution including 5.00 g of a cobalt nitrate, 6.00 g of
ammonium heptamolybdate, and 100 ml of double-distilled
water was prepared. The metal content of the solution was
then impregnated on 35 g of multiwall carbon nanotubes of a

20–100mesh size. The catalyst was then dried at 120 ◦C for 6
h and transferred to a temperature- programmed tubular elec-
tric furnace in which the material was calcinated under argon
atmosphere at 450 ◦C for 2 h. After heat treatment, the result-
ing catalyst powder mixed with solution consisted of 2%
novolac in 50 ml of ethanol, which was then extruded as pel-
lets (1.5−20mm×3.5−5.0mm) anddried at 160 ◦Cto forma
hard, porous structure of catalyst composite. Commercial
catalyst type CoMo/γ −Al2O3 (supplied by Midland Petro-
leum refinery, Iraq) has been used as reference. The activity
HDS% of nanocatalysts were evaluated using a laboratory-
scale reactor tomeasure hydrodesulfurization (HDS) activity,
and their performance will be compared with commercially
available catalysts. Images of both catalysts are shown in
Fig. 1.

2.2 Hydrodesulfurization Process

The laboratory scale of reactor rig for HDS experiments
shown schematically in Fig. 2.

Hydrodesulfurization was performed using the CoMo/
CNT nanocatalysts. An alumina-supported catalyst
(CoMo/alumina) was also used for comparison. Gasoil (Sup-
plied by Midland Petroleum refinery, Iraq) was used as feed
for catalyst evaluation. The sulfur content of the feed was
1300 ppm (by mass). The hydrodesulfurization process was
performed on a stainless steel, fixed bed reactor (250 mm
length, 12 mm in diameter) using 1.6 g of catalyst in each
run placed inside stainless steel holder.

A K-type thermocouple was kept in touch with the holder
to ensure a reliable reading of temperatures at the cat-
alyst position. All of the catalysts were evaluated under
similar operating conditions. A solution containing 1% of
dimethyl disulfide was used to sulfidize the catalysts by

Fig. 1 Image of
commercial(COMO/Al2O3)

catalyst and present work
CoMo/CNT nanocatalyst
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Fig. 2 Schematic diagram in
Experimental HDS rig

Table 1 Summary of HDS Experiments

Experiment Temp. (◦C) Time (h) Space Velocity (h−1) Pressure (bar)

Effect of temperature (240–280) Variable (240–280) 10 h 6 10

Effect of time (2–10) 280 Variable (2–10) 6 10

Effect of space velocity (2–6) 280 10 Variable (2–6) 10

Effect of pressure (5–10) bar 280 ◦C 10 6h−1 Variable (5–10) bar

injecting sulfidizing feed. The sulfidizing step was carried
out with hydrogen/feed ratio of 40lN/l and pressure of 10
bar at 300 ◦C. After this step, the reaction product (collected
in a condenser) was discharged, and the hydrodesulfu-
rization started, with gasoil as the feed, under variable
conditions, such as temperature, pressure, time, and space
velocity on HDS. A summary of all experiments is listed in
Table 1.

A hydrogen/feed ratio of 40lN/l was kept constant for all
of experiment runs. Each reaction was performed continu-
ously for 24 hours, and a final sample after this timewas used
for total sulfur analysis. Samples were collected at each run
and analyzed by a PHONIX11XRF Analyzer. An average of
three readings was taken to reduce the error. The hydrodesul-
furization activity of the catalysts was calculated using the
following equation:

HDS% = (
STfeed − STproduct

)
/STfeed, (1)

where HDS% is hydrodesulfurization activity, STfeed is the
total sulfur content of the feed, and STproduct is the total sulfur
content of the product.

2.3 Characterization

In this study, a scanning electron microscope (SEM) (typeS-
4160, HITACHI Company, Japan), a high-resolution trans-
mission electron microscope (HRTEM) (type CM30 Philips,
Netherlands), the X-ray patterns were recorded with a
PAN analytical, Netherland powder diffractometer, and
Brunauer, Emmett, and Teller (BET) method (QSurf1600,
USA) were used to determine the surface morphology, crys-
talline structure, and surface area of the prepared materials.
PHONIX11XRF was employed to determine the concentra-
tion of sulfur in gasoil.

3 Results and Discussion

3.1 Characterization of the Nanocatalyst

This new process produces a network structure of CoMo/
MWCNT, where Mo and Co are homogeneously introduced
within the CNTs’ structure; at the same time, the interfacial
bonds between the CNTs and CoMo nanoparticles are stable.
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SEMmicrographs of functionalizedMWCNTs are presented
in Fig. 3a. Well-defined multiwall carbon nanotubes with an
average diameter of 10–25 nm were obtained.

After preparation, the structure of nanocatalyst observed
the formation of network structure between metals catalysts
and CNTs and almost all CoMo particles were homoge-
neously decorated within the bulk of the CNTs (as shown
in SEM image of Fig. 3b and HRTEM result (Fig. 3c). The
size of the catalysts particles ranged from 5–10 nm, while
the diameter of the carbon nanotubes increased by a factor
of three due to the implantation of metal particles within the
tube structure as can be gathered from the results of Fig. 3b
and 3c.

XRD pattern for laboratory prepared MoCo/CNTs
nanocatalyst is shown in Fig. 4. It indicates that a poly-
crystalline structure formed during the heat treatment of the
catalyst by 2 h at 550 ◦C. Diffraction peaks at 26.48◦ are due
to CNTs. Peaks at 31◦, 45◦, and 48.7◦ are assigned to molyb-
denum, while peaks at 35.6◦, 43◦, and 63◦ are assigned to
cobalt. No peaks related to impurities are detected which
confirm the uniformity as well as the high purity of the
MoCo/CNTs catalyst structure. The uniformity as well as
the high purity of the catalyst structure of MoCo/CNTs may
lead to obtained a high performance catalytic.

However, the mechanism of preparation is now clear and
will help control the quality of nanocatalyst fabrication for
future work. These results are in good agreement with the
results obtained by Paymanetal [12].

BET method was applied to determine the specific sur-
face area, the pore volume, and average pore diameter of the
CNTs, CoMo/CNTs, and CoMo/Al2O3,and the results are
listed in Table 2.

As can be gathered from the result in Table 2, a reduction
of 14% in surface area of CNTs has been observed after
loaded with CoMo particles, due to the interaction between
these particles and part of CNTs surface. Comparing with
conventional catalyst, the surface area is approximately the
same, while the average pore diameter slightly increased.
The total pore volume of nanocatalyst was also increased
by a factor of two, and it might be the main reason for the
increase in HDS efficiency of nanocatalysts.

3.2 Results of HDS

In order to determine the activity of novel CNT-supported
catalysts relative to conventional catalysts, both conventional
and nanocatalysts were analyzed under similar experimental
conditions the laboratory desulfurization rig. In each case,
1.4 g of catalyst was placed inside the hydrothermal catalytic

Fig. 3 aSEM image ofCNTs prepared byCVDmethod,bSEM image
ofCNTs after decoratedwithCoMometal particles, cHRTEMofCNTs,
shows the dispersion of CoMo particles inside the CNTs. The diameter
of the tubes increased in (b) and (c) due to CoMo particles insertion
within the structure of CNTs
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Fig. 4 XRD spectra of CoMO/MWCNT nanocatalyst

Table 2 Physical properties ofMWCNT,MWCNTsupport Co-Mo and
Al2O3 support Co-Mo catalysts

No. Sample Surface area
(m2/g)

Total pore
volume
diameter
(Volcm3/g)

Average pore
volume
diameter (nm)

1. MWCNTs 141.6 0.45 8.4

2. CoMo/CNTs 128.3 0.41 7.9

3. CoMo/Al2O3 122.8 0.23 6.3

reactor for desulfurization, and the effect of parameters such
as temperature, pressure, time, and space velocity on HDS is
studied.

3.2.1 Effect of Time on Desulfurization Efficiency (HDS %)

Figure 5 shows the effect of time on HDS for conventional
and CNT catalysts. The results show that the HDS% for
both catalysts increased with increasing time. The desulfur-
ization efficiency of the nanocatalyst was increased by about
10% over the conventional catalyst. Also the sulfur content
decreased with increased time, as more sulfur component
converted to H2S during the HDS process [13].

3.2.2 Effect of Temperature on Desulfurization Efficiency
(HDS %)

The effect of temperature is shown in Fig. 6. The results
obtained indicate that a significant enhancement in HDS effi-
ciency was obtained when the temperature increased. The
HDS% of the nanocatalyst increased about 10% over the
conventional catalyst. In this case, increasing the tempera-
ture gives the same effect as time. This can be explained as
an increase in reaction temperature, which can increase the
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Fig. 5 Desulfurization efficiency versus time of gasoil at temperature
280 ◦C, pressure 10 bar, and space velocity 6 h−1
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Fig. 6 Desulfurization efficiency versus temperature of gasoil at time
10 h, pressure 10 bar, and space velocity 6 h−1

rate of catalytic reaction by opening the active site of the cat-
alyst, raising the rate of diffusion, and increasing the rate of
reaction [14].

3.2.3 Effect of Space Velocity on Desulfurization Efficiency
(HDS %)

Figure 7 shows the effect of space velocity on HDS%. The
results show that desulfurization efficiency increases from 70
to 73.5% and from 61.2 to 63% for CNT and conventional
catalysts, respectively, by decreasing the space velocity from
6 to 2 h−1, respectively.

It can be concluded that space velocity is the inverse of
residence time. Increasing residence time led to increas-
ing HDS%, and the reduction in space velocity caused
channeling, which led to poor gasoil distribution and under-
utilization of the catalyst. High space velocity does not
only reduce the feed stock–catalyst contact time, but it also
increases the reactor pressure drop and may present some
hydraulic challenges [15].
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Fig. 7 Desulfurization efficiency versus space velocity of gasoil at
time 10 h, temperature 280 ◦C, and pressure 10 bar
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Fig. 8 Desulfurization efficiency versus pressure of gasoil at time 10
h, temperature 280 ◦C, and space velocity 6 h−1

3.2.4 Effect of Pressure on Desulfurization Efficiency (HDS
%)

The effect of pressure on desulfurization efficiency is illus-
trated in Fig. 8.

The results obtained indicate an increase in the desulfur-
ization efficiency with an increase in pressure from 5 to 10
bar. A higher conversion of (70%) in HDS % was obtained
at 10 bar, which may be an optimum condition for removal
of sulfur from gasoil within the optimized conditions and
design of our experiment rig. We expected the nanocatalyst
would give a higher result when the pressure increased over
10 bar. Comparison between HDS% of the CoMo/CNT and
COMo/Al2O3 catalysts is shown in Fig. 9. It was concluded
that the nanocatalyst was more active than the conventional
catalyst and the best efficiency was obtained at10 bar system
pressure, 10 h contact time, 280 ◦C reactor temperature, and
2h−1 space velocity.
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Fig. 9 Comparison between HDS % of the CoMo/CNT and
COMo/Al2O3 catalysts

4 Conclusion

On the basis of the experimental work described in the text of
thiswork, themain conclusion canbe summarized as follows:

1. CoMo/CNTs nanocatalyst was successfully prepared and
tested in hydrothermal reactor.

2. SEM image showed well dispersed of CoMo within the
structure of MWCNTs. The dispersion of Co and Mo
metals was also confirmed by XRD pattern in which the
main characteristic peaks of nanocatalyst have been iden-
tified.

3. The effect of parameters such as temperature, pres-
sure, time, and space velocity on HDS was studied for
both conventional and nanocatalyst using hydrothermal
reactor, and the highest hydrodesulfurization activity
obtained is 73.5% for nanocatalyst (CoMo/CNTs) at
temperature 280 ◦C, pressure 10 bar, time 10 hours,
and space velocity 2 h−1 compared with 63 % for
CoMo/Al2O3 catalyst.

4. It can be concluded the HDS would be improved in the
case where the total pressure of the system is increased
up to 10 bar without make change in reaction time, or
increasing the time of reactionwhile keeping the pressure
constant.
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