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Abstract—In this work, the study of three transition metal mixtures: cobalt-molybdenum (CoMo), nickel-molyb-
denum (NiMo), and nickel-cobalt-molybdenum (NiCoMo) with phosphorus supported on a y-Al,O5 were studied
for the hydroprocessing of heavy crude oil. The different metallic compositions were incorporated on gamma-
alumina support by incipient wetness impregnation. The materials obtained were dried at 110°C and calcined to
450°C (4 h). The catalysts were evaluated using a Parr stainless steel batch reactor at 10.6 MPa and 380°C, for one
hour. Mexican heavy crude oil named Ku-Ma-Loob Zaap was used and characterized according to its chemical
composition: saturates, asphaltenes, resins, and aromatics (SARA). Sulfur and nitrogen were also determined by
chemiluminescence techniques. The physical measurements for qualifying the transport properties were API gravity
and kinematic viscosity. Among the tested catalysts, NiCoMoP/y-Al,O; presented the highest activity, increasing
the API gravity from 12.6 to 24.5°API and decreasing the kinematic viscosity from 9.896 to 45 ¢St at 25°C. The
increasing activity was strongly related to the reducibility of the metals and weakly to the metals content. The
surface area and pore volume did not change with the amount of metal, so no effect related to these properties
was observed. Phosphorus presence was not discussed, since approximately the same amount was used in the three
samples. However, it is known that phosphorus increased the hydrotreating activity due to the increased acidity of
the catalyst, making trimetallic catalysts more active than bimetallic ones. In terms of the chemical composition of
the upgraded crude oil, it was evident that the asphaltenes, sulfur, and nitrogen contents decreased sharply.
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INTRODUCTION asphaltene-type compounds (SARA) and usually, these

crudes present high viscosity values [4].
The increasing demand for crude oil combined with

the depletion of conventional oil fields has drawn the
attention of the oil industry towards the processing of
heavier crude oils [1]. The production of heavy or extra-
heavy crude oils presents several problems, beginning
with transportation to storage tanks up to refining [2].
These factors have been impacting the design of process
engineering and the dimensions of the pipes. This type of
crude oil does not flow easily within pipelines compared
to light crude, due to the presence of polyaromatic

Some of the topics that have been studied related to
heavy oil hydroprocessing are the presence of asphaltenes
in the conversion yields, coke production [5, 6] and the
effect of the catalyst properties such as acidity-basicity
on the diffusion-adsorption processes [7, 8].

To improve heavy oil quality by decreasing the
average molecular weight through hydrogenation and
hydrocracking reactions, a metal oxide catalyst is
frequently required [9]. The effect of the pore structure,

structures that contain heteroatoms such as sulfur,
nitrogen, and metals (vanadium, iron, and nickel) [3].
Frequently, these oils are characterized into four main
families of hydrocarbons: saturated, aromatic, resins, and
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acidity, and metal load has been studied for heavy crude
oil hydroprocessing by several authors [4].

The challenging processing of heavy and extra heavy
crude oil has been a source of new technologies and
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Table 1. Chemical composition of the catalysts

Metal content, wt % NiMoP/y-Al, 0O,
Ni 3.2
Co
Mo 11.5
Total 14.7
P content, wt % 2.1

CoMoP/y-Al,0O4 NiCoMoP/y-Al,04
2.0
35 2.4
12.3 12.4
15.8 16.8
1.7 2.0

catalysts. The catalyst usually consists of metals supported
on alumina with different surface characteristics that
depend on the preparation methods. Heavy oil upgrading
involves eliminating contaminants and reducing viscosity;
therefore, research must be directed toward more efficient
catalysts [9].

The use of nickel, cobalt, and molybdenum using
gamma-alumina as support (NiCoMo/y-Al,05)
as trimetallic catalyst, has been developed for
hydroprocessing purposes for all types of feedstocks by
many researchers [10-18]. Hydrodesulfurization (HDS)
studies have been carried out using model molecules
[10—-13] and real feedstocks like atmospheric residual oil
[14], lubricant oil [15], vacuum gas oil [16], and heavy
gas oil [17, 18]. Regarding the effect of phosphorus (P)
presence in the catalyst, it has been published that the
number of active sites on the surface of NIMoW/y-Al,O;
sulfide increases with increasing P concentration reaching
amaximum at 1.6 wt % of P [19]. Additionally, according
to the same authors, the hydrodesulfurization (HDS) and
hydrodenitrogenation (HDN) processes of coker light
gas oil derived from Athabasca bitumen in a trickle bed
reactor at industrial conditions showed that P doping has
a stronger promotional effect on HDN than HDS; and this
enhancement in HDN activity could be attributed more to
the effect of acidity than to the improvement in dispersion.
The NiMoWP/y-Al,O; trimetallic catalyst with P loading
of 1.6 wt % showed superior hydrotreating activity than
the bimetallic NiMoP/y-Al,05, and NiWP/y-Al,04
catalysts. An explanation of such differences was not
given [19]. Finally, as far as it is known, this type of study
has not been carried out yet for the direct hydroprocessing
of heavy crude oil.

Therefore, the main objectives of this work were
the preparation and evaluation of three different
catalysts named NiMoP/y-Al,0;, CoMoP/y-Al,0O5, and
NiCoMoP/y-Al,O; for hydroprocessing the crude oil to
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eliminate sulfur and nitrogen contaminants, decrease the
viscosity of the crude oil, and facilitate transportation.
These catalysts were chosen due to their bifunctional
properties for hydrogenation and hydrocracking and their
resistance to high levels of contaminants like sulfur and
nitrogen [19]. The effect of the type and metal load of each
catalyst was studied for heavy crude oil hydroprocessing
using a Parr stainless steel batch reactor at 10.6 MPa and
380°C, for one hour.

EXPERIMENTAL

Catalyst synthesis. The catalysts were prepared using
commercial y-Al,O5 support (Sgpr = 225 m?/g, pore
volume = 0.40 cm?/g and pore diameter = 90 A). Metal
and phosphorus solutions were co-impregnated on the
support by means of the incipient wetting impregnation
method (2 h). Solutions were prepared using the following
compounds: 98 wt % Ni(NOs),-6H,0 (Aldrich), 99 wt %
(NH,4)sMo-,0,, (Aldrich), 98 wt % Co(NOs;), (Aldrich),
and 86 wt % H;PO, (Baker). The solutions were prepared
to give approximate concentrations for obtaining catalysts
with an equivalent metal content for their comparison
(Table 1). After impregnation, catalysts were dried at
110°C for 12 h and calcined in an air atmosphere at
450°C (heating program: 20°C/h) for 4 h. The catalyst
obtained was in its oxide form. The catalyst sulfide form
was obtained by a sulfidation procedure with a mixture
of H,S/H, (5/10 (vol/vol)) at a rate of 60 mL/min for 4 h
at 3 MPa and 270°C.

Characterization of the catalysts. The metallic
composition of the catalysts was obtained by elemental
analysis, using a Perkin-Elmer Model 3100 Atomic
Absorption Spectrophotometer. Phosphorous was also
determined by Atomic Adsorption Spectroscopy using
a phosphorous hollow cathode tube. The surface area
and pore size distribution were determined by nitrogen
physisorption at —195.8°C using a Micromeritics ASAP
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2010. The samples were first dried at 178°C and evacuated
at 350°C (approximately 2—5 h). The data were treated
by the standard BET method to calculate the specific
surface area (Sggr). The total pore volume (V) was
calculated from the amount of N, adsorbed [P/P,=0.98].
Temperature programming reduction (TPR) was carried
out in an AMI-200 Zeton-Altamira equipment using a
mixture of hydrogen in argon (10 vol % H,/Ar, TPR-H,)
at temperatures from 30 to 850°C with a heating rate of
10°C/min. The reduction study was performed on both the
oxide and sulfide samples. The hydrogen consumption was
measured with a thermal conductivity detector (TCD).

Characterization of the heavy crude oil (HCO)
and reaction products. The Ku-Ma-Loob Zaap crude oil
sample, a heavy crude oil (HCO), was kindly provided
by PEMEX. The physical and chemical properties of
the feedstock and products were established by the
following methods: API gravity was measured by the
ASTM-D287 method (Standard Test Method for API
Gravity of Crude Petroleum and Petroleum Products
(Hydrometer Method)). The kinematic viscosity,
ASTM-D445 (Standard Test Method for Kinematic
Viscosity of Transparent and Opaque Liquids and
Calculation of Dynamic Viscosity), was determined using
arotary viscosimeter. SARA (saturates, aromatics, resins,
and asphaltenes) was determined by the ASTM-D4124
method (Standard Test Method for Separation of Asphalt
into Four Fractions). The sulfur contents were measured
by the ASTM-D4294 method (Standard Test Method for
Sulfur in Petroleum and Petroleum Products by Energy
Dispersive X-ray Fluorescence Spectrometry). Nitrogen
contents were studied by ASTM D 4629-08 method
(Standard Test Method for Trace Nitrogen in Liquid
Hydrocarbons by Syringe/Inlet Oxidative Combustion
and Chemiluminescence Detection). Ramsbottom carbon
tests were obtained by ASTM-D524 (Standard Test
Method for Ramsbottom Carbon Residue of Petroleum
Products). The distillation curves and the fraction of the
heavy oil were obtained by the ASTM-D7169 method
(Standard Test Method for Boiling Point Distribution
of Samples with Residues Such as Crude Oils and
Atmospheric and Vacuum Residues by High Temperature
Gas Chromatography). The procedure is also known
as simulated distillation. Each distillation fraction was
assigned as follows: gasoline (IBP to 220°C), light gas
oil (220 to 380°C), heavy gas oil (380 to 530°C), and
residue (530°C to FBP).

Activity tests. The experiments were carried out
in a Parr batch reactor and submitted to an activation
procedure (sulfidation) with a mixture of H,S/H,
(5/10 (vol/vol)) at a rate of 60 mL/min for 4 h at 3 MPa
and 270°C. After sulfidation, each sample was purged
with nitrogen and analyzed. In the Parr reactor, 200 g of
heavy oil (Ku-Ma-Loob Zaap) mixed with 5 g of catalyst,
then the reactor was purged with N, and stabilized at the
required reaction pressure, temperature, and stirring rate.
The hydrogen pressure was increased to 10.8 MPa, and
the reactor was heated to the reaction temperature of
380°C, at 1000 rpm stirring rate. The products were
recovered at the end of each test (1 h). The physical and
chemical properties of the products and feedstock were
characterized according to the ASTM methods described
in the previous section.

RESULTS AND DISCUSSION

Physicochemical characterization of the catalysts.
The chemical composition of the as-synthesized catalysts
was analyzed and verified by the atomic absorption
technique [20]. As shown in Table 1, the total metal
contents of the NiMoP, CoMoP, and NiCoMoP samples
were 14.7,15.8, and 16.8 wt % due to the variations in the
nickel, cobalt, and molybdenum contents associated with
the impregnation method. Phosphorus (P) content was
maintained around 2 wt % in all three samples, therefore,
an effect of P presence was not studied. However,
P presence has proven to increase the hydrotreating
activity due to the increased acidity of the catalyst. The
hydrotreating promotion reached a maximum at 1.6 wt %
of P, then higher P contents tended to decrease this activity
[19]. It is already known that a trimetallic catalyst like
NiMoWP/y-Al,O, showed superior hydrotreating activity
than the bimetallic NiIMoP/y-Al,O; and NiWP/y-Al,04
catalysts, at similar P contents (i.e. 1.6 wt %) [19].

Regarding the textural properties of the as-synthesized
catalysts, it was observed (Table 2) that the surface area of
the supported catalysts did not decrease significantly with
the increase of the metallic content; however, to compare
the surface area of the alumina source with the supported
catalyst, the reduction averaged approximately 24% in the
three samples. The same trend was observed by the pore
volume, in this case averaging an 11% reduction [21].

TPR is a useful technique for studying the reducibility
of species, mainly in hydrotreating catalysts. Generally,
it is expected that close contact between two metals like
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Parameter v-Al,O; NiMoP/y-Al, 05 CoMoP/y-Al,O; NiCoMoP/y-Al,O;
Surface area, m%/g 225 178 171 165
Pore volume, cm®/g 0.4 0.36 0.355 0.35

those that Co and Mo atoms in the sulfide catalyst turn
out essentially in an increase of activity level [22, 23].

In this study, the three catalysts were analyzed using
TPR to give information on the effects of different
metals and impregnation loading on the catalytic activity
for upgrading heavy crude oil (Fig. 1). The profiles
for the three catalysts in the oxide and sulfide forms
were presented in the same figure for the purpose of
comparison. Only the TCD signals are shown since no
methane formation was observed for these samples.
The total hydrogen consumption for these samples
corresponded with the complete reduction of the metals.

According to Fig. 1, the reduction of CoMoP oxide
took place, essentially, in one asymmetric peak that
started at 400°C and continued the reduction up to
620°C; the reduction of the CoMoP sulfide was casier,
beginning at 240°C and finishing at 510°C, with a
visible shoulder at 295°C. The bimetallic NiMoP oxide,
exhibited a shoulder with a very broad band appearing in
the 400-870°C temperature region, whereas the sulfide
form presented a similar TPR profile starting at a lower
temperature (325°C), both bands, the oxide and sulfide
NiMoP seems not to have finished reacting until the end
of the experiment. According to Al-Dalama and Stanislaus
[24], the reduction of the Ni starts at environs 330°C while
the reduction of different polymolybdates is spread over
the range of 400-520°C and a high temperature peak is
attributed to the reduction of tetrahedral Mo*" species
that are strongly bonded to the support. Arnoldy et al.
[25] reported that the reduction of CoMoP started around
320°C and depending on the temperature of calcination
and the interaction of metals, the reduction was affected.
In the NiMoP catalyst, the broad band can be interpreted
as an overlapping of different species that interact with
themselves and with the support.

On the other hand, the reduction of the oxide form
of the trimetallic catalyst commenced above 370°C and
proceeded in a series of peaks to about 870°C where
the run ended. Two well defined peaks (350-563 and
563-730°C) were detected, and it was presumed that a
third unfinished peak can be observed starting at 730°C.
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During the reduction of the trimetallic sulfide catalysts,
one shoulder and a big peak were visible, starting at
145°C and finishing at 475°C. Obviously, the reduction
of the trimetallic catalyst was easier than the reduction
of the bimetallic catalyst, and this effect increased when
the catalytic samples were sulfide.

Then, the results obtained during the hydroprocessing
reactions could be mainly explained by the reducibility
of the catalyst, i.e., the easier the reducibility, the more
active the catalyst is. It has already been reported [26, 27]
that the reducibility of metal oxide decreases in general
with an increase in the strength of the metal-oxygen
bond. Therefore, if the reducibility of the three metallic
sample increases with respect to that of the bimetallic
material, the synergic effect among metals decreases and
the sulfidation of the metals could be stronger because of
the reduced interactions, therefore, its catalytic activity
is expected to increase.

Nevertheless, it is important to keep in mind that there
is a correlation between the number of active sites based
on the detector signal and how much hydrogen reacts,
and this can be dependent on the total metal content [28].

Effect of the catalyst in the hydroprocessing of
heavy oils. The feedstock used in the present study showed

5
E CoMoP-Ox A/
NiMoP-Ox
25 225 425 625 825

Temperature, °C

Fig. 1. TPR of the oxide and sulfide NiMoP, CoMoP and
NiCoMoP catalyst.
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Table 3. Characterization of feedstock and products
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. Product Product Product
[e] a
Properties r,°C HCO NiMoP/y-Al,05 CoMoP/y-Al,O; NiCoMoP/y-Al,04
API gravity, °API 12.6 21.5 21.2 24.5
16 15416 197 117 78
Viscosity, cSt 25 9896 103 61 45
38 5635 52 27 25
Ramsbottom carbon, wt % 17.2 11.5 9.1 8.5
Sulfur, wt % 5.1 2.4 1.9 1.5
Nitrogen, wt % 0.78 0.51 0.49 0.41
2HCO—heavy crude oil.
Table 4. Chemical composition (wt %) according to SARA analysis of feedstock and products
Product Product Product
SARA HCO NiMoP/y-Al,O; CoMoP/y-Al,O; NiCoMoP/y-Al,0;
Saturated 17.5 223 322 31.2
Aromatic 21.8 46.5 473 51.5
Resin 34.1 154 12.3 11.2
Asphalten 26.6 15.8 8.2 6.1

physicochemical properties that are characteristic of heavy
oil with an API low gravity and high sulfur, nitrogen, resin,
and asphaltene contents (Table 3) [29]. The three catalysts
were sulfided before reaction, because the sulfided phase
is the active form for hydrotreating oil streams [30]. After
the reaction, the products always presented upgradeability
in their properties by showing reductions in viscosity and
carbon Ramsbottom values and increasing the API gravity
(Table 3). Specifically, regarding the API gravity, after
the reaction, an increment of 68—71% was observed when
bimetallic catalysts were used, while an increment of 94%
was achieved with the trimetallic one. The increment in
API gravity is directly related to a significant decrease in
viscosity [31]. The viscosity at 16 °C dropped from 15416
to 197 ¢St with NiMoP, 117 ¢St with CoMoP, and with the
trimetallic catalyst down to 78 cSt. These results clearly
showed that although the bimetallic catalysts performed
well, the catalytic activity significantly improved when the
trimetallic catalyst was used. Regarding the Ramsbotton
test, measurements of both the heavier crude oil and
fuel products are important because these values will
indicate the tendency to form carbon deposits under high
temperature conditions [32]. Consequently, in addition
to the reduction of contaminants like sulfur and nitrogen,

heavy oil hydroprocessing offers the reduction of other
harmful products like coke. It was possible to reduce
51 wt % of the Ramsbotton carbon with the trimetallic
catalyst, while with the CoMoP and NiMoP catalyst,
the decrement was 47 and 33 wt %, respectively. The
trimetallic catalyst showed the lowest sulfur and nitrogen
content, going from 5.13 and 0.78 wt % in the feedstock
to 1.5 and 0.41 wt %, respectively. All the observed
changes in properties were due to hydrogenation, and
hydrocracking reactions [29, 30].

The composition of the starting heavy crude oil
(HCO) was determined using a SARA analysis (Table 4).
The results showed a high resin content, followed by
asphaltenes, aromatics, and to a lesser extent, saturated
hydrocarbon type compounds. Once the crude oil was
treated with the different catalysts, it was observed that the
aromatic and saturated hydrocarbons presence increased
to the detriment of the asphaltenes and resins presence.
Resin plus asphaltene conversion was 49, 66, and 72% for
NiMoP, CoMoP, and NiCoMoP, respectively, increasing
the presence of the saturated and aromatic compounds
to 30, 40, and 46%.

It was determined that the highest amount of aromatic
content (51.1 wt %) was obtained with the trimetallic
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Table 5. Simulated distillation of feedstocks and products (selectivity, vol %)
Product Product Product

Parameter HCO NiMoP/y-ALO; CoMoP/y-ALO, NiCoMoP/y-AlLO;
Gasoline 7 10 11 16
Light gas oil 22 30 35 39
Heavy gas oil + residuals 71 60 54 45
Total 100 100 100 100

catalyst while the lowest quantity was displayed by the
NiMoP catalyst (46.5 wt %). It is important to note that
the amount of metal is not directly proportional to the
results observed in the processed products, however,
a relation between the metal content and the catalytic
activity cannot be ignored [28]. Furthermore, if the price
of metal is considered, the cost of the catalyst could hardly
be compensated by the content of aromatic compounds
in the product.

By correlating the catalytic activity with the reducibility
of metals in their oxide and sulfide form shown by TPR,
it was found that when the metals were reduced at lower
temperatures, the hydrodesulfurization activity increased
[33] and if the reducibility decreases the interaction
between metal and support is lower which could favor a
deeper hydrodesulfurization process [26, 27].

By means of the simulated distillation, using the
method ASTM-D7169, the distillation curves of the
hydroprocessed products were obtained, which made it
possible to evaluate the quality of the products obtained
after reaction with the different catalysts (Table 5). The
best yield towards gasoline and light gas oil was achieved
with the trimetallic catalyst, increasing from 7 and
22 vol % in the feedstock to 16 and 39 vol % in the
product. While the NiMoP catalyst presented the lowest
activity, reaching 10 and 30 vol % of gasoline and light
gas oil.

CONCLUSIONS

The use of hydroprocessing catalysts for
upgrading heavy crude oil was shown. Three different
catalysts (NiMoP/y-Al,0;, CoMoP/y-Al,03, and
NiCoMoP/y-Al,05) were evaluated, having different
metals and contents. It was demonstrated that the
combined effect shown by the TPR (reducibility) of the
three metals coupled with their high metallic contents
favored the highest activity in removing sulfur and
nitrogen compounds, in converting asphaltene and resin in
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aromatic and saturated compounds and reducing the API
gravity and viscosity. Concerning the bimetallic catalyst,
the NiMoP catalyst showed slightly better performance
than the CoMoP sample. Phosphorus presence was not
discussed because the three catalysts presented almost the
same amount of the compound (i.e., 2 wt %). Although,
it is known that phosphorus increases hydrotreating
activity due to the increased acidity of the catalyst, the
phosphorous trimetallic catalyst was more active than the
phosphorous bimetallic ones. Therefore, the increased
activity did not depend only on the phosphorous presence.
The better performance of the trimetallic catalyst over
bimetallic ones can be explained by the fact that the
reducibility of the metal plays a key role in the catalytic
activity of the samples; the lower reducibility, the lower
interaction metal-support, and the higher catalytic activity
also contributed to the increase in activity as expected.
Surface area and pore volume had no effect because of
their insignificant differences among samples.

Nevertheless, considering the difference in the
upgradeability of heavy crude oil with the metal content
and metal price, it could be economically more convenient
to use a bimetallic catalyst. The use of hydroprocessing
catalysts is an interesting alternative for upgrading heavy
crude oil.
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