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A R T I C L E I N F O

Keywords:
Carbides
Extra-heavy crude oil
FeMo-catalysts
Nitrides
S-removal
Sulfides

A B S T R A C T

In the context of the energy transition scenario, effective sulfur management is crucial. Enhancing the quality of
extra heavy crude oil (EHCO) through catalytic processes, specifically hydrotreatment, is essential for reducing
pollutant emissions like SOx into the atmosphere. Traditional hydrotreatment, utilizing MoS2-based catalysts
typically on Al2O3 support, faces challenges with EHCO due to its elevated S and N content, which hampers
catalyst efficiency. Metal carbides and nitrides exhibit promising electronic structures that confer resistance to
deactivation in the presence of heteroatoms. This study compares the catalytic performances of Fe-promoted Mo
sulfides, carbides, and nitrides (FeMoS(C,N)) in the thiophene hydrodesulfurization (HDS) reaction, serving as a
model molecule for sulfur removal. Subsequently, we investigate the upgrading of a Venezuelan EHCO in terms
of pollutant reduction, API gravity, and feedstock aromaticity. Catalysts were prepared from oxide precursors,
varying the (Fe/(Fe+Mo)) atomic ratios (x = 0.00, 0.10, 0.33, 0.50, and 1.00), employing a temperature-
programmed reaction protocol. Catalytic upgrading of EHCO was conducted in a stirred batch reactor, and
the results were compared with a commercial CoMo-based catalyst. FeMoC(N) outperformed the commercial
catalyst in sulfur removal. The elemental composition and nitrogen content of the feed remained constant;
however, the sulfur content of asphaltenes decreased. Furthermore, the API gravity of crude oil increased when
employing FeMoS and FeMoN catalysts, except with FeMoC, possibly linked to dealkylation reactions and the
enrichment of lighter fractions with alkanes. FeMoN increased asphaltene aromaticity, while FeMoC decreased it.
These results highlight the promise of FeMoC(N) as catalysts for HDS and upgrading heavy feedstocks.

1. Introduction

Crude oil is expected to maintain its position as the primary global
energy source in the years ahead, contributing around 60 % to the total
energy supply by 2050, according to the World Energy Outlook 2022 by
the International Energy Agency (IEA) [1]. The decline in traditional
reservoirs poses a challenge to meeting the demand for oil, necessitating
the exploration of unconventional reservoirs like oil sands and heavy
crude oil. Currently, the worldwide demand for crude oil stands at
approximately 6.6× 109 m3 annually, roughly equivalent to 100 million
barrels per day [2,3]. This demand primarily driven by the global
requirement for liquid transportation fuels, although the IEA anticipates
a gradual increase in the petrochemical production’s proportional

contribution. Notably, almost 85 % of the total consumption of crude oil
is accounted for by global oil refining throughput [3]. Consequently, the
energy sector remains a major contributor to air pollution, affecting over
90 % of the world’s population and causing more than 6 million pre-
mature deaths annually [1]. Meanwhile, the global average surface
temperature has surpassed pre-industrial levels by about 1.2 ◦C, leading
to heatwaves and other extreme weather events, while greenhouse gas
emissions have yet to reach their peak [1]. To contribute to the miti-
gation of climate change, Europe has implemented regulations to reduce
S-content to less than 10 ppm since 2015, while in the US, refineries
were required to reduce S-levels in diesel to less than 15 ppm. In
accordance with these restrictions, nearly 100,00 tons of HDS catalysts
are required annually in refineries and petrochemical industries to
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remove S and other impurities from petroleum [4]. However, conven-
tional catalysts based on Mo sulfides exhibit significant deactivation
when processing heavy crude oil, due to elevated levels of metal, sulfur,
and nitrogen contents, compounded by the deposition of coke derived
from the high content and low stability of asphaltenes [5]. Therefore,
research and innovation of alternative and more stable catalysts become
a necessity to process these unconventional heavy feedstocks required to
meet the world’s energy and petrochemical needs.

Transition metal carbides and nitrides (TMCs and TMNs) have been
explored in HDT processes, demonstrating good performance and sta-
bility [6–11]. Mo and W carbides and nitrides have shown similar or
better performance in HDS or hydrodenitrogenation (HDN) activities
compared to conventional catalyst [12–14]. Additionally, TMCs and
TMNs possess refractory properties and resist sintering at high temper-
atures, with typical crystal structures including face-centered cubic
(fcc), hexagonal close-packed (hcp), or simple hexagonal (hex) struc-
tures [15]. TMCs and TMNs have exhibited unique catalytic properties,
particularly in reactions involving oxygen-containing molecules [16].
Furthermore, their strong interactions with S and N atoms play a crucial
role in heteroatom removal reactions like HDS and HDN [17].

Research has shown that dispersed Ni(Co)Mo carbide and nitride
phases on alumina support exhibit greater catalytic activity than refer-
ence catalysts such as alumina-supported NiMoS and CoMoS catalysts
[18]. Notably, under thiophene HDS reaction conditions, the surface of
Mo carbide and nitride particles becomes sulfured [19]. Studies have
demonstrated that FeMo carbides and nitrides show promise as catalysts
for hydroprocessing, particularly in HDS reactions [17–20]. These cat-
alysts have proven stable under typical hydroprocessing conditions,
exhibiting high HDS activity and the ability to replace conventional
sulfided Mo catalysts [17,19]. The addition of Co to Mo in bimetallic
nitride catalysts has been shown to improve HDS conversion [20],
suggesting that FeMo carbides and nitrides hold promise for enhancing
HDS reactions in hydroprocessing. Although research on model mole-
cules is abundant, reports on the performance of carbides and nitrides
with real feedstocks are scarce. Ramanathan and Oyama tested the
catalytic HDS, HDN and HDO of a model liquid feed mixture containing
dibenzothiophene, quinoline, benzofuran, tetralin, and tetradecane
[21]. They found that carbides and nitrides were active for HDN of
quinoline following the order group 6 > group 5 > group 4, while
post-reaction analysis of materials suggested tolerance to sulfur. Dolce
et al. [22] reported competitive specific activities for molybdenum ni-
trides and carbides in HDN. The authors suggested that transition metal
nitrides and carbides hold promise for improving the efficiency and
effectiveness of hydrotreatment processes for real feedstocks. Recently,
we reported that NiW catalysts with atomic ratio (Ni/(Ni + W) = 0.50
improved API gravity of a heavy crude oil by reducing S-content and
modifying the chemical nature of the crude oil and asphaltenes, as
confirmed by the H/C ratio, flocculation threshold, Caro/Cali and Har-

o/Hali ratios. However, HDN performance was poor [23]. Additionally,
our group also found that alumina-supported NiMo carbide and nitride
remove sulfur and metal from Maya crude oil [24]. In literature, studies
related to the use of FeMo carbides and nitrides as catalysts for
upgrading of real feedstocks are scarce.

For these reasons, the objective of this study is to explore the effect of
applying FeMo carbides and nitrides as catalyst in the upgrading of an
extra heavy crude oil. We analyzed their HDS and HDN performance and
demonstrated the effect on crude oil properties and asphaltenes. As a
preliminary screening, we analyzed thiophene HDS reactions to under-
stand trends in real feedstocks treatment.

2. Experimental

2.1. Synthesis of oxidic catalysts

Al2O3-supported Fe-promoted Mo carbides and nitrides were pre-
pared from oxide precursors by varying the (Fe/(Fe+Mo)) atomic ratios

(x = 0.00, 0.10, 0.33, 0.50, and 1.00) using a temperature-programmed
reaction protocol and then activated as previously reported [23,24]. The
supported oxidic precursors were obtained via the incipient wetness
impregnation method using pulverized and sieved alumina pellets with
a particle size of 220 μm. Initially, the Mo salt ((NH4)6Mo7O24⋅4 H2O)
was used, followed by the addition of the promoter Fe salt
(FeSO4⋅7 H2O), resulting in a total of 15 wt% of the oxidic active phase.
Before Fe incorporation, the catalysts were dried overnight at 120 ◦C
and then calcined at 500 ◦C. After the Fe incorporation, the samples
were dried overnight at the same temperature and then calcined at 700
◦C. The selection of calcination temperatures was based on TGA results
(not shown) to ensure the formation of the respective oxides.

2.2. Synthesis of carbides or nitrides catalysts

The oxides precursor was placed in a quartz reactor and exposed to a
flow rate of 100 mL/min of a 1:4 vol% CH4/H2 mixture for carbides or
NH3 for nitrides. The reactor was heated using a THERMOLYNE model
2100 tube furnace from room temperature to 700 ◦C at a heating rate of
5 ◦C/min and kept at the maximum temperature for 2 h. Then, the
samples were cooled down under the same reaction atmosphere and
finally passivated with a flow of 50 mL/min of a 1 vol% O2/Ar mixture
for 1 h. It is important to note that, for tests with real feedstocks, the
catalysts were prepared using cylindrical alumina pellets to facilitate the
separation of the catalyst from the reaction products.

2.3. Sulfurization protocol

Either oxides, carbides or nitrides precursors were placed in a Pyrex
glass reactor and heated in the furnace previously used. Subsequently, a
mixture of CS2 and H2, obtained by bubbling a 100 mL/min flow of H2
through thermostated CS2 at 0 ◦C, was passed through the reactor. The
temperature of the reactor was then raised to 300 ◦C at a rate of 5 ◦C/
min and maintained for 2 h. Finally, the samples were cooled to room
temperature under the same reaction atmosphere [24].

2.4. Catalysts characterization

X-ray diffraction patterns were obtained using a SIEMENS D5005
diffractometer with Cu-Kα radiation (λ=1.5456 Å) and a Ni filter,
scanning between 30 and 80◦/2θ with a step speed of 0.02◦/s. Phase
identification was conducted using the JCPDS library [25]. The
morphology and composition of passivated and sulfured carbides and
nitrides catalysts, which exhibited significant catalytic performance in
thiophene HDS, were assessed using a JEOL model JSM-6390 scanning
electron microscope (SEM) coupled to an EDS OXFORD micro-analyzer
model 7582. Samples were examined both in powder form and as
cross-sections of pellet catalysts, which were placed on graphite stubs
and coated with gold to ensure adequate conductivity. The textural
analysis was performed using an automatic MICROMETRICS-ASAP 2010
analyzer at liquid nitrogen temperature. Specific surface areas were
calculated using the Brunauer-Emmett-Teller multipoint method.

2.5. Catalytic tests

The thiophene hydrodesulfurization (HDS) reactions were conducted
to identify the most promising catalysts, which were then employed in
the subsequent Extra Heavy Crude Oil (ECHO) upgrading. The used
methodology in both kinds of experiments is outlined below.

2.5.1. Thiophene HDS
These reaction tests were performed immediately after the pre-

sulfiding treatment described in Section 2.3. The reactor temperature
was increased to 400 ◦C, and H2 was bubbled as a carrier gas through
liquid thiophene, which was at 0 ◦C using a water/ice bath. Under this
condition, the initial concentration of thiophene was 2.27 mol%. The
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catalytic activity, expressed as thiophene conversion, was monitored
using a VARIAN model 3700 gas chromatograph equipped with a
packed PORAPAK-Q80/100 column operating at 170 ◦C with N2 as the
carrier gas. Once stabilized, the steady-state catalytic activities of each
catalyst were determined and reported as pseudo-first-order constants
for thiophene disappearance, expressed in units of millimoles of thio-
phene converted to products per gram of catalyst per minute (mmolth-
iophene g− 1 min− 1).

2.5.2. EHCO upgrading
The catalytic upgrading was performed using 50 g of EHCO, and

500 mg of catalyst in a stirred 250 mL batch reactor for 4 h at a total H2
pressure of 1000 psi, a temperature of 320 ◦C, and a stirring speed of
500 rpm, as reported earlier [23]. The EHCO was a sample of Carabobo
crude oil from the Orinoco oil belt, donated by PDVSA-INTEVEP
(Venezuela). Catalysts were pre-sulfured ex situ following the proced-
ure described in Section 2.3, but the sulfurization time was increased to
3 h, and the flow rate was decreased to 60 mL/min to ensure a longer
contact time when treating 2000 mg of sample. The results were
compared with those obtained using a commercial CoMo/Al2O3 catalyst
denoted as CCS-2.

Asphaltenic fractions were obtained from raw and hydrotreated
crude oil by adding 1:40 vol% of n-heptane, stirring for 6 h, and allowing
it to stand for 24 h. Subsequently, the precipitate was filtered and
washed with n-heptane in a Soxhlet extractor to isolate the asphaltenes.
Solid samples were dried in a Schlenk tube using a glycerin bath at a
temperature of approximately 60 ◦C and stored in amber glass vials
under a N2 atmosphere. The percentage of asphaltenes was calculated
based on the initial crude volume, as previously reported [23].

2.6. Crude oil and asphaltenes characterization

The specific gravity of crude oil samples was measured at 20 ◦C using
a RUDOLPH density meter model DDM 2911, which helped determine
the specific gravity relative to water at 4 ◦C (0.999840 g/mL). API
gravity values were obtained directly with the same equipment at 15.56
◦C (60 ◦F). A BRUKER Advance 300 MHz Nuclear Magnetic Resonance
Spectrometer was used to obtain the 13C- and 1H NMR spectra of crude
oil and asphaltene samples, using chloroform as solvent. The C, H, N,
and S content in 10 mg of the sample were determined using a FISONS
elemental analyzer model EA 1108. The analysis took less than 15 mins
and had an absolute precision of less than 0.3 % and an absolute
reproducibility better than 0.2 %. The results allowed us to verify
changes in S and N contents, as well as in the H/C ratio, which serves as
an indicator of the aromaticity of the crude oil. The H/C ratio was
calculated as reported earlier [23].

3. Results and discussion

3.1. Catalysts properties

The presence of signals corresponding to the face-centered cubic
γ-Al2O3 phase (PDF card number 29–0063) was verified in the oxide
catalysts (see Fig. 1A), with reflection maxima observed at values of 2θ
= 37.64◦, 45.83◦, and 66.82◦, corresponding to the (311), (400), and
(440) planes, respectively (Fig. 1A). The diffraction pattern of the
monometallic Mo catalyst (atomic ratio Fe/(Fe+Mo) = 0.00) showed no
signals attributable to the presence of the orthorhombic MoO3 phase. In
contrast, the corresponding Fe monometallic catalyst (atomic ratio Fe/
(Fe+Mo) = 1.00) displayed reflection maxima at values of 2θ = 33.23◦,
35.71◦, and 54.2◦, corresponding to the (104), (110), and (116) planes,
respectively, of the Fe2O3 phase (PDF card number 84–0307), which
crystallizes in the hexagonal system with a rhombohedral cell. For the
bimetallic catalysts (atomic ratios Fe/(Fe+Mo) = 0.10, 0.33, and 0.50),
no evidence of any of the previously mentioned monometallic oxidic
phases could be found, nor of a bimetallic phase of iron oxide and

Fig. 1. XRD patterns for the mono- and bimetallic FeMo oxides (A), FeMo
carbides (B), and FeMo nitrides (C) catalysts.
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molybdenum (or iron molybdate) type (PDF card number 35–0183).
This revealed only signals of the support, likely due to the low content of
the active phase or highly dispersed particles on the support [18,26–30].

XRD patterns of carbides and nitrides catalysts confirmed that
alumina signals prevailed after thermal treatments (Figs. 1B and 1C).
The monometallic Mo catalyst showed no signs of the presence of hex-
agonal Mo carbide (PDF card number 01–1188) or the oxide (Fig. 1B).
However, the iron monometallic catalyst exhibited peaks attributable to
the Fe3C phase, with diffraction maxima at values of 2θ = 37.76◦ and
43.77◦, corresponding to the (121) and (102) planes, respectively, of the
primitive orthorhombic iron carbide phase (PDF card number 72–1110).
This structure conforms to the periodic trends described [31,32], where
late metals tend to form structures of the M3X and M4X type, indicating a
possible rejection of the inclusion of C in the structure by the metal and,
consequently, a decrease in the stability of the corresponding carbide.
Furthermore, no signs of the presence of a mixed bimetallic phase, such
as η-Fe3Mo3C, were observed (PDF card number 47–1191). In contrast,
the nitrides catalysts exhibit signals at values of 2θ = 37.70◦, 43.04◦,
62.50◦, and 75.34◦, associated with the planes (112), (200), (220), and
(312), respectively, attributable to the Mo2N phase (PDF card number
75–1150), which crystallizes with a body-centered tetragonal structure

(Fig. 1C). This phase conforms to the structure of early transition metal
nitrides, which tend to arrange in structures of the MX andM2X type. On
the other hand, the monometallic Fe nitride showed reflection maxima
at values of 2θ = 41.05◦, 43.52◦, 63.86◦, and 76.50◦, associated with the
planes (002), (1 1 1); (2 1 1) y (1 1 3) of the hexagonal phase Fe3N
(PDF card number 73–2101), whose structure follows the periodic trend
discussed for the corresponding carbide, thus suggesting a decrease in
stability. In the bimetallic catalysts, signals indicating the presence of a
FeMo phase were found. This phase crystallizes in the face-centered
cubic system, with reflection maxima observed at values of 2θ =

39.87◦ and 74.14◦, corresponding to the (442) and (555) planes,
respectively, of the Fe3Mo3N phase (PDF card number 48–1408). Thus,
the trend is evident in which the structures become more complex as we
move to the right of the periodic table, as reported elsewhere [31].

To verify the presence of carburized phases in the bimetallic cata-
lysts, specifically the catalyst based on FeMo carbide with an atomic
ratio Fe/(Fe+Mo) = 0.10, SEM-EDS analysis was conducted due to its
interesting behavior in the thiophene HDS tests (see below). EDS anal-
ysis allowed the detection of C, Fe, Mo, Al, and O in both the passivated
powder catalyst (Figs. 2A, 2B, and 2C) and the sulfured one (Fig. 2D).

Fig. 2. SEM images and EDS spectra of the FeMo carbides catalyst (Fe/(Fe+Mo) = 0.10): (A, B, C) Powder catalyst before sulfurization process obtained at 250X and
10,000X magnification; and (D) Cross section of a pellet catalyst after sulfurization process obtained at 5,000X magnification.
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Furthermore, particles whose composition did not include carbon were
found in the powder-passivated catalyst, indicating that part of the
oxidic precursor was not converted to the corresponding carbide or
simply due to the small area that is analyzed with the technique
(Fig. 2B). Additionally, the sulfured pellet effectively showed the pres-
ence of sulfur, in addition to the elements already mentioned, which
could indicate the formation of some sulfide or carbosulfide species of
FeMo (Fig. 2D).

SEM-EDS analysis of the powdered nitrides catalysts showed parti-
cles whose composition denoted the presence of Fe, Mo, Al, O, and C
(Fig. 3A). The absence of nitrogen could indicate incomplete nitridation
of the oxidic precursor. It should be noted that the carbon signal
observed may be the result of contamination from the use of carbon tape
as a support for the analysis. In addition to the previously mentioned
elements, evidence of the presence of nitrogen was found in another
section of the sample (see Fig. 3B), confirming the formation of the
bimetallic nitride on the alumina matrix (Fig. 3C). The sulfured nitride
pellet revealed signals belonging to sulfur, which could indicate the
formation of some FeMo sulfide or nitro-sulfide species.

The experimental values corresponding to the atomic ratio obtained
by EDS for these FeMo carbide and nitride samples are higher than the
nominal value (Fe/(Fe+Mo) = 0.10) in the case of the passivated cata-
lysts, denoted as FeMoC and FeMoN in Table 1. This discrepancy may be
due to the segregation of forming monometallic Fe oxides, carbides, or
nitrides, which increases the amount of Fe detected during the elemental
analysis. In contrast, in the sulfured pellet catalysts, the nominal value
and the experimental value agree. Finally, the C and N content remains
practically constant even after sulfurization process, both in carbides
and nitrides, which suggests the stability of the active phase under
sulfiding conditions. However, the values given in Table 1 should be
considered as a semi-quantitative compositional analysis which alone is
insufficient to provide information on active phases and crystalline
structures. For this purpose, it is necessary to apply more advanced
techniques such as High-Resolution Transition Electron Microscopy
(HRTEM).

Table 2 shows a decrease in the specific surface area (SBET) of the
passivated carbides and nitrides catalysts compared to the 246 m2/g
obtained for the Al2O3 support. It is well known that the SBET values of a
supported catalyst generally decrease as the active phase is added [33].
This decrease is attributed to both a diluting effect of the amount of

support and a possible blocking of the porous structure by the supported
species. It is also notable that, increasing the Fe content leads to a
decrease in this parameter, where the monometallic Fe catalysts (either
carbide or nitride) exhibit the lowest values. This phenomenon may be
attributed to two reasons: (i) in alumina, Fe ions may migrate towards
the support, favoring Fe3+ ↔ Fe2+ redox cycles, which induce a sintering
effect [34] or (ii) the formation of hercynite spinel structures (Fe-Al2O4),
where one-eighth of the tetrahedral sites are occupied by Fe2+ cations
and one-half of the octahedral sites are occupied by Al3+ cations, and
commonly contain Fe3+ cations in octahedral positions. Although the
XRD analysis did not detect the formation of these structure types, its
formation cannot be completely ruled out.

Fig. 3. SEM images and EDS spectra of the FeMo nitrides catalyst (Fe/(Fe+Mo) = 0.10): (A, B) Powder catalyst before sulfurization process obtained at 250X and
10,000X; and (C) Cross section of a pellet catalyst after sulfurization process obtained at 2,500X magnification.

Table 1
Chemical composition and standard deviation of carbides and nitrides FeMo/
Al2O3 catalysts with nominal atomic ratio Fe/(Fe+Mo) = 0.10, determined by
SEM-EDS.

Catalysts (Fe/(FeþMo)) atomic
ratios

S (wt%) C (wt%) N (wt%)

FeMoCa (0.22 ±0.01) (9.0 ± 1.0)
FeMoCSb (0.10 ± 0.06) (5.4 ±

0.6)
(13.2 ±

0.9)
FeMoNa (0.18 ± 0.00)c (5.1 ±

0.5)
FeMoNSb (0.09 ± 0.00)c (3.3 ±

0.3)
(5.0 ±

1.0)

a Passivated,
b Presulfided,
c Only found in one area of the sample.

Table 2
Specific surface area of carbides and nitrides FeMo/Al2O3 catalysts.

(Fe/(FeþMo)) atomic ratios Carbides (m2/g) Nitrides (m2/g)

0.00 117 118
0.10 174 193
0.33 186 171
0.50 179 181
1.00 93 99
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3.2. Catalytic properties

3.2.1. Thiophene HDS performance
When Fe was used as a promoter for the Mo catalysts, it was observed

that the FeMo catalyst with an atomic ratio of 0.10 exhibited the highest
steady state activity (Fig. 4), despite non-promoted catalyst (Fe/Fe+Mo
= 0.00) initially showing the highest activity (inset of Fig. 4). Addi-
tionally, the Fe monometallic catalysts presented very low activity.
Notably, in the case of the carburized catalyst with an atomic ratio of
0.10, thiophene was rapidly consumed. It is important to note that these
measurements were conducted in triplicate, and for catalysts achieving
100 % conversions, the amount of catalyst was progressively reduced,
consistently achieving maximum conversion, and only a peak associated
with thiophene could be detected during the first injection, a few mi-
nutes after the start of the reaction. Therefore, it was concluded that for
the FeMo carburized series, the catalyst with an atomic ratio 0.10 ex-
hibits the highest activity. Similarly, for the nitride with the same atomic
ratio, it was possible to detect both the initial activity and its activity at
75 min of reaction. After this time, thiophene was completely
consumed, allowing for the calculation of minimum activity that this
catalyst could have exhibited under these reaction conditions. This ac-
tivity surpassed that of all other reported activities for this series with
different atomic ratios, confirming the maximum in synergy for this
atomic ratio for both carburized and nitrided materials. The trends at the
beginning of the reaction indicate a decrease in activity with increasing
atomic ratio, or, in other words, with higher Fe content, consistent with
previous findings for FeW catalysts [35].

The high level of thiophene HDS conversion is related to the capacity
of Mo-based carbide and nitride catalysts to activate hydrogen. How-
ever, it has been reported that the nitride and carbide particles them-
selves are not the active phase, but rather a layer of MoS2 that is formed
on the surface. Similar supported CoMo-based catalysts were studied
both experimentally and theoretically by DFT during HDS, and authors
found that carburization and sulfidation steps reduced the interaction
with support, increasing the dispersion of active sites and desulfuriza-
tion activity [36]. Moreover, under hydrotreating reaction conditions
surfaces have been reported to be dynamic and undergo phase trans-
formations. On the other hand, Ramos et al. reported that carbon
addition to the edge sites in Co/MoS2 catalyst, led to a bend of MoS2
slabs and changes in the morphology increasing the MoS2 exposure and
finally changed activity [37].

3.2.2. Hydrotreating of EHCO characteristics and its asphaltenic fractions
An increase in API gravity was observed in all cases, except when

using FeMoCS as catalyst (Fig. 5). Specifically, for this FeMo-based se-
ries, it was noted that none of them surpassed the performance of the
commercial catalyst, following the trend: CCS > FeMoS > FeMoNS.

Since API gravity of crude oil is related to its specific gravity (the
ratio of the density of the crude oil to the density of water under specific
conditions), it is important to compare changes in this property during
hydrotreatment reactions. In an earlier report we concluded that the
specific gravity decreased in all cases with respect to the Maya crude oil,
when using Ni(Co)Mo carbides or nitrides as catalyst, following the
trend: NiMoN > CoMoN > Commercial Catalysts > CoMoC > NiMoC.
Those results were correlated to the high conversion achieved during
hydrotreating reactions (by simulated distillation of liquid products)
and it was also noted that hydrotreated crude oil samples with low
viscosities showed the lowest API gravities [41,42].

Our results aligns with previous results reported by Galarraga et al.
[43,44], who reported that the sulfur phase of these catalysts exhibited
lower initial activity compared to the CoMo counterpart. However, the
FeMo-based catalyst deactivated more slowly. Additionally, it was also
found that the presence of a pyrrhotite phase appeared to be necessary
for preventing catalyst poisoning and controlling selectivity, although
its presence could not be confirmed in our catalytic system, however the
presence of such a phase cannot be ruled out.

These catalysts possess remarkable properties suitable for the
hydrotreating of heavy crudes and for hydrodemetallization reactions.
On the other hand, it is known that the analysis of NMR spectra com-
bined with elemental analysis, either of the crude or of the asphaltenes
obtained before and after the hydrotreating reaction, allows for the
evaluation of structural changes with the assistance of structural
parameter calculations [45]. Elemental analysis revealed that the H/C
ratio of the crude oil remains constant during reaction, indicating a
predominantly aliphatic character for the Carabobo crude oil (Fig. 6).
According to what is known in the literature, it has been established that
the higher the H/C ratio the lower the aromatic character of the eval-
uated charge [45,46]. The NMR results showed a generalized decrease in
aromatic H content, probably due to the hydrogenation of aromatic
rings and the rupture of naphthenic rings to form simpler aromatic rings
with alkyl chains, resulting in a decrease in this parameter.

During EHCO catalytic upgrading, the elemental composition of the
feed remained unchanged for all catalyst (Fig. 6A). However, and of the
asphaltenes decreased while N remained constant, particularly notable
for the HDS performance of FeMo carbides and nitrides, surpassing the
removal level achieved with the commercial catalyst (Fig. 6B). More-
over, the API gravity of crude oil increased when FeMoS and FeMoNS
catalysts were used, except with FeMoCS (Fig. 5), which could be
attributed to dealkylation reactions and enrichment of lighter fractions
with alkanes, as supported by NMR analysis (Fig. 7). NMR results also
revealed that FeMoNS increased the asphaltenes aromaticity while
FeMoCS decreased it. The results indicate that these catalysts are pre-
dominantly hydrogenating, but with a hydrocracking component,
involving the conversion of naphthenic systems into simpler aromatic

Fig. 4. Effect of atomic ratio on the steady-state catalytic activity and initial
activity conditions (inset) for the thiophene HDS of FeMo carbides, nitrides, and
sulfides-based catalysts.

Fig. 5. Specific gravity and API Gravity Elemental of crude oil before and after
HT reactions.
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molecules and dealkylation of aromatic rings, resulting in an increase in
the aromatic C content. This could explain the lower Haro content and
higher Caro content found with FeMoCS, according to NMR results.
Similar trends were found with NiMoC/Al2O3 catalyst during aromatics
hydrogenation of coal-derived liquids [47].

Fe is generally considered a poor promoter compared to Ni and Co in
Mo-based catalysts. However, it has been suggested that, depending on
the preparation method, Fe can act as a good promoter of Mo in
hydrodesulfurization reactions [38]. Moreover, there is evidence sug-
gesting electron transfer fromMo to Fe, leading to a slight enrichment of
electron density around the Fe atom. Nevertheless, the specific location
of these electrons remains uncertain. These findings are consistent with
previous studies using Mössbauer spectroscopy, which revealed the
formation of a new phase (rather than separate Mo and Fe sulfides) in
Fe-Mo sulfide mixtures, with an enrichment of d electrons at the Fermi
level [39,40]. Previous research has indicated that Fe-promoted Mo
catalysts, either bulk or supported on both alumina and carbon, exhibit
maximum synergistic effect at atomic ratios around 0.25 and 0.30 [39,
40]. This effect was attributed to the formation of a mixed FeMo sulfided
phase, which was confirmed by differences in the work function of the
materials through Kelvin probe atomic force microscopy [39,40]. This
sulfided mixed phase could not be identified in our catalytic system,
however, it is likely that after sulfidation a mixed phase was formed
from the mixed oxide (reported and analyzed in the previous chapter).
According to the results found by these authors, regarding the distri-
bution of the products obtained, it was possible to define that the cat-
alysts supported on carbon had a material with a hydrogenating
character, while those supported on alumina were more hydro-
genolyzing. The reasons for this behavior lie in the weak interaction of
Mo with the carbon support, which allows a higher degree of stacking
(type II active sites), while the strong interaction with alumina favors

Fig. 6. Elemental analysis of crude oil (A) and asphaltenes (B) after HT cata-
lytic reactions.

Fig. 7. Aromatic and aliphatic carbon and hydrogen content present in Carabobo crude (A, C) and asphaltene (B, D), before and after HT with FeMo-based catalysts.
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more type I active sites (lower degree of stacking), which decreases the
routes for HYD to take place. On the other hand, the acidity of alumina
itself (Brönsted acidity) rather favors the hydrogenolysis step. Such an
effect should be observed to a lesser extent for NiMoS-based catalysts
because their activity is less support-dependent.

FeMo carbides were previously studied by Puello-Polo and Brito,
who supported them on a carbonaceous matrix and used them as cata-
lysts in thiophene HDS, as discussed in the introductory chapter
[48–50]. These authors reported that the behavior of the catalysts, as
revealed by TPR and TPR-S analysis, resembled that found for conven-
tional alumina supported catalysts, as reported previously [51,52]. In
the earlier report, the first H2S evolution signal, in the range of 25–300
◦C, was attributed to the reduction of S species adsorbed on the CUS,
which have been pointed out as responsible for the catalytic perfor-
mance. Additionally, a linear correlation was also found between the
area under the signal and the thiophene HDS activity of the Mo-based
activated carbon supported catalysts promoted with Fe, Co, and Ni.
According to these results, the authors proposed that the surface of the
carbon-supported metal carbide is similar in nature to the surface found
on the conventional catalyst and did not rule out the possibility of the
formation of a carbosulfide species.

4. Conclusions

The study explores the catalytic performances of Fe-promoted Mo
sulfides, carbides, and nitrides in the thiophene hydrodesulfurization
reaction, demonstrating the potential of metal carbides and nitrides in
resisting deactivation in the presence of heteroatoms. The performance
of FeMo carbides and nitrides during thiophene HDS reaction showed a
decrease in activity with increasing Fe content, although catalysts with
0.1 of Fe exhibited a synergistic effect surpassing the sulfide activity.
Catalysts derived from FeMoC(N) outperform a commercial CoMo-based
catalyst in sulfur removal during the upgrading of Venezuelan EHCO,
indicating the potential of FeMoC(N) in enhancing the efficiency of
hydrotreatment processes. During real feedstock hydrotreating, these
catalysts reduced the S content of asphaltenes (FeMoC ＞FeMoN ＞
FeMoS), but N remain constant, surpassing the performance of com-
mercial catalyst. Moreover, FeMoS and FeMoNS increased API gravity
and aromaticity, except with FeMoCS, which was attributed to deal-
kylation reactions, according to NMR and elemental analysis. FeMo
catalysts were identified as predominantly hydrogenating, with a hy-
drocracking component, transforming naphthenic systems into simpler
aromatic molecules and dealkylating aromatic rings, leading to increase
in aromatic content. The use of FeMoS and FeMoN catalysts not only
improves sulfur removal but also influences the API gravity, feedstock
aromaticity, and asphaltene composition of crude oil. FeMoC(N) stands
out as a promising catalyst, showcasing potential applications in HDS
and upgrading heavy feedstocks.
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[34] C. González, D. Posada, Efecto del {Hierro} como promotor en los catalizadores
derivados de complejos tipo tiomolibdato para procesos de hidrodesulfuración,
Venezuela, Universidad Nacional Experimental Politécnica, 1999.
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