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ABSTRACT: To maintain economic profitability and stabilize fuel prices,
refineries actively explore alternatives for efficiently processing (extra) heavy
crude oils. These oils are challenging to process due to their complex composition,
which includes significant quantities of asphaltenes, resins, and sulfur and nitrogen
heteroatoms. A critical initial step in upgrading these oils is the hydrogenation of
polyaromatic compounds, requiring substantial hydrogen sources. Methane from
natural gas streams is known to act as an effective hydrogen donor. This study
investigates the use of a heteropolyacid (HPA) catalyst modified with nickel and
methane to enhance the quality of heavy crude oil with an initial 8.0°API (at 15.5
°C) and 2200 cSt viscosity (at 37.5 °C). After treatment in a batch reactor at 380
°C and 4.4 MPa for 2 h, the oil properties markedly improved: API gravity
increased from 8.0 to 16.0 (at 15.5 °C), and kinematic viscosity reduced from
2200 to 125 cSt (at 37.5 °C). Additionally, there was a significant decrease in
asphaltenes (from 38.7 to 16.4% by weight), sulfur (from 5.9 to 4.0% by weight), and nitrogen (from 971 to 695 ppm). This was
accompanied by an increase in the volume of light distillates from 1.3 to 4.9%, and middle distillates from 8.8 to 21.0%. These results
suggest that nickel-modified HPA catalysts, combined with methane as a hydrogen donor, are a promising option for upgrading
heavy crude oils.

1. INTRODUCTION
Due to stringent environmental regulations related to
contaminant content in automotive fuels and greenhouse gas
(GHG) emissions, combined with a global trend toward
reducing the carbon footprint of industrial activities, there is a
pressing need to enhance the energy efficiency of processes
involved in the exploitation, transportation, and conversion of
crude oil. Paradoxically, the market inventory of heavier crude
oils with larger carbon content is steadily increasing. This
scenario is further complicated as some refineries, not
originally designed to process these complex hydrocarbon
streams, face significant challenges.1,2 These challenges have
spurred interest in intensifying the in situ upgrading of heavy
crude oils to enhance their fluid properties directly at the
reservoir, potentially meeting the quality specifications of
existing refining centers and reducing crude transportation
costs.3,4

Among the emerging technologies to improve the quality of
heavy oil, the approach of in situ upgrading via catalyst
injection stands out as a promising alternative.3,5 This
technology modifies the chemical structure of the crude oil
components, thereby reducing viscosity and improving API
gravity while simultaneously increasing the yield of valuable
medium and light fractions at the expense of heavier ones. At
the chemical reaction level, this technology facilitates the

hydrogenation of polyaromatic species to produce partially
saturated aromatic compounds with attached saturated rings,
which can transform into monocyclic aromatic compounds
through a cracking mechanism.6 A similar process occurs with
the heteroatoms of sulfur and nitrogen in the oil, aiding in both
hydrodesulfurization and hydrodenitrogenation. This reaction
pathway requires a bifunctional catalyst: one function for the
(partial) hydrogen saturation of refractory molecules and
another for cracking the (partially) saturated species into
lighter compounds. However, hydrogen is a scarce and an
expensive gas and poses disadvantages7,8 thus, alternative
hydrogen sources are being explored. In this regard, hydrogen
donors have emerged as a promising option for enhancing in
situ heavy crude oil upgrading.9−11 Notably, methane, with its
high H-to-C ratio and large availability from (un)conventional
natural gas sources, has been identified as a significant
hydrogen donor for milder operating conditions compared to
expensive molecular hydrogen under harsh conditions.12−16
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A key component for in situ heavy crude oil improvement is
the catalyst, which can vary but often includes water-soluble,
oil-soluble, mineral, ionic, and dispersed liquid forms. The
catalyst must exhibit high activity and stability. Heteropolya-
cids (HPAs) are particularly suitable for methane activation
due to their unique characteristics, including a high density of
strong Brönsted-type acid sites, redox potential, thermal and
solution stability, noncorrosiveness, and selectivity.17−19 By
incorporating metals into the HPA structure, highly active and
selective bifunctional catalysts for hydrogenation and hydro-
cracking reactions can be produced.20−22

Previous studies on the upgrading of heavy crude oils using
dispersed catalysts and hydrogen donors have shown
promising results. For example, Ovalles et al. reported that
an increase of up to 8° in API gravity (at 15.5 °C) and a 27%
reduction in asphaltenes can be achieved using iron-containing
nanocatalysts and tetralin processing an extra-heavy crude oil
from the Orinoco Basin.23 Ramos et al. observed a 22.7%
increase in the content of aromatics using Co/MoS2
nanocatalysts under specific conditions.24 Other studies also
reported a significant improvement in the quality of heavy
crude combining various catalysts and experimental reaction
conditions.25−29

With the depletion of light crude oil reserves, heavy and
extra-heavy crude oils have become crucial for the refining to
meet global energy demands. Traditional hydrocracking
catalysts, typically consisting of supported metals, often
deactivate due to the presence of high molecular mass
compounds in the heavy crude oil. Thus, developing new
nonsupported catalysts for transforming heavy crude into light
hydrocarbons is essential.
Our research introduces by the first time the use of an

H3PMo12O40-Ni catalyst combined with addition of methane
to improve the quality of a heavy crude oil. This
heteropolyacid (HPA) catalyst modified with nickel combines
HPA’s strong acidic sites with nickel’s catalytic properties. The
result is a bifunctional catalytic system which, at the end,
displays a high activity and selectivity for hydrogenation and
hydrocracking reactions thus significantly enhancing the API
gravity and viscosity of the crude oil under mild conditions.
The use of methane as a hydrogen donor further boosts
process overall efficiency.

2. EXPERIMENTAL SECTION
2.1. Preparation of the Catalyst. The catalyst was

prepared via hydrothermal synthesis in accordance with the
following procedure: 20 g of hydrated phosphomolybdic acid
(H3PMo12O40·xH2O, Sigma-Aldrich, > 99.99% purity based on
trace metals analysis) was gradually added to 100 mL of
distilled water maintained at 75 °C. The solution was stirred
continuously with a magnetic agitator at 500 rpm until the
phosphomolybdic acid fully dissolved and appeared trans-
lucent, approximately after 8 h. The solution was then cooled
to room temperature (∼20 °C), and 40 g of nickel sulfate
(NiSO4·6H2O, Sigma-Aldrich, > 99.99% purity based on trace
metals analysis) was added. Stirring continued for 2 h at 500
rpm until a green solution formed. Solvent removal from this
solution yielded a green powder solid.

2.2. Heavy Crude Oil Upgrading Reaction. The
upgrading reaction of heavy crude oil with an API gravity of
8.0° (at 15.5 °C) and kinematic viscosity of 2200 cSt at 37.5
°C (refer to Table 1) was conducted in a stainless-steel stirred
batch reactor (Parr Instrument Company). This reactor

configuration closely mimics the reactions occurring in oil
reservoirs. Initially, the reactor was purged with nitrogen,
pressurized to check for leaks, and then stabilized for further
heating. For the catalytic process, a catalyst to oil mass ratio
200 was used, i. e., 200 g of heavy crude oil per gram of HPA-
Ni catalyst, and then reacted at 380 °C and 4.4 MPa
continuously stirring the reaction mixture at 1000 rpm for 2 h.
Notably, the reactor was pressurized with natural gas
comprising 94.3 vol % methane, which served as a hydrogen
donor. Following the reaction, a thin layer of solid material that
accumulated at the bottom of the reactor vessel was removed,
washed with chloroform to extract any remaining hydro-
carbons, weighed, and finally analyzed by X-ray diffraction
(XRD) to identify the constituent species.
To isolate the specific effects of the catalyst on the quality

and properties of the resultant products, a parallel experiment
was conducted with heavy crude oil under the same conditions
in the absence of any catalyst.
Methods for the characterization of the obtained products

and the catalyst characterization are described in detail in the
Supporting Information file.

3. RESULTS AND DISCUSSION
3.1. Characterization of the Catalyst. 3.1.1. Elementary

Analysis. Elementary analysis was done to confirm the bulk
composition of the catalyst, specifically the content of nickel
and molybdenum. The presence of these metals is crucial for
the catalytic activity, providing both the acidic and metallic
functions needed for the upgrading reactions. The bulk
composition of the HPA-Ni catalyst was verified by Atomic
Absorption Spectroscopy (AAS). The respective analytical
results showed that the catalyst consisted of 16.1 wt % nickel
(Ni) and 20.0 wt % molybdenum (Mo).
3.1.2. Potentiometric Titration. Potentiometric titration

analysis was applied to determine the concentration and
strength of the acid sites in the catalyst. Considering the
complex chemical structure of the species composing the heavy
crude oil (e.g., asphaltenes and polyaromatics), its conversion
into smaller compounds requires a suitable catalytic
formulation that involves the concomitant participation of
two specific functions: (i) hydrogenation and (ii) cracking.
Since the C−C bonds in condensed aromatic rings are
essentially inert to the cracking function of the catalyst, they

Table 1. Comparison of the Physical and Chemical
Properties of Heavy Crude Oil and Upgraded Oil

upgraded oil

property
heavy crude

oil
without
catalyst

with HPA-Ni
catalyst

API gravity, (at
15.5 °C)

8.0 14.0 16.0

kinematic viscosity, cSt
15.6 °C 11,350 428 245
25 °C 5259 305 188
37.5 °C 2200 210 125
total sulfur, wt % 5.86 4.91 4.02
total nitrogen, ppm 971 754 695
SARA, wt %
saturates 12.9 19.6 29.6
aromatics 23.5 31.7 35.6
resins 24.9 18.9 18.4
asphaltenes 38.7 29.8 16.4
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need to be partially hydrogenated before cracking. The higher
the catalyst acidity (i.e., density and strength), the faster the
conversion of partially hydrogenated species, thus increasing
the overall upgrading rate.
According to Figure S1, the initial acid strength of the

catalyst is exceptionally high, with Ei reaching up to 800 mV.
Most of the acid sites on the HPA-Ni catalyst can be classified
as very strong, as indicated by signals up to 100 mV. The
classification of acid strength based on Ei values is as follows:
Ei > 100 mV for very strong sites, 0 < Ei < 100 mV for strong
sites, −100 < Ei < 0 mV for weak sites, and Ei < −100 mV for
very weak sites.30 In the same figure, the signals range from 50
to 800 mV, corresponding to a total concentration of
approximately 2.8 mequiv of n-butylamine per gram of solid.
3.1.3. Fourier Transform Infrared Spectroscopy (FTIR).

The functional groups present in the catalyst and changes in its
chemical structure were identified by FTIR spectroscopy. The
characteristic absorption bands provide information about
molecular interactions and the formation of new compounds.
This information may result crucial for understanding the
catalytic mechanism and the role of different functional groups
in the reaction. In Figure S2 presents the FTIR spectra of the
HPA-Ni catalyst. It displays four characteristic absorption
bands attributed to the HPA-Ni structure ([H3−xPMo11NiO40]
(4+x)) are observed at 1050 cm−1 v(P-Oa), 966 cm−1 v(Mo�
Od), 864 cm−1 v(Mo-Ob-Mo), 789 cm−1 v(Mo-Oc-Mo).31,32

Additionally, typical bands for the sulfate anion are noted at
1144 and 1105 cm−1, along with bands corresponding to
various phases of nickel sulfide at 1640 cm−1 (NiS, NiS2), 1550
cm−1 (NiS, NiS2), 1105 cm−1 (NiS, NiS2), 908 cm−1 (NiS2),
630 cm−1 (NiS, NiS2, Ni3S4) are observed.33 The broad band
ranging from 3300 to 3500 cm−1 v(O−H) is associated with
water molecules within the secondary structure of the HPA-Ni.
3.1.4. X-ray Diffraction (XRD). XRD was used to identify

the crystalline phases present in the catalyst and the solid
residues recovered after the upgrading reaction. The XRD
patterns indicated the formation of phases of active nickel
sulfide, which are known to reduce the energy of the C−S and
C−N bonds in sulfur and nitrogen heteroatoms. 34 This
structural information is vital for correlating the catalyst
composition with its performance in chemical reaction.
Figure 1a illustrates the XRD pattern of the as-synthesized

HPA-Ni catalyst. Signal groups corresponding to two structural
compounds were identified, which correspond to nickel sulfate
and phosphomolybdic acid, catalogued under the JCPDS card
numbers 01-079-0106 and 00-043-0317, respectively. The
literature suggests that the X-ray diffractograms of HPA-Ni
resemble those of (NH4)3PMo12O40,

34 where the Ni (II) ion
occupies the counterion position in the polyoxometallate
structure.
Figure 1b shows the XRD patterns of the thin layer of solid

product collected from the bottom of the reactor after
processing the heavy crude with the HPA-Ni catalyst.
Predominantly, three different crystalline phases were observed
specifically corresponding to nickel sulfides (NiS), (Ni3S2),
and (Ni3S4), identified with the JCPDS card numbers 00-002-
1443, 00-044-1418, and 01-076-1813, respectively.
The XRD pattern of this solid indicated the presence of

crystalline phases corresponding to nickel sulfide, which is
identified as the active phase of the catalyst.35 This observation
confirms that the sulfhydration step occurred during the
upgrading reaction. According to previous reports and as was
pointed out before, metallic sulfides can reduce the energy of

the C−S and C−N bonds in sulfur and nitrogen
heteroatoms,36 which are known to be major contributors to
the typical high viscosity of heavy crude oils.
3.1.5. Scanning Electron Microscopy (SEM). SEM images

provide insights into the morphological characteristics of the
catalyst, showing significant differences between the HPA and
HPA-Ni samples. The lamellar structure with cubic shapes and
visible cracks in the HPA-Ni catalyst indicates changes due to
the proton exchange between HPA and nickel ions, which
enhances its catalytic properties.
Figure 2 displays SEM images of the HPA and HPA-Ni

catalysts, highlighting significant morphological differences
between the two samples. Specifically, the phosphomolybdic
acid (Figure 2a) exhibits a large, irregular shape with a rough
surface. In contrast, the HPA-Ni catalyst (Figure 2b) features a
lamellar structure with cubic shapes and some visible cracks.
Probably, the observed changes in the surface morphology of
the HPA-Ni catalyst are caused by a proton exchange between
HPA and nickel ions aligning with findings of previous
studies.37,38

3.2. Heavy Crude Oil Upgrading Reaction. 3.2.1. Total
Acid Number and Total Basic Number. The Total Acid
Number (TAN) and Total Basic Number (TBN) were
measured to quantify the acidity and basicity of the heavy
crude oil and the upgraded product, respectively. These
measurements reflect the concentration of acidic and basic
compounds present in the oil. Typically, the oil refining

Figure 1. X-ray diffraction patterns: (a) HPA-Ni catalyst in its as-
synthesized form; (b) solid recovered from the bottom of the reactor
after processing.
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industry considers crude oil safe for processing if the TAN is
below 0.5 mg KOH/g. However, Barth et al.42 noted
exceptions to this guideline. The TAN value indicates the
amount of KOH required to neutralize the acids in the
sample.39−41

Our analytical results indicated that the TAN and TBN
values for the upgraded oil were lower than those of the heavy
crude oil. Specifically, the TAN decreased from 1.6 mg KOH/g
in the heavy crude to 0.76 mg KOH/g in the upgraded oil, and
the TBN decreased from 3.38 to 2.64 mg KOH/g. These
findings suggest that the acid−base balance plays a significant
role in the overall acidity of crude oil. Identifying the specific
functional groups contributing to this acidity is crucial for
understanding how conjugated acids and bases influence the
oil’s properties. Moreover, lower crude oil recovery rates have
been ascribed to higher TBN values, as reported by
RezaeiDoust et al.48

3.2.2. Viscosity and API Gravity. Viscosity is a crucial
parameter that determines the transportability of crude oil
through pipelines to refineries.42,43 Table 1 shows the values of
the kinematic viscosity of oil products measured at three
different temperatures for the heavy crude oil and the
upgraded oil produced using both noncatalytic and catalytic
reactions. For example, at 37.5 °C, the kinematic viscosity of
the heavy crude was 2200 cSt, which reduced to 210 cSt with
no catalyst and further decreased to 125 cSt using the HPA-Ni
catalyst. This reduction is attributable to the formation of
lower molecular mass species during the reaction, as also noted
by Zhao et al.3

Significant changes were also observed in the API gravity
after processing the heavy crude oil. Specifically, the API
gravity (at 15.5 °C) increased from 8.0 to 14.0° following a
noncatalytic reaction and further increased to 16.0 with the use
of HPA-Ni catalysts. Bifunctional catalysts, which integrate
metallic and acidic functions, enhance hydrocracking and
hydrotreating reactions, and transform heavy unsaturated
hydrocarbons into partially saturated, lighter, and less dense
compounds. These transformations result in improved flow
properties, as evidenced by an increased API gravity and a
reduced viscosity. The upgraded oil showed an increased
proportion of saturated hydrocarbons at the expense of
unsaturated, polyaromatic species. This shift led to an increase
in the H/C ratio, which is positively correlated with API
gravity; in fact, a higher H/C ratio indicates a higher API.44,45

3.2.3. SARA Composition. The results of the SARA analysis
(see Table 1) show that the heavy crude oil initially contained

12.9 wt % saturates, 23.5 wt % aromatics, 24.9 wt % resins, and
38.7 wt % asphaltenes. Following the upgrading reactions, both
with and without a catalyst, the concentrations of saturates and
aromatics increased, while the levels of resins and asphaltenes
decreased. Notably, the incorporation of the HPA-Ni catalyst
led to significant changes in the SARA distribution: saturates
increased to 29.6 wt % and aromatics to 35.6 wt %, whereas
asphaltenes decreased to 16.4 wt % (Table 1). The content of
saturated compounds in the oil produced through the catalytic
upgrading increased more than double, while the amount of
asphaltenes was cut by more than half. These observations
suggest that the presence of the catalyst enhances the
saturation of refractory polyaromatic compounds that make
up asphaltenes and resins. This increase in saturation likely
facilitates their conversion into partially saturated species that
are more susceptible to cracking, primarily through ring
opening mediated by the catalyst’s acidic function, which
agrees with the hydrocracking pathway reported in previous
studies.45,46

3.2.4. Sulfur and Nitrogen Content. The removal of
nitrogen from heavy crude oil involves hydrogenation of the
nitrogen-containing rings before hydrogenolysis can occur,
whereas sulfur removal follows two consecutive processes,
namely, hydrogenation and direct desulfurization. Hydro-
desulfurization reactions, which are irreversible, reach com-
pletion when hydrogen is supplied in the stoichiometric
amount.47,48 Using the Ni-containing heteropolyacid (HPA-
Ni) catalyst resulted in a significant improvement in sulfur
removal, achieving up to 31% reduction. In contrast, reactions
performed without any catalyst led to only a 16.2% reduction
in the sulfur content. The presence of the catalyst aids in
breaking the C−S bonds of heteroatoms, as evidenced by the
increased production of hydrogen sulfide (H2S) during the
catalytic process. Similarly, nitrogen removal was more
effective in the presence of catalyst with a 28% reduction
compared to 22% when no catalyst was used.3,49

The observed decrease in the amount of both total sulfur
and nitrogen in the upgraded oil related to that in the heavy
crude oil, give evidence that heteroatoms of sulfur and nitrogen
contained in the original heavy crude oil were partially
removed upon upgrading reaction.
3.2.5. Boiling Point Distribution by SIMDIS. The upgrading

reaction significantly alters the molecular composition of heavy
crude oil, necessitating an analysis of the changes in boiling
point distribution. This was accomplished using simulated
distillation analysis (SIMDIS) according to the ASTM-D2887

Figure 2. SEM Images: (a) HPA-Ni catalyst showing a lamellar structure with cubic shapes and cracks; (b) HPA catalyst characterized by a large,
irregular shape and rough surface.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c04801
ACS Omega 2024, 9, 34089−34097

34092

https://pubs.acs.org/doi/10.1021/acsomega.4c04801?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04801?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04801?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04801?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


method.50 Table 2 presents a comparative summary of the
SIMDIS results for both the noncatalytic and catalytic routes,

detailing commercially important fractions such as naphtha
(35−221 °C), light cyclic oil (221−343 °C), heavy cyclic oil
(343−540 °C), and residue (above 540 °C). Initially, 56.3 vol
% of the original heavy crude constituted the residue fraction,
which decreased to 51.2 vol % without a catalyst and further
reduced to 35.9 vol % with the HPA-Ni catalyst, enhancing the
conversion rate of the residue from 9 to 36%.
The light fractions showed the most significant increase,

particularly with catalyst usage, rising from 8.8 vol % in the
untreated oil to 21.0 vol % in the upgraded oil. The quantities
of naphtha and heavy oil increased modestly in the catalyzed
sample compared to the untreated sample, from 1.3 to 4.9 vol
% for naphtha, and from 33.5 to 38.1 vol % for heavy oil,
respectively. The use of the HPA-Ni catalyst notably improved
the boiling point distribution, favoring the formation of lighter
hydrocarbons, including middle distillates containing diesel
fuel.51

These findings suggest that the transformation of
asphaltenes and resins occurs primarily through the direct
cleavage of long side chains (dealkylation or exocyclic β-
scissions) attached to aromatic and naphthenic rings, and
through the ring-opening (endocyclic β-scissions) of partially
hydrogenated products.52 Other studies have reported similar
transformations of asphaltenes into lighter fractions during
catalytic upgrading in a methane-rich environment.53

3.2.6. True Boiling Point (TBP) Distribution. In refining, the
quality of crude oil is often assessed based on its boiling point
distribution curve. Typically, crudes with higher API gravity
and greater distillate yields are rich in aromatics,51 while those
with higher sulfur content and metals tend to have lower
distillate yields and API gravity.53−56 The shift of the TBP
distribution curve to the left indicates an increased level of
upgrading, characterized by the conversion of high-molecular-
mass compounds into lighter fractions with lower boiling
points.
Using ASTM-D7169, the TBP curves for heavy crude oil

and the products from the upgrading reactions, both without
and with the HPA-Ni catalyst, are displayed in Figure 3. The
data show that the boiling points decrease progressively from
the heavy crude oil to the upgraded oil produced without a
catalyst, and further decrease in the oil upgraded with the
HPA-Ni catalyst. Using catalyst during the upgrading reaction
promotes a shift in the TBP curve toward lighter and lower
boiling species.50 This outcome aligns with the SIMDIS
analysis results of the same samples, confirming that the
upgrading process involves the breakdown of heavy complex
species such as asphaltenes and resins into lighter saturated
and aromatic compounds, which have lower molecular mass

and boiling points. This effect is even more pronounced with
the inclusion of the HPA-Ni catalyst.
Significant shifts are observed in the temperature range of

480 to 520 °C, where the boiling point for 40% of the
methane-treated oil with catalyst is notably lower compared to
the untreated oil. This shift can be attributed to an increase in
low boiling point fractions in the upgraded oil sample’s
postreaction with the catalyst. Consequently, the weight of the
light cuts in the methane-treated crude oil increases to 7.53%
for naphtha and kerosene, while the vacuum residue fraction
decreases by 16.27%.
3.2.7. GC Analysis of Evolved Gases During the Reaction.

Table 3 shows the compositions of gases produced during the

upgrading reactions of heavy crude oil in the presence and the
absence of catalyst. Notice that the natural gas stream used in
the reactions did not contain molecular hydrogen (H2),
hydrogen sulfide (H2S), or C2 to C4 unsaturated hydrocarbons.
However, these components were present in the gas recovered
after the reactions, consistent with findings from other
studies.55,56 The formation of H2 and H2S indicates that
hydrodesulfurization reactions occurred, which are linked to
the activation of the catalyst.50,55 Furthermore, the presence of
C2 and particularly C3−C4 hydrocarbons suggests that deep
cracking of the alkyl side chains attached to asphaltenes and
resins took place.

Table 2. Boiling Point Distribution of Heavy Crude Oil and
Upgraded Crude Oil

upgraded crude oil, vol %

temperature,
°C

heavy crude
oil, vol %

without
catalyst

with HPA-Ni
catalyst

TIE−221 1.35 1.75 4.88
221−343 8.83 10.5 21.04
343−540 33.53 36.6 38.16
540+ 56.29 51. 15 35.92

Figure 3. True boiling point (TBP) curves of heavy crude oil and
upgraded oil both with and without the HPA-Ni catalyst.

Table 3. Composition of Evolved Gaseous Products Formed
During the Upgrading Reactions of Heavy Crude Oil, With
and Without the Use of the HPA-Ni Catalyst

evolved gas, vol %

compound
natural

gas, vol %
upgrading without

catalyst
upgrading with HPA-Ni

catalyst

CH4 94.33 85.04 90.09
∑ C2 4.01 4.52 4.44
∑ C3 0.23 1.15 0.8
∑ C4 0.05 0.29 0.19
C5+ 0.01 0.45 0.38
H2 0.00 4.20 2.54
H2S 0.00 0.42 0.13
CO2 0.59 0.72 0.67
O2 0.01 0.26 0.03
N2 0.77 2.94 0.73

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c04801
ACS Omega 2024, 9, 34089−34097

34093

https://pubs.acs.org/doi/10.1021/acsomega.4c04801?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04801?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04801?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04801?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Notably, the methane concentration in the recovered gas
ranged from 85.1 to 90.4 mol %, values that are lower than the
counterpart in the natural gas (94.3 mol %), suggesting
methane consumption during the reaction. The higher
methane content in the gas evolved with a catalyst compared
to that without indicates methane generation via deep cracking
over strong acid sites. Additionally, the recovered gas
contained up to 4.2 mol % hydrogen in the absence of catalyst
was used and 2.5 mol % in the presence of the HPA-Ni
catalyst. This finding suggests that, in the hydrocracking
pathway, a larger amount of the available hydrogen is
consumed in the presence of the catalyst leading to the
formation of species with a higher H/C ratio. This aligns well
with the SARA distribution shown in Table 1.
3.2.8. Hypothetical Reaction Mechanism. 3.2.8.1. Hydro-

gen Production from Methane via HPA Catalysts. Recent
studies on heteropolyacids HnPM1xM2yOz (where M1 is Mo
or W, and M2 is Co, Zr, Fe, or Ni) have highlighted their
ability to facilitate hydrogen generation from methane,
although the literature remains limited.3,31,50,51,53−56 The

nature of the reaction products from methane is influenced
by the catalyst’s reducibility. For instance, methane completely
converts into H2 and CO2 over unreduced catalysts like
PW11Ni. In contrast, reduced catalysts based on Fe and Co
yield hydrogen along with CH3OH, HCHO, and CO, with
only a minor production of CO2. The C−H bond cleavage is
identified as the rate-determining step, leading to the
formation of CH3 and HO radicals.57

3.2.8.2. Proposed Mechanism Over HPAs. In the
Supporting Information, Figure S3, detailed structures of the
heteropolyacids anions used in our study are given. These
structures have been reproduced with permission from
previous literature to illustrate the configuration of the catalytic
sites.20

According to M.N. Timofeeva,20 a possible structure of the
title HPA is a Keggin′s type with the active Mo�O supported
by the characterization results described by us. The function of
Mo as Mo�O in HPA-Keggin structure is activate methane as
a hydrogen donor (H3C−H) in the hydrogen formation stage
followed by the formation and subsequent decomposition of

Figure 4. Hydrodesulfurization (HDT) reactions in the proposed mechanism.
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metal-oxirane, metallo-trioxolane, and molybdenum formate
intermediates. Both Ni and Mo sulfides are produced for the
HDT stages.
Based on cited studies, we postulate that the initial reaction

involves 1,2-addition between methane (H3C−H) and the
terminal oxygen (Mo�O) of the HPAs.36,58−60 This forms
HO-Mo-CH3 bonds, which subsequently break down into
metallo-oxirane and molecular hydrogen. The oxidation of
metallo-oxirane leads to the formation of metallo-trioxolane,
which quickly rearranges into molybdenum formate (HO-Mo-
OC(O)H), eventually decomposing into H2 and CO2, thus
restoring the terminal Mo�O group.
The synergy between Ni and Mo is crucial for the proper

catalyst’s performance. Ni facilitates hydrogenation reactions,
while Mo in the Keggin structure aids in methane activation
and the formation of reactive intermediates. This compre-
hensive interaction enhances the catalyst’s efficiency in
upgrading heavy crude oil.
3.2.8.3. Hydrotreating and Hydrocracking Processes. In

the typical hydrotreating process, the disappearance of
thiophene-type compounds correlates well with an increase
in the number of aromatic rings (Figure 4). Nonthiophene
aromatic sulfur compounds react more rapidly than dibenzo-
thiophenes, reflecting the challenges in substituting dibenzo-
thiophene rings with alkyl groups. The overall hydro-
desulfurization (HDS) reaction can proceed via two main
pathways (i) hydrogenolysis replacing C−S bonds with C−H
bonds open to ring opening, and (ii) hydrogenation, which
initially saturates aromatic rings before undergoing hydro-
genolysis.56 The hydrodenitrogenation (HDN) reaction
involves the cleavage of the C (sp3) bond.61 Hydrocracking
typically occurs via the formation of intermediate carbenium
ions, facilitated by the acidic sites on the catalyst thereby
promoting hydrogenation-dehydrogenation reactions. The
hydrodeoxygenation (HDO) process presumably produces
oxygenated byproducts such as H2O and CO2 in the gas
fraction.62 The HDO reaction, in turn, presumably occurs with
oxygenated byproducts in the gas fraction, H2O and CO2.
The results from the reaction indicate that breakdown of

complex hydrocarbons occurred, as evidenced by an increase
in saturated and aromatic compounds in the products, while
the level of asphaltenes and resins decreased. This trans-
formation typically results from hydrocracking and hydro-
treating reactions, both of which utilize the same active metal
phases to cleave hydrocarbons chains. Consequently, the
breakdown of nitrogen and sulfur heteroatoms can also be
anticipated during these processes.63

4. CONCLUSIONS
The results presented in this manuscript clearly demonstrate
that the use of a catalyst composed of heteropolyacid (HPA)
modified with nickel, combined with a methane-rich natural
gas stream, significantly improves the quality of heavy crude oil
with an initial 8.0°API (at 15.5 °C). This was achieved through
an upgrading liquid phase homogeneous reaction. Notably,
methane served as an effective hydrogen donor, which
facilitates the partial hydrogenation of polyaromatic species -
an essential step preceding the cracking reactions on the
catalyst’s acidic sites.
A proposed mechanism for hydrogen production involves a

1,2-addition reaction between methane (H3C−H) and the
terminal oxygen (Mo�O) of the Keggin-structured HPA,
followed by the formation and subsequent decomposition of

metal-oxirane, metallo-trioxolane, and molybdenum formate
intermediates. The gas chromatography analysis of gases
evolved during the upgrading confirmed the formation of
molecular hydrogen and the consumption of methane.
The upgrading process, conducted in a batch system at 380

°C and 4.4 MPa for 2 h to mimic reservoir conditions, resulted
in a notable increase in API gravity (from 8.0 to 16°API at 37.5
°C) and a significant reduction in kinematic viscosity (from
2200 to 125 cSt at 37.5 °C). Additionally, the content of
asphaltenes decreased from 38.7 to 16.4 wt %, sulfur content
reduced from 5.9 to 4.0 wt %, and nitrogen levels dropped
from 971 to 695 ppm. Moreover, there was a substantial
increase in the volume of light distillates (from 1.3 to 4.9 vol
%) and particularly in middle distillates (from 8.8 to 21.0 vol
%). These findings underscore the potential of using nickel-
modified HPA catalysts, in conjunction with methane as a
hydrogen donor, as an effective strategy for upgrading heavy
crude oil.
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