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ABSTRACT: Catalytic aquathermolysis, a crucial aspect of chemical reutilization, converts the heavy components (such as resins
and asphaltenes) of residual oil into lighter components. The use of transition-metal-based catalysts accelerates aquathermolysis
reactions. It was observed that iron naphthenate exhibited greater efficiency for residual oils compared to manganese naphthenate
and zinc naphthenate. Furthermore, the catalytic aquathermolysis of emulsified residual oil with iron naphthenate demonstrated an
outstanding catalytic performance. Under the reaction conditions of 340 °C, 3 MPa, and 2 h, there was a remarkable decrease in
viscosity and sulfur content of residual oil by 85.0 and 50.01%, respectively. Additionally, the alterations in the components of
residual oils before and after aquathermolysis were examined through a four-component analysis and elemental analysis.

1. INTRODUCTION The term “aquathermolysis,” coined by Hyne et al,, refers to
Fossil fuels are expected to remain the predominant source of thermal cracking in the presence of water."” This chemical
global energy for many decades due to their exceptional reaction primarily breaks down the C—S bond, reducing the
quality.'~* Countries worldwide are placing high expectations viscosity of the heavy crude oil. Even a slight fraction of bond
on the advanced processing and treatment of oil and gas breakage can significantly enhance the flow properties of heavy
resources, as well as the recycling of byproducts, to meet the crude oils. Organosulfur compounds in heavy oil undergo a

growing demands associated with economic development and
technological progress.” " Residual oil, a byproduct of
petroleum refining, poses challenges with a large density,
high viscosity, elevated sulfur content, and poor mobility.

complex sequence of steps during aquathermolysis, as
elucidated by Ancheyta'**°
hydrolysis kinetic model based on their understanding of the

and colleagues, who developed a

Transporting residual oil is difficult, making the reduction of reaction mechanism. The authors® highlighted the influence of
viscosity and desulfurization crucial,” especially for its potential operating conditions on aquathermolysis reactions and
use in blending marine fuel oil.'*~"’ emphasized the need for further research on actual heavy

Various methods, such as heating, mixing with thin oil, using oils to better comprehend the catalytic reaction mechanism

soluble viscosity-reducing agents, emulsification, ultrasonics,
and microbial processes, are currently employed to decrease
the viscosity of residual oil."*~"* However, these methods have
limitations, including suboptimal viscosity reduction effects,
high energy consumption, elevated costs, and concerns about
secondary pollution.” In contrast, the catalytic aquathermolysis
method is gaining widespread attention due to its advantages
of simple equipment, ease of operation, low cost, and
environmental friendliness.

and develop more accurate kinetic models.
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In the realm of aquathermolysis, the effectiveness of
desulfurization and viscosity reduction is notably impacted
by the involvement of transition metal (TM) catalysts. As far
back as 1997, Weissman and colleagues highlighted the
advantageous role of additional catalysts in facilitating sulfur
removal.”! Hyne and Clark, among others, have also
emphasized the positive influence of catalysts based on
transition metals (TMs) on aquathermolysis processes™ "
and first proposed that water-soluble TM salts (FeSO,, RuCl,,
NiSO,, etc.) could accelerate the decomposition of S-
containing components in heavy crude oil to alkane, carbon
dioxide, hydrogen, and hydrogen sulfide, naturally leading to
viscosity reduction. And for Loathe heavy crude oil, heavy
components decreased and the light components increased
simultaneously with the vanishment of heteroatoms (S, N)-
containing compounds, leading to viscosity reduction
efficiencies of 15—75% at 240 °C for 24 h with the inorganic
TM salts.”® Zhong et al.”®*’ found that the incorporation of
Fe(II) salts and tetralin could provide a viscosity reduction up
to 90% at 240 °C for 72 h. Compared with water-soluble
inorganic TM salts, oil-soluble TM salts have the potential to
provide better catalytic efficacy for reducing the viscosity of
heavy crude oil by providing more effective interaction with
the oil phase. In principle, the oil-soluble organic ligands are
capable of improving the lipophilicity of the catalysts for
bringing the TM ions to the surface and even internal of the
heavy oil phase, thereby adequately facilitating the catalytic
efficiency of TM ions. Several types of oil-soluble organic TM
compounds, including TM carboxylates, involve alkyl carbox-
ylates (or their mixture), oleates and naphthenates, TM
sulfonates, and so on. By the selection of ligands with different
molecular features and electronic structures, improved catalytic
efficiencies could be achieved. In particular, some functional
ligands may also serve as hydrogen donor to stimulate the
desulfurization and hydrocracking process.”" Liu et al.”® found
that 0.5 wt % addition of Mo(VI) oleate combined with a 0.1
wt % dose of surfactant at 200 °C and 5 MPa for 24h can result
in the viscosity decrease of more than 90%. Liu et al.”’
prepared an Co(II) carboxylate by ion-exchange of CoCl, and
2-ethylhexanoic acid sodium salt. The catalytic aquathermol-
ysis (280 °C for 24 h in 8—10 MPa N, atmosphere) could
reduce the viscosity of heavy crude oil by 89.5%. Liu et al.*’
showed that adding 0.1 wt % of Ni(II) naphthenate at 280 °C
for 24 h in an 8.1 MPa N, atmosphere could result in a
viscosity reduction of 64.5%. Petrukhina et al.’’ compared Ni
naphthenate, Co naphthenate, and Fe naphthenate for heavy
crude oil recovery, respectively, with 0.1 wt % catalyst dosage.
Viscosity reduction efficiencies of 20—78% can be obtained
under controlled catalytic aquathermolysis condition (180—
300 °C, 6—72 h) incorporation with 6 wt % dosage of tetralin
as hydrogen donor. It was discovered by comparing the results
of the studies mentioned above that TM naphthenates have
more effective catalytic abilities and that the cyclic structure of
the ligands provides more efficient interfacial interaction
between the catalysts and the nonhydrocarbon components.
More importantly, naphthenate may keep alkyl radicals from
copolymerizing, which is essential for the synthesis of light
components and is produced during pyrolysis. Nevertheless,
one of the main obstacles preventing catalytic aquathermolysis
from being used in the industry presently is the lengthy
reaction time. Because of the water and oil insolubility, the
system’s oil—water contact surfaces are positively tiny, which
substantially reduces the effectiveness of the catalytic
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aquathermolysis technologies currently. The easiest and most
feasible, affordable, and eflicient physical approach is
emulsification.”**

Emulsification is a convenient, simple, inexpensive, and
effective physical method to upgrade oils for mixing others as a
fuel.*>*® The addition of an emulsifier into two immiscible
streams (e.g., water and oil) with the help of agitation is an
essential step to implement emulsification.’™*” Li et al.**
discovered that the synthesized polymers with higher HLB
values exhibited excellent emulsifying properties for Shengli
heavy oils. Hao Ma synthesized amphiphilic terpolymers (PAA
and PAP) via homogeneous polymerization and compounded
them with surfactant (SDS) to form different SP systems to
reduce heavy oil viscosity. It was found that the solution
viscosity is positively correlated with the emulsifying stability,
and the SDS and PAP molecules could adsorb to the phase
interface with asphaltene and naphthenic acid. Notwithstand-
ing the significant progress already made in the emulsification
and viscosity reduction of heavy crude oil with relevant
experimental work, the application of emulsification ap-
proaches for catalytic aquathermolysis is still unclear.

In this study, we compared the catalytic effects of various
TM naphthenates. Iron naphthenate demonstrated superior
catalytic performance compared to zinc and manganese
naphthenate, and as the reaction time was extended to 24 h,
the viscosity reduction could reach up to 75.91%. At this time,
the temperature and pressure are 340 °C and 3 MPa,
respectively. Under the reaction conditions of 340 °C, 3
MPa, and 2 h, the viscosity reduction rate can reach 81.76%,
and the desulfurization rate can reach 50.10% by emulsifying
residual oil.

2. EXPERIMENT

2.1. Characterization of Oil Sample. Residual oil
underwent a comprehensive four-component analysis, focusing
on saturate, aromatic, resin, and asphaltene components,
commonly abbreviated as SARA. This analysis was conducted
using column chromatography”” employing a column packed
with neutral alumina (100—200 mesh) sourced from Bohr
Chemical Reagents. The separation of SARA components was
achieved through the utilization of various solvents, including
toluene, n-heptane, and ethanol.

These solvents had a purity of 99% and were from Macklin.
The four-component separation process of residual oil is
shown in Figure 1.

Oil sample

n-heptane

|

n-Heptane insoluble
substance

Toluene
Asphaltene

|

n-Heptane soluble
substance

Aluminium oxide column
chromatography

Toluene

Aromatic

Toluene: Ethanol
=11

n-heptane

{ Toluene

Ethanol

Figure 1. Flowchart of the four-component separation of oil samples.
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2.1.1. Elemental Analysis. An elemental analyzer (ELE-
MENTAR VARIO EL CUBE) was used to determine the
elemental composition (C, H, N, and S) of the residual oils
before and after catalytic aquathermolysis.”** X-ray photo-
electron spectroscopy (Thermo Scientific K-Alpha) was used
to analyze the oil samples’ sulfur contents.”’ An inductively
coupled plasma atomic emission spectrometer (Agilent) was
used for determining other trace metal components, such as
Ni, V, etc,, in the residual oils.

2.1.2. "H NMR. Using a Bruker 400 MHz nuclear magnetic
resonance spectrometer and CDCl, as the solvent, the spectra
of oil samples containing resins and asphaltenes were
determined. The fundamental average structures of the resins
and asphaltenes were then deduced by analyzing the species of
hydrogen atoms in the samples.’”**

2.1.3. Gel Permeation Chromatography. A Waters 1515
apparatus, which was used to deduce the fundamental average
structure of resins and asphaltenes, was used to calculate the
average molecular weight.”

2.2. Emulsification of Residual Oil before Reaction.
An oil—water high-speed shear homogeneous emulsification
apparatus was used for residual oil emulsification. First, the
stabilizer, coemulsifier, and emulsifier were quantitatively
dissolved in distilled water in the required proportions. The
residual oil was subsequently heated to 80 °C and added
gradually to the solution mentioned above. Then, the mixture
was stirred violently for 20 min at 5000 rpm. Span 60 (CP),
sodium oleate (65—90% oleic acid), n-butanol (AR), and
triethanolamine (GC) were used in the emulsification.

2.3. Catalytic Aquathermolysis. Naphthenates, such as
iron naphthenate (10% Fe), zinc naphthenate (8% Zn), and
manganese naphthenate (6% Mn), were used as aquathermol-
ysis catalysts.

The aquathermolysis experiments were conducted in an
autoclave with a quartz tube (200 mL). Experimental studies
used quartz tubes to avoid direct contact of oil samples with
reactor walls. In this way, any catalytic effect of metals present
on the inner walls of the reactor can be avoided. The system
was evacuated with N, after adding the catalyst and emulsified
residual oils to the quartz tube. The reaction temperature,
pressure, oil/water ratio, catalyst dose, and reaction time were
all adjusted, and the viscosity and sulfur content were
measured both before and after the reaction.

3. RESULTS AND DISCUSSION

3.1. Residual Oil Characterization. The molecular
structure of resins and asphaltenes was determined utilizing
the enhanced Brown—Ladner technique. This approach
incorporated the analysis of the elemental composition,
average molecular weight, and 'H nuclear magnetic resonance
(NMR) spectroscopy. Furthermore, Table 2 provides the
ratios of the various types of hydrogens identified in the
analysis.

Cr and Hy are the total amounts of carbon and hydrogen,
respectively, and the Hr is the ratio of carbon to hydrogen
calculated with eq 1.>” The aromaticity (A) and aromatic
condensation index (H,y/C,) of the resins and asphaltenes
were calculated with eqs 2 and 3.” The lower the aromatic
condensation is, the higher is the H,y/C, ratio. The average
structural parameters of oil samples of resins and asphaltenes
were analyzed (Tables 1 and 2), and it was discovered that
sulfur and nitrogen contents were mainly present in resins and
asphaltenes; in comparison to asphaltenes, resins had a larger

Table 1. Main Characteristics of the Initial Residual Oil

composition and properties value
viscosity at 100 °C (mPa-s)” 8787
density at 25 °C (g-em™) 0.972
SARA fractions (%)

saturates 23.67
aromatics 37.62
resins 32.59
asphaltenes 6.12
elemental analysis (wt %)

carbon 85.96
hydrogen 9.975
sulfur 1.824
nitrogen 0.81
nickel 0.009
vanadium 0.065

“Viscosity was measured by a Brookfield NDJ-1C Rotational
Viscometer at 100 °C.

Table 2. Mean Structural Parameters of Resin and
Asphaltene

sample asphaltene resin
C (wt %) 84.555 83.595
H (wt %) 9.988 7.038
S (wt %) 2.072 2.844
N (wt %) 1.43 1.755
Ny/Nc* 1.417 1.01
H, (%)" 10.4 6.3
Hy (%)° 7.5 55
H, (%)¢ 622 29.5
H, (%)° 19.9 9.2
Hyu/Ca 0.537 0.228
Ry 82.25 178.42
R, 63.15 141.05
Ry 19.11 37.37
¢/ 725 784
c/ 268.488 427.156
g 76.425 112.11
c’ 380.087 244.734
N 0.37 0.55
I~ 0.11 0.14

S 0.52 0.31

“Np/N¢ is the atomic ratio of hydrogen to carbon. YH, stands for
aliphatic hydrogen on C, to aromatic rings. “Hy stands for the CH,,
CH hydrogen on Cj4 and carbons beyond Cj, CH; hydrogen on Cj,
and CH,, CH hydrogen on alkanes. “H, stands for the CH; hydrogen
on C, and beyond C, and CH; hydrogen on alkanes. Ry, R, and Ry
represent the total ring number, aromatic ring number, and
naphthenic ring number, respectively. “H, stands for aromatic
hydrogen. fCp, Cay Cyy and Gp represent the total carbon number,
aromatic carbon number, naphthenic carbon number, and paraffinic
carbon number, respectively. ¥f,, fx, and fp are the ratio of aromatic
carbon, naphthenic carbon, and paraffinic carbon, respectively.

relative content of H, a smaller relative content of C, a larger
H/C ratio, a smaller relative content of C, and a smaller degree
of condensation. The model parameters were based on the
molecular average structure of the resins’ and asphaltenes’
combined elements. And the structural parameters, combined
with the modified Yen model,** can provide the foundation for
the subsequent mechanistic examination.

https://doi.org/10.1021/acsomega.4c02022
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The electronegativity of atoms within a chemical bond plays 7500
a crucial role in determining the variations in electronic
T . . 5000
binding energies observed in X-ray photoelectron spectroscopy
(XPS) spectra (refer to Figure 2). In this context, the same 2500 4
280 290 300 310 320
Temperature/°C

172 170 168 166 164 162 160
Binding energy(eV)

Figure 2. XPS spectra of S in the residual oil.

atom can display distinct chemical shifts, which are contingent
upon the chemical composition of its surrounding environ-
ment. Consequently, XPS offers a valuable means to analyze
the presence and distribution patterns of sulfur species in
residual oil. The usual binding energy of thiophene-type sulfur
is 164—165 eV, whereas that of thioether and disulfide is 163—
164 eV. Two spectral peaks with a theoretical peak area ratio of
2, Sps/, and Sp, ,, represent the p-electron response of the S in
the XPS spectrum. A 1.2 eV gap*** should exist between the
peaks. The peaks in the XPS spectra were divided by the
electron binding energies of the many forms of S that are
known to exist, and the integral value of each peak area was
output. The normalization calculation approach may be used
to do a quantitative analysis of the existing forms of S
components and their respective proportions. According to the
fitting outcomes, thioether and thiophene make up the
majority of the sulfur compounds in residual oil, with thioether
accounting for 38.68% of the total sulfur content and
thiophene accounting for 61.32%.

3.2. Comparison of Different Catalysts. Through a
comparative analysis of the catalytic performance, manganese
naphthenate, iron naphthenate, and zinc naphthenate were
evaluated to identify the most suitable catalyst for catalytic
aquathermolysis. Figure 3 illustrates that zinc naphthenate
exhibited minimal catalytic performance, whereas iron
naphthenate demonstrated the most favorable results, achiev-
ing a remarkable viscosity reduction rate of up to 81.76%.
Manganese naphthenate ranked second, with a viscosity
reduction rate reaching 41.49%. Additionally, with manganese
naphthenate, an inflection point was observed around 310 °C.
Beyond this temperature, the formation of black solids at the

Figure 3. Viscosity with different catalysts of catalytic aquathermolysis
(reaction conditions: 3 MPa, 24 h, oil—water ratio: 7:3, catalyst
dosage 2 wt %).

bottom indicated a shift toward coking reactions, attributed to
the dominance of the polymerization process.

Further analysis in Figure 4 revealed that iron naphthenate
consistently outperformed manganese naphthenate under

20000
Manganese naphthenate
Iron naphthenate
16000
» 12000
=
=
=
=
8000
4000
0
2 [ 3] a ] 3227 280 Jao[at0] 320 [8: 2]7: 3] 6: 4
Pressure/Mpa | Amountof Temperature/°C Oil-water ratio
catalyst/wt%

Figure 4. Viscosity with iron naphthenate and manganese
naphthenate under different conditions of catalytic aquathermolysis.

various reaction conditions. Given its superior catalytic
performance, iron naphthenate was selected as the catalyst
for subsequent aquathermolysis experiments. Figure 5
demonstrates a gradual improvement in iron naphthenate’s
catalytic performance as the reaction time is extended.

In view of the economic and practical aspects of industrial
operations, a reaction time of 2 h was selected. This choice not
only contributes to cost savings in terms of industrial
equipment investments but also attains the desired viscosity
reduction of 54.89% in the residual oil.

3.3. Effect of Residual Oil Emulsification on Aqua-
thermolysis. Figure 6 contrasts the effects of aquathermolysis
reactions on residual oil, comparing emulsified oil with two
different emulsifiers to nonemulsified oil. The results highlight
that emulsification plays a significant role in facilitating the
smooth progress of the reaction. Sodium oleate, in particular,

https://doi.org/10.1021/acsomega.4c02022
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9000 components, preventing delamination or degradation and
—=— Iron naphthenate contributing to the overall robustness of the emulsion.
8000 In Figure 7, it is evident that the addition of both n-butanol
2000 and triethanolamine plays a beneficial role in the emulsification
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Figure S. Viscosity with iron naphthenate under different reaction
times of catalytic aquathermolysis (reaction conditions: 3 MPa, 320 0 - femSofem—SodmSpand0 TpamtI& Spanth——

°C, oil—water ratio: 7:3, catalyst dose 2 wt %).
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Figure 6. Viscosity of aquathermolysis with emulsification and
without emulsification (reaction conditions: 3 MPa, 2 h, oil—water
ratio: 7:3, emulsifier dosage 1 wt %).

demonstrates superior emulsification capabilities and enhanced
viscosity reduction in the temperature range of 310 to 340 °C
compared to Span 60. The graph also illustrates that at 320 °C,
both Span 60 and sodium oleate reach an inflection point in
their emulsification impact, and as the temperature increases
further, viscosity reduction occurs gradually. This suggests that
sodium oleate enhances the oil—water interaction, facilitating
complete contact between residual oil and water and thereby
expediting the reaction.

Co-emulsifiers play a crucial role in regulating the hydro-
philic—lipophilic balance (HLB) of the emulsifier and
contribute to the formation of smaller droplets, thereby
enhancing emulsion stability.*”*” Short-chain alcohols or
nonionic surfactants with suitable HLB values are often
employed as coemulsifiers. Examples include n-butanol,
ethylene glycol, ethanol, propylene glycol, glycerol, and
polyglycerol esters.

Furthermore, the stabilizer used in the emulsification process
also influences the stability of the emulsion to a certain extent.
Triethanolamine is a common stabilizer utilized in emulsifica-
tion reactions. Its role is to maintain the stability of emulsion

17685

n-butanel n-butanol
and
tricthanolamine

oleate &  oleate,
n-butanol n-butanol
and
tricthanolamine

oleate

Figure 7. Viscosity of aquathermolysis with emulsifiers and
coemulsifiers (reaction conditions: 3 MPa, 2 h, 330 °C, oil—water
ratio: 7:3).

reaction, significantly promoting the viscosity reduction in the
aquathermolysis process. The graph illustrates that augmenting
the emulsifier quantity has a substantial positive impact on the
aquathermolysis reaction. However, the presence or absence of
triethanolamine does not seem to affect the associated
viscosity. Moreover, there is a 4.36% increase in the viscosity
reduction rate when the emulsifier dosage is doubled (Table
3).

Table 3. Viscosity of Aquathermolysis with Different
Amounts of Emulsifier (Reaction Conditions: 340 °C, 2 h,
Oil-Water Ratio 7:3, n-Butanol: 0.5 wt %)

amount of emulsifier/wt % viscosity/mPa-s (100 °C)

0.5 1987
1.0 1604
1S 1487
2.0 1326

Although the aquathermolysis reaction can be enhanced by
adding more emulsifier, it is important to note that the
viscosity decrease is not directly proportional to the industrial
cost, leading to potential emulsifier waste. Table 4 highlights
that the process can be more effective with increased water
addition, resulting in a significant viscosity reduction.
However, caution is advised against indiscriminate increases

Table 4. Viscosity of Aquathermolysis with Different Oil—
Water Ratios (Reaction Conditions: 340 °C, 2 h, Sodium
Oleate: 0.5 wt %, n-Butanol: 0.5 wt %)

oil—water ratio viscosity/mPa-s (100 °C)

7:3 1987
8:3 2134
9:3 2289
10:3 2354

https://doi.org/10.1021/acsomega.4c02022
ACS Omega 2024, 9, 17681—-17690


https://pubs.acs.org/doi/10.1021/acsomega.4c02022?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02022?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02022?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02022?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02022?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02022?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02022?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02022?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02022?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02022?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02022?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02022?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Figure 8. Emulsifying state: (a) optical microscope and (b) polarizing microscope.

in water content due to the associated costs of equipment,
water supply, and additional water treatment.

In Figure 8, the W/O (water-in-oil) emulsion mixture
formed by residual oil and water, under the influence of the
emulsifier and high-speed shear force, is depicted. This process
leads to the reduction of residual oil into micron-sized small
molecules.

3.4. Effect of Emulsification on Catalytic Aquather-
molysis with Iron Naphthenate. By examination of Tables
5—7 along with Figure 9, it becomes evident that the reaction

Table S. Viscosity of Catalytic Aquathermolysis with
Different Amounts of Catalyst (Reaction Conditions: 340
°C, 2 h, Oil—Water Ratio 10:3, Sodium Oleate: 0.5 wt %, n-
Butanol: 0.5 wt %)

amount of catalyst/wt % viscosity/mPa-s (100 °C)

3 1589
2 2006
1 2077
0.5 2354
0 3109

Table 6. Viscosity of Catalytic Aquathermolysis with Iron
Naphthenate under Different Initial Pressures (Reaction
Conditions: 340 °C, 2 h, Oil-Water Ratio 10:3, Sodium
Oleate: 0.5 wt %, n-Butanol: 0.5 wt %, Iron Naphthenate: 1
wt %)

pressure/MPa viscosity/mPa-s (100 °C)
3 2077
2 2111

Table 7. Viscosity of Catalytic Aquathermolysis with Iron
Naphthenate under Different Reaction Temperatures
(Reaction Conditions: 3 MPa, 2 h, Oil-Water Ratio 10:3,
Sodium Oleate: 0.5 wt %, n-Butanol: 0.5 wt %, Iron
Naphthenate: 1 wt %)

temperature/°C viscosity/mPa-s (100 °C)
300 4866
310 4722
320 3947
330 2396
340 2111

viscosity experiences a decrease as the catalyst dosage
increases. Additionally, the viscosity tends to decrease initially
with a rise in reaction pressure and further decreases with an
increase in temperature.

4000

—=— 2MPa

3600 3IMpa

3200

2800 4

n/mpa-s

2400

2000

1600 e

T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Amount of catalyst/wt%

Figure 9. Copromoting effect of iron naphthenate addition and initial
reaction pressure(reaction conditions:340 °C, 2 h, oil—water ratio
10:3, sodium oleate: 0.5 wt %, n-butanol: 0.5 wt %).

The increase in emulsification, which enhances the oil—
water contact area, allows water to optimize its action and
leads to viscosity reduction. A similar reduction in viscosity is
observed when no catalyst is added, as indicated in Table S.
The viscosity progressively decreases with an increase in
catalyst dosage, but an excess of catalyst tends to hinder the
improvement of the reaction’s efficiency, causing a decrease in
catalytic reaction efficiency. At a catalyst dosage of 3 wt %, the
catalytic effect still increases significantly; however, the
excessive use of catalyst leads to increased raw material costs.
Furthermore, considering the metal content in the catalyst,
excessive use can result in an elevated content of metal
components in the residual oil. Because oil-soluble catalysts are
not recovered, metal components persist in the oil, which is
unfavorable for the subsequent industrial use of residual oil.

Based on the analysis of the effects of different catalyst
dosages and initial pressures on viscosity at the same
temperature, it is observed that the rate of viscosity reduction
in catalytic aquathermolysis at a 0.5 wt % catalyst dosage and 3
MPa initial pressure closely aligns with that at a 1.0 wt %
catalyst dosage and 2 MPa initial pressure. The rates of
viscosity reduction are 76.38 and 76.00%, respectively.
Through a comparison with other data, it becomes evident
that the initial pressure and the catalyst dosage collectively
promote the reaction.

The viscosity undergoes a substantial reduction with an
increasing reaction temperature, notably decreasing beyond
320 °C (refer to Table 7). This suggests that the catalytic
efficacy of iron naphthenate is particularly pronounced within
this temperature range. In comparison to the results of catalytic
aquathermolysis of residual oil without emulsification, the
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findings from this process indicate that the increased oil—water
contact area resulting from emulsification can amplify the
catalytic efliciency of catalytic aquathermolysis. Moreover, the
temperature increases not only influence but also assist in
establishing the dominant position of the hydrothermal
reaction.

The results demonstrate that the temperature, initial
pressure, and catalyst dosage all act as positive catalytic factors
that collectively contribute to increased catalytic activity.
Therefore, optimizing both the industrial cost and catalytic
efficiency can be achieved by adjusting the interplay between
two or three factors: temperature, initial pressure, and catalyst
dosage.

3.5. Characterization before and after Reaction. Table
8 illustrates that iron naphthenate is effective in promoting the

Table 8. Changes of Components before and after Reaction
of Residual Oils

oil sample saturate aromatic resin asphaltene
before reaction 23.67 37.62 32.59 6.12
after reaction 29.53 40.98 25.00 4.49

conversion of heavy components in residual oil to lighter
components. During catalytic aquathermolysis with iron
naphthenate, the contents of asphaltene and resin decrease,
whereas the contents of saturate and aromatic increase.

In Table 9, the elemental compositions and NH/NC ratios
of several residual oils before and after catalytic aquathermol-
ysis with iron naphthenate are presented. Under the conditions
of 340 °C, 3 MPa, and an oil-to-water ratio of 10:3, the most
pronounced catalytic effect is observed when using 1 wt %
sodium oleate and 0.5 wt % n-butanol. Throughout the
reaction, the N content decreased from 0.81 to 0.78, the S
content decreased from 1.824 to 0.90, and the Ny/N( ratio
(atomic ratio of hydrogen to carbon) of the residual oil
increased from 1.39 to 1.64.

These results suggest that during the catalytic aquathermol-
ysis reaction, iron naphthenate may facilitate the breaking of
macromolecular C—C and C—X (X = S, N, and O) bonds,
leading to structural alterations and a decrease in viscosity and
sulfur content of residual oil, ultimately enhancing its quality.

3.6. The Mechanism of Catalytic Aquathermolysis
with Iron Naphthenate. The mass loss that occurs when
iron naphthenate breaks down under a N, atmosphere is
depicted in Figure 10. In the temperature range of 30 to 500
°C, the mass spectrometry data showed two significant,
dramatic mass losses of iron naphthenate: the first mass loss
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Figure 10. TG-DTG curves of iron naphthenate at a heating rate of
10 °C/min under a N, atmosphere.

was 46.06% at a temperature of approximately 123.2—246.7
°C, and the second mass loss was 47.45% at a temperature of
approximately 364.2—397.1 °C. The figure also shows that at
around 246.7—364.2 °C, the mass loss rate of iron naphthenate
slows down and uniformly drops. The mass spectral data
indicate that naphthenic acid’s ligand pyrolyzes between 219
and 300 °C. The results of the mass spectrometry indicate that
the naphthenic acid ligand undergoes pyrolysis at around 219—
300 °C, producing a modest amount of light hydrocarbon
gases. In the second step, which had a temperature range of
320 to 370 °C, the principal gaseous products were hydrogen
and trace amounts of carbon dioxides and oxides.

From the emulsification perspective, high-speed shear force
acts on residual oil and water, breaking them into micrometer-
sized particles and forming a W/O (water-in-oil) emulsified
mixture. This process increases the contact area between oil,
water, and the catalyst, facilitating closer interactions among
the three components. This sets a favorable precondition for
the subsequent reaction.

Considering iron naphthenate, the catalytic activity is
enabled by the naphthalene ring of the ligand naphthenic
acid and the catalytic action of the transition metal Fe. In the
early stages of the reaction, its organic ligand creates a
conducive hydrogen atmosphere. However, as the reaction
progresses and the temperature rises, the organic ligand of iron
naphthenate undergoes pyrolysis. This transformation allows
Fe to come into better contact with the oil/water mixture,
promoting and enhancing the catalytic reaction.

The mechanism of action is depicted schematically in Figure
11, with the asphaltene model represented by a modified Yen

Table 9. Elemental Changes of Residual Oil before and after Reaction”

oil sample before reaction Yafter reaction 1
temperature/°C 280
pressure/MPa 3
amount of catalyst/wt % 22
time/h 24
oil—water ratio 7:3
Ny/Ne 1.39 142
N 0.81 0.8
S 1.82 1.70

Wafter reaction 2 Hafter reaction 3 #after reaction 4

310 340 340
3 3 3
2.2 3 1

1 2 2
7:3 10:3 10:3
1.40 1.64 1.64
0.8 0.75 0.78
1.78 091 0.9

“Note: 1# is nonemulsified residual oil, 2# is emulsified residual oil with 0.5 wt % sodium oleate and 0.5 wt % n-butanol, and 3# is emulsified

residual oil with 1 wt % sodium oleate and 0.5 wt % n-butanol.

17687

https://doi.org/10.1021/acsomega.4c02022
ACS Omega 2024, 9, 17681—-17690


https://pubs.acs.org/doi/10.1021/acsomega.4c02022?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02022?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02022?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02022?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.

acs.org/journal/acsodf

emulsification

catalyst

Abstract macromolecular structural
modelling of resins and asphaltenes

A
Modified Yen model*

Polycyclic aromatic
hydrocarbon (PAH)

v Naphthenic rings and long
alkyl chains

o Shortalkyl chains

Figure 11. Reaction mechanism of catalytic aquathermolysis with iron naphthenate.

model.*’ Each gray circle signifies a single polycyclic aromatic
hydrocarbon (PAH) disordered “stack” within a nano-
aggregate. The crooked lines symbolize the peripheral alkane
substituents of the nanoaggregate. The ring-structured
naphthenic acids contribute to more efficient interfacial
contact of the catalyst with the nonhydrocarbon constituents
in heavy crude oil. More importantly, they have the capability
of preventing the alkyl free radicals generated during pyrolysis
processing from copolymerizing. This prevention is crucial for
the synthesis of light components.”'

4. CONCLUSIONS

In this study, the catalytic activity of various transition metal
naphthenates as catalysts, along with the emulsification’s
stimulating influence on catalytic aquathermolysis, was
investigated. Iron naphthenate has emerged as an outstanding
catalyst for catalytic aquathermolysis. In the absence of an
emulsification process, a 24 h reaction at 340 °C and 3 MPa
pressure with 2 wt % iron naphthenate as a catalyst resulted in
the most significant viscosity reduction of 75.91%. Iron
naphthenate plays a role in reducing the likelihood of free
radical collisions, inhibiting the polymerization stage, and
facilitating the cleavage of C—S bonds, consequently reducing
the sulfur content in residual oil. This leads to a reduction in
viscosity accompanied by a decrease in resin and asphaltene
concentration.

Residual oil was emulsified with sodium oleate and n-
butanol to create a W/O (water-in-oil) emulsion mixture,
effectively increasing the contact area of the oil, water, and
catalyst. Under conditions of 340 °C, 3 MPa pressure, and an
oil—water ratio of 10:3, the viscosity reduction and
desulfurization rate were maximized, reaching 81.76 and
50.10%, respectively. The combination of emulsification and
catalytic aquathermolysis holds significant industrial applic-
ability value.
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