Petroleum Science 19 (2022) 1390—1400

®
Petroleum
Science

Contents lists available at ScienceDirect

KeAi

CHINESE ROOTS
GLOBAL IMPACT

Petroleum Science

journal homepage: www.keaipublishing.com/en/journals/petroleum-science

Original Paper

Study on the mechanism of hydrodesulfurization of
tetrahydrothiophene catalyzed by nickel phosphide

Check for
updates

Chuan-Tao Zhu, Li-Qiang Zhang, Mei-Ling Zhou, Xin-Wei Wang, Zheng-Da Yang, Ri-Yi Lin",
De-Wei Yang

College of New Energy, China University of Petroleum, Qingdao, 266580, China

ARTICLE INFO ABSTRACT

Article history:

Received 24 February 2021
Accepted 13 August 2021
Available online 30 October 2021

Hydrodesulfurization (HDS) reaction can significantly reduce the viscosity and sulfur content of heavy oil,
while the HDS reaction mechanism of tetrahydrothiophene as the main sulfide in heavy oil is still un-
clear. The HDS experiment of tetrahydrothiophene catalyzed by nickel phosphide (Ni;P) is carried out at
200—-300 °C. The results indicate that the H,S production under the catalysis of Ni,P increases obviously
within 200—250 °C. The main gas products of HDS reaction are butane, butene and H,S. Meanwhile, the
mechanism of tetrahydrothiophene catalyzed by Ni,P is analyzed based on Density Functional Theory
(DFT). It is revealed that the adsorption model is most stable when tetrahydrothiophene is vertically
adsorbed on the V—Ni-Hcp1 site of NiP (001). The C—S bond is elongated and the C—C bond is shortened
after adsorption. Hydrogenation (HYD) is the most possible reaction route of tetrahydrothiophene on
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Hydrodesulfurization NiP (001) surface. There are two routes with the lowest activation energy, which are
Hydrogen sulfide C4HgS — C4HgSH* — C4HoSH* — C4H1p+H3S and C4HgS — C4HgS* — C4Hg*+SH* — C4H19+H3S. Butane and
DFT H,S are produced in the reaction, corresponding to the experimental results. This study provides a basis

for understanding of the HDS mechanism of tetrahydrothiophene catalyzed by Ni;P.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0)).

1. Introduction

Heavy oil is one of main energy source that countries have high
hope for in the 21st century. However, the extremely high viscosity
of heavy oil and the presence of sulfur have brought serious chal-
lenges to its exploitation. It is necessary and urgent to reduce the
viscosity and sulfur content of heavy oil due to the environmental
pressure, stricter international environmental regulations (Zuriaga-
Monroy et al., 2009). Thermal recovery is the main method of heavy
oil recovery (Mokheimer et al., 2019). The injected high tempera-
ture fluid increased the reservoir temperature and reduced the
viscosity of heavy oil. Meanwhile, aquathermolysis reaction
occurred between water and heavy oil (Clark and Hyne, 1990). Hyne
(1986) proposed that hydrodesulfurization (HDS) was the last step
of the aquathermolysis reaction, in which the C—S bond broke and
formed hydrogen sulfide with hydrogen in the system, and reduced
the sulfur content in heavy oil. Although the viscosity and sulfur
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content of heavy oil are reduced under the action of hydrothermal
treatment, it still cannot meet the actual demand, and other mea-
sures need to be further taken.

According to the current research, adding catalyst is one of the
effective means to promote HDS reaction, and the mechanism of its
reaction was studied (Oyama, 2003; Oyama et al., 2009). Since it is
difficult to theoretically analyze the HDS reaction process due to the
complex composition of heavy oil, thiophene sulfides are the main
sulfides in heavy oil and commonly used to replace heavy oil (Jin
et al, 2018; Liu et al, 2015). Generally, transition metals are
currently used as cocatalysts, and the CoMo or NiMo bimetallic
catalyst systems supported by Al,03 or SiO; have been used in in-
dustry (Ahmed et al., 2011; Da Silva Neto et al., 2016; Wang et al.,
2017). However, Boukoberine et al. (Boukoberine and Hamada,
2016) found that the CoMo/c-Al,03—CuY catalyst reduced the
HDS activity of thiophene by increasing the loading of CuyY zeolite.
Phosphide catalyst, which has not been widely used, has high ac-
tivity in hydrodesulfurization (Oyama et al., 2009). Oyama (2003)
proposed that the desulfurization activity of different phosphors
in DBT was Fe;P < CoP < MoP < WP < Ni,P, and NiyP has higher
activity in HDS and HDN reaction. Sawhill et al. (Sawhill, 2003)
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found that the HDS activity of NiyP/SiO, catalysts by pretreatment
with He was 15 and 3.5 times higher than that of Mo/SiO, and
NiMo/SiO, catalysts, respectively. It has been demonstrated that
Ni,P, as HDS catalyst with high activity, has great hydrogenation
selectivity (Song et al. 2013, 2019; Lan et al., 2016).

Oyama et al. (Oyama and Lee, 2008) considered that the direct
desulfurization (DDS) mainly occurred at Ni (1) site and hydroge-
nation (HYD) of thiophene mainly occurred at Ni (2) site in HDS
reaction catalyzed by NiyP. Li et al., (2017) calculated that DDS is a
possible HDS reaction route of thiophene on MoP (001) surface
doped with S atom. Wang et al.,, (2017) prepared NiAl/y-Al,03
catalyst and showed that HYD was the main reaction route in the
HDS reaction network of 4,6-DMDBT. Bando et al., (2012) revealed
that tetrahydrothiophene (THT) was detected as a reaction inter-
mediate and NiPS was the actual reactive phase in the NiP/McM-
41 catalytic thiophene HDS reaction.

The mechanism of hydrodesulfurization catalyzed by NiyP is
mainly studied by thiophene. While tetrahydrothiophene occupies
a certain proportion in thiophene sulfides, which is different from
the molecular structure of thiophene and does not have C—C double
bond. In order to comprehensively reveal the HDS mechanism of
heavy oil catalyzed by Ni,P, it is necessary to further study the HDS
mechanism of tetrahydrothiophene catalyted by Ni,P.

Therefore, tetrahydrothiophene was used as the model com-
pound and NiyP was used as the catalyst to carry out the HDS
experiment at different time and temperature in this study. The
HDS process of THT on the surface of NiP was simulated and the
mechanism of HDS catalyzed by Ni,P was explored based on
Density Functional Theory (DFT). By combining the experimental
results with the theoretical calculations, this research was expected
to improve the understanding of HDS reaction mechanism network
of heavy oil, and provided theoretical basis for the desulfurization
and viscosity reduction technology of heavy oil.

2. Experiment and simulation
2.1. Catalysts characterization

Preparation method of NiyP catalyst. 2.376 g NiCl-6H,0 and
0.760 g NaH,PO, were dissolved in 25 mL deionized water. The
mixture was stirred for 4 h and dried at 90 °C for 12 h. Then calcined
at 300 °C for 30 min at 5 °C/min in Ar atmosphere. Finally, the
powder was repeatedly washed with deionized water and anhy-
drous ethanol, and dried at 120 °C for 3 h.

The NiyP catalyst samples were characterized by X-ray diffrac-
tion (XRD) and X-ray photoelectron spectroscopy (XPS). The XPS
and XRD test results of NiyP are shown in Fig. 1. As shown in Fig. 1a,
the diffraction peaks were wide, which proved that the prepared
Ni,P was a crystal structure with small grains, and there were
several obvious diffraction peaks at 20 = 40.7°, 44.6°, 47.3°, 54.2°,
54.9°, which was the same as the standard spectrum of Ni;P,
indicating the active phase is mainly NiyP.

As shown in Fig. 1b, the core spectrum of Ni 2p consists of three
components. The first of which centered at 853.2 eV can be
considered to Ni®* species in the NiyP phase. The second at 856.7 eV
corresponded to the possible interaction between Ni** species and
phosphate species, which was the result of surface passivation, and
the 862.5 eV was the satellite peak of Ni 2py;3 (Kuhn et al., 2008).
The third at 875.2 eV corresponded to Ni 2py; and its satellite peak
at 881.3 eV (Song et al., 2011). As shown in Fig. 1c, the peak at
129.8 eV could be attributed to the P*~ species in the NiyP phase
(Zhang et al., 2016), and the peak at 133.6 eV could be attributed to
phosphate (P>*), because the surface oxidation of NiyP particles
occurs (Kanama, 2001).
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2.2. NiyP catalyzed tetrahydrothiophene experiment

Aquathermolysis is the main reaction type of H,S generation at
200—-300 °C and thermal cracking is dominant above 300 °C (Zhang
et al, 2020). Therefore, the tetrahydrothiophene hydro-
desulfurization experiment was conducted at 200—300 °C. Thermal
cracking reaction of tetrahydrothiophene was used as contrasts due
to a certain degree of tetrahydrothiophene thermal cracking reac-
tion is inevitable.

The thermal cracking and HDS reaction of tetrahydrothiophene
with different conditions (Time = 6, 12, 24, 48, 72 h and
Temperature = 200, 225, 250, 275, 300 °C) were studied. Schematic
of the experimental setup (Ma et al., 2019) is shown in Fig. 2. The
weighed amount of tetrahydrothiophene (2 g) and Ni,P (0.2 g) were
added to the reaction still, and filled with 1 MPa hydrogen. The HjS
production was measured by an on-line H,S detector and the other
gas collected by the gas bag was detected by FID/TCD gas chro-
matography analyzer. The samples after reaction were subjected to
solid-liquid separation, and the compositions and contents of the
collected liquid phase were detected by Gas Chromatography-Mass
Spectrometer (GC-MS).

2.3. Computational details

2.3.1. DFT calculation

The calculations were performed by using Dmol®> module in
Material Studio software. The electron exchange correlation po-
tential was calculated by the generalized-gradient approximation
(GGA)-PW91 (Perdew and Yue, 1986). Core Treatment was selected
all the electrons in the All Electron Relativistic treatment system.
The valence electron wave function was expanded by the double
numerical basis sets plus polarization function (DNP). The
Monkhorst-Pack grid parameter of the Brillouin zone integration
was set to Fine. The Methfessel-Paxton smearing value was 0.005
Ha. The convergence precision was set as energy change less than
1 x 107 Ha, atomic displacement was less than 2 x 103 A, and
atomic force was less than 5 x 103 Ha/A. The effect of spin po-
larization on adsorption configuration was negligible (Ge et al,,
2000).

2.3.2. Construction and optimization of tetrahydrothiophene
molecule and NiyP cell

The configurations of tetrahydrothiophene molecule and Ni,P
cell are shown in Fig. 3. Ni,P is a hexagonal crystal structure and the
lattice parameters of NiyP are a = b = 5.859 A, c = 3.382 A. After the
initial model is built, the structure of tetrahydrothiophene mole-
cule and NiyP cell is optimized. The lattice parameters of Ni,P after
optimization are a = b = 5.891 A, c = 3.297 A, which are consistent
with the experimental values (Ge et al.,, 2000; Rundqvist et al.,
1962). The maximum relative error is less than 2%, and the bond
length is summarized as shown in Fig. 4. The energy of a tetrahy-
drothiophene molecule is Eryr = —556.540 Ha and a NiyP cell (6 Ni
atoms and 3 P atoms) is Epyx = —10122.687 Ha after optimization.

2.3.3. NiyP slab model calculation and selection

The surface density of Ni;P (001) surface was the largest, and the
corresponding surface spacing was also the largest. Therefore, the
Ni,P (001) surface was more likely to break and exposed to the
catalyst surface. The NiyP (001) surface belonged to a low exponent
crystal surface, and its surface formation energy was smaller (Liu
and Rodriguez, 2005; Wei et al., 2019). The NiyP (001) surface
was a cycle of two layers of atoms, and each atom layer could be
used as a terminal atom layer in a cycle, so there were two different
terminal surfaces of NiP (001) surface, namely Ni3P, and Ni3P (Lin
et al., 2020).
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Fig.1. a. XRD patterns of Ni,P b. XPS spectra of Ni 2p region c. XPS spectra of P 2p region.

The slab model needed to have enough atomic layers to indicate
the properties of the bulk phase material, and the number of atomic
layers was calculated as 2, 4 and 6 layers. The z-direction vacuum
layer thickness was set to be 12 A, 15 A, 18 A and 20 A to avoid the
inter-layer interaction. 1 layer or 2 layers bottom atoms were fixed,
and the other atomic layers could be to relax. The convergence test
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Fig.2. Schematic of the experimental setup.

1392

and calculation of the slab model were all low coverage 2 x 2 pe-
riodic slab models. Therefore, a total of 48 slab models were con-
structed. The surface energy was calculated using the following
equation:

Esurf = (Estab -NEpuk) [2S (1)
where Egap is the energy of the surface model; Epi is the energy of
acellin a body phase; S is the surface area of the slab model; n is the
number of cells corresponding to the slab model; Egy,fis the surface
energy. The surface energy data of all slab models are shown in
Appendix Table s1.

The surface energy of the slab model with Ni3P; section as the
terminal surface was basically smaller than that of NisP under the
same conditions. The surface energy of the Ni3P, section was more
stable than that of NisP (Liu et al., 2017). The surface energy of the
slab model changed little with the change of the vacuum layer
thickness, indicating that these changes in the vacuum layer
thickness had little influence on the surface energy. The maximum
surface energy variation of the slab model was less than 1.6 eV/nm?
when the number of atomic layers goes from 2 to 6. In addition, the
difference of atomic surface energy of 4 or 6 layers was less than
0.04 eV/nm? when Ni3P, section was used as the terminal surface.

Therefore, the terminal surface of the slab model in the direction
of NiyP (001) was represented by NiszP,. The model had 4 layers
atoms, 2 layers bottom atoms were fixed, and the vacuum layer
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Fig.4. Comparison of experimental and optimized values of bond lengths of THT and
Ni,P.

thickness was 12 A.

2.3.4. Adsorption energy of reactant on NiyP (001) surface

The adsorption configuration was constructed on the 4 layers
surface model of Ni3P,. Adsorption position of tetrahydrothiophene
on NiyP (001) surface is shown in Fig. 5. There are two Top positions,
two Hcp positions and one Bridge position. Sixteen adsorption
configurations were calculated when tetrahydrothiophene was
parallelly adsorbed on NiyP (001) surface, and eleven adsorption
configurations were calculated when tetrahydrothiophene was
vertically adsorbed on NiyP (001) surface at S-terminal.

The adsorption configurations of the Ni-Hcp1 position under
parallel adsorption is shown in Fig. 6, and the other adsorption
configurations are shown in Appendix Fig. s1. The adsorption en-
ergy was calculated using the following equation:
Eags = Eadsorbate/slab*(Eabsrobate+Eslab) (2)
where Eapsrobate 1S the energy of the adsorbed unit, Ha; Egap is the
base energy, Ha; Eadsorbate/slab iS the total energy of the surface
adsorption system, Ha.
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3. Results and discussion
3.1. HDS experiment of THT catalyzed by NiyP

3.1.1. Reaction rate of HDS and thermal cracking

H,S concentration detected after HDS experiment was 9587 mL/
m?> (t = 6 h and T = 200 °C). Moreover, H,S concentrations in other
reaction conditions of HDS experiment were exceeded 10000 mL/
m?> (beyond the range of the instrument). The reaction time was
changed to 1h, and H,S concentration was still close to 10000 mL/
m> in order to determine the specific concentration of H,S.
Therefore, the reaction time was reduced to 0.75 h and amounts of
tetrahydrothiophene and Ni,P were reduced to 0.5 g and 0.05 g,
respectively. The H,S concentration of tetrahydrothiophene ther-
mal cracking and HDS experiment are shown in Fig. 7. NiyP has a

Ni-Hep

P-Hcp

Bridge

Ni-Top

Fig.5. Adsorption position of tetrahydrothiophene on Ni,P (001) surface.
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certain catalytic effect on thermal cracking according to HaS pro-
duction by thermal cracking experiments at 250 °C and 300 °C.
However, the thermal cracking reaction rate is far lower than HDS
reaction, even when the reaction time and tetrahydrothiophene
content are reduced. Therefore, the HDS experiment is the major
reaction of the H,S production (Zhao et al., 2016), and its experi-
mental results are mainly analyzed.

3.1.2. Analysis of gas phase products in HDS

The gas phase products of hydrodesulfurization reaction are
shown in Fig. 8. Fig. 8a—c are the changes of gas content after re-
action for 0.75 h (No NiyP), 0.75 h (Add NiyP) and 1 h (Add Ni,P) at
200—-300 °C, and Fig. 8d is the change of H,S concentration. When
the reaction time is 1 h, the degree of HDS deepens with the in-
crease of temperature, and H; is consumed to generate H,S and C4
hydrocarbon. However, the detailed concentration of H,S is not
obtained after 250 °C. According to the change of H, and C4 hy-
drocarbon contents in Fig. 8c, the H,S concentration continues to
increase at 275—-300 °C.

As shown in Fig. 8a—d, the change of H,S concentration, H, and
C4 hydrocarbon contents are not obvious with the increase of
temperature when NiP is added at 0.75 h, whereas the H;S con-
centration increases gradually when Ni;P is not added at 0.75 h.
Whether or not NiyP is added, the H,S concentration is close at
250—300 °C. It could be inferred that the HDS reaction reaches the
maximum degree when Ni,P is added in the reaction time of 0.75 h,
while the HDS reaction reaches the same state with the increase of
temperature when the catalyst is not added.

The butane content increases with the increase of temperature.
However, the butene content increases at 200—225 °C and de-
creases at 225—300 °C when the reaction time is 0.75 h. Because of
the surplus hydrogen, it is speculated that the decrease of butene
content is due to the hydrogenation saturation reaction. When the
reaction time is 1 h, the content of butane and butene keeps rising
simultaneously due to less amount of hydrogen without hydroge-
nation saturation reaction.

Therefore, the HDS reaction of tetrahydrothiophene mainly
produces H>S, butene and n-isobutane. The C1—-C3 gas content is
extremely small. It is speculated that the thermal cracking of trace
tetrahydrothiophene occurs during the reaction. C5 and C6+ are
detected, shows that there is a certain degree of polymerization
reaction (Yi et al., 2009).

Petroleum Science 19 (2022) 1390—1400

3.1.3. Liquid phase product analysis

The liquid phase product of thermal cracking and HDS reaction are
shown in Fig. 9. Tetrahydrothiophene (C4HgS), Thiophene (C4H4S),
2,5-dihydrothiophene (C4HgS) and 2-methyltetrahydrothiophene
(CsH1pS), CgS sulfur compounds (CgHi2S,: 2,5-methyl-2H-thieno
(3,2-b) thian and CgHi4S;: 1,4-bis (ethylthio) butyl-2-yne) are
detected.

The mass fraction of tetrahydrothiophene reaches 98% at 1h
because of the imminent depletion of Hy. The reaction degree of
tetrahydrothiophene reaches the maximum with the increase of
temperature at 0.75 h. It is speculated that there is a small amount
of surplus or depleted of tetrahydrothiophene. However, the con-
tent of tetrahydrothiophene is very high. The liquid phase of ther-
mal cracking is detected in order to determine the reason. The
content of tetrahydrothiophene is also reached 98%.

The thiophene C4H4S and 2,3-dihydrothiophene C4HgS are
detected in HDS reaction come from thermal cracking. The other
liquid phases are consistent except 1,6-heptadyne (C;Hg) and p-
xylene (CgHip) detected by thermal cracking. C8 sulfides are pro-
duced by polymerization reaction during HDS and thermal
cracking, and the content of C8 sulfide increases with the increase
of reaction time. Dehydrogenation reaction is occurred in tetrahy-
drothiophene thermal cracking, and thiophene C4H4S and 2,3-
dihydrothiophene C4HgS are generated in the process of gener-
ating HaS, corresponding to the gas phase detection results (Gould,
1983).

We speculate that the liquid product in HDS reaction comes
from thermal cracking and HDS reaction does not produce liquid
products. The proportion of generated liquid phases are small due
to the small degree of thermal cracking. Therefore, the content of
tetrahydrothiophene is reached 98% after reaction.

3.2. HDS simulation of THT catalyzed by Ni,P
3.2.1. Reactants adsorbed on NiyP (001)

(1) Adsorption energy and geometry

Adsorption energy obtained by optimization of the adsorption
system is shown in Fig. 10. The adsorption energy of v-Ni-Hcp1
adsorption site in vertical adsorption mode is the largest and more

stable. The length of C1—S and C4—S bonds increases from 1.841 A
before adsorption to 1.872 A and 1.866 A under the optimal

Fig.6. Illustrations of adsorption sites of THT absorbed on Ni,P (001) surface.
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adsorption mode. The C—S bond length of tetrahydrothiophene
increases, which are conducive to the breaking of the C—S bond and
HDS reaction. On the contrary, the C—C bond of tetrahy-
drothiophene molecule is shortened after adsorption, and the C—C
bond can be increased to make it more stable. It speculates that the

Temperature, °C

Temperature, °C

Fig.8. Percentage of gas products of THT HDS (a.0.75 h (No Ni,P) b.0.75 h (Add NiyP) c.1 h (Add Ni,P) d.H,S concentration).

C—S bond will break preferentially (Venezia et al., 2009).

(2) Charge population analysis

The side view and top view of the optimized adsorption
configuration are shown in Fig. 11. The C2—C3 bond of tetrahy-
drothiophene is significantly twisted after adsorption. Mulliken
population analysis is used to analyze the adsorption strength be-
tween Ni,P and tetrahydrothiophene in order to further study the
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Fig.9. Analysis of tetrahydrothiophene in liquid phase (a. HDS, b. Thermal cracking (250 °C)).

adsorption behavior of Tetrahydrothiophene on NiyP (001) surface.
The calculation result is shown in Table 1.

In the free tetrahydrothiophene molecule, the sulfur atom has a
negative charge of 0.298 e, C1 and C4 have negative charge of 0.106
e, C2 and C3 have a negative charge of 0.161 e. The negative charge
of Cl and C4 are less than that of C2 and C3 because of the electron-
withdrawing effect of the sulfur atom. The hydrogen atoms on the
ring have positive charges, and finally the charge of tetrahy-
drothiophene molecule in the free state is 0. When tetrahy-
drothiophene adsorbs on Ni,P (001) surface, S and H loss electrons
and C gets electrons. The overall charge increases to 0.256 e,
showing that electrons are transferred to NiyP (001) surface.

Then the differential charge density was calculated. As shown in
Fig. 12, Fig. 12a shows the differential charge density of tetrahy-
drothiophene, Fig. 12b shows the differential charge density map of
corresponding section after hidden atom. The cross-section is made
through S atom, C1, C2 and C4 atom. The blue area represents the
loss of electrons, the red area represents the obtained electrons,
and the white area represents the region where the electron den-
sity has little change. It can be seen that the C bonded with S phase
has obvious electron enrichment, which is consistent with the
Mulliken population analysis result.

(3) Adsorption of H; on NiyP (001)
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Fig.10. Adsorption energy of THT molecule Ni,P (001) surface.
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The dissociation mechanism of hydrogen on Ni,P surface was
studied. The calculated results show that the energy of a single
hydrogen molecule is —1.667 Ha. H; dissociates at the Ni-Top po-
sition and the dissociation energy barrier is 0.073 Ha, about 2 eV.
This reaction can take place at room temperature. Therefore, the
reaction process of tetrahydrothiophene HDS is calculated by using
H atom as reactant.

3.2.2. Hydrogenation mechanism of tetrahydrothiophene on NiyP
(001) surface

The addition of H atom at different positions of tetrahy-
drothiophene is considered in order to determine the most
reasonable reaction route (Jaf et al., 2018). The possible reaction
mechanisms of seven kinds are listed in Table .2. Mechanism a is
DDS and b-g are HYD. The main difference is the position of hy-
drogenation. Table .3 shows the activation energy Ea and the
change of reaction energy 4E of each step.

The Energy profiles of HDS process of THT on Ni,yP (001) surface
are shown in Fig. 13, Fig. 13a shows the energy changes of the re-
action a, b, ¢, Fig. 13b shows the energy changes of the reaction d, e,
f, g. The first step of the reaction routes a, b and c are the addition of
hydrogen atom to the sulfur atom. Hydrogen atom requires 5.32 eV
activation energy and absorbs 1.20 eV energy. The C2—C3 bond is
shortened from 1.549 A to 1.409 A. The second step of the route a
shows that C4Hg* is unstable and isomerize when H,S is produced.
Then the hydrogen atoms on B-C are transferred to adjacent a-C.
The C2—C3 single bond becomes a double bond, and 2-butene is
eventually produced. The length of C=C double bond becomes
1.387 A, which is closer to the length of C=C double bond (1.340 A)
in common organic groups. Hydrogen atom requires 7.46 eV acti-
vation energy and absorbs 3.10 eV energy. Therefore, the potential
energy of the route a is 4.30 eV, and the second step is the rate-
limiting step.

The second step of the routes b and c are from RS1 to RS3. The
carbon chain extends and changes from vertical adsorption to
parallel adsorption after the C—S bond broke. It becomes saturated
hydrocarbon after C1 obtains the hydrogen atom, and the sulfur
atom is adsorbed from the Hcp site to the Top site. Due to the action
of hydrogen atom in the first step, this process only requires to
overcome 2.73 eV energy barrier.

The third step of the route b is from RS3 to RS4. —SH adsorbs at
the Top site. The first hydrogenated C1 atom rises, and butane tends
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Fig.11. The side view (a) and top view (b) of THT after adsorption on Ni,P (001).

Table 1

Mulliken charges of THT at optimal adsorption site.
Atom Charge, e

THT THT on Ni,P (001)

S -0.298 -0.162
C1 -0.106 -0.187
c2 -0.161 —-0.188
c3 -0.161 -0.193
C4 -0.106 -0.180
H11 0.109 0.163
H12 0.109 0.172
H21 0.099 0.123
H22 0.099 0.133
H31 0.099 0.132
H32 0.099 0.128
H41 0.109 0.149
H42 0.109 0.166
Total 0.000 0.256

to dissociate from Ni,P (001) surface. The process requires 4.99 eV
activation energy and releases 3.10 eV energy. The third step of the
route c is from RS3 to RS5. —SH hydrogenation generates H>S, and it
is far away from NiyP (001) surface. The bond length of Ni—S is
2.432 A, which is larger than the bonding distance of 2.190 A, and

(a)
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Fig.12. Differential charge density of THT adsorbed on Ni,P (001) surface.
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H,S begins to desorb. The hydrogen atom requires 3.43 eV activa-
tion energy and absorbs 1.71 eV energy.

The first step of the reaction routes d, e, f and g are from RS1 to
RS6. The hydrogen atom requires 6.17 eV activation energy and
absorbs 1.59 eV energy. The second step of the route d and e is from
RS6 to RS3. Unsaturated S atom begins to hydrogenate. The second
step of the routes d and e are from RS6 to RS3, hydrogenation of
unsaturated S atom. The hydrogen atom requires 2.34 eV activation
energy and absorbs 1.21 eV energy. The second step of the route f is
from RS6 to RS7. Sulfur atom is hydrogenated, and C—S bond is
broken. S atom changes from the original Hcp adsorption site to
—SH with the S end adsorbed at the Top site. The second step of the
route g is from RS6 to RS8. Butane is produced, which is far away
from NiyP (001) surface. S atom is adsorbed at Hcp site. This step
requires 3.08 eV activation energy and absorbs 1.49 eV energy.

The activation energies of the first step of reaction routes a, b
and c are 5.32 eV, which is lower than 6.17 eV of the reaction routes
d, e, f and g. However, the activation energy of the second step
reaction of route a is 7.46 eV, which is obviously higher than that of
other reaction steps. The activation energy of the third step of the
reaction routes b and c is 4.99 eV and 3.43 eV respectively, so the
rate-controlling step of routes b and c are from the initial state of
the first step to RS1, and the activation energy of the second step of

(b)
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1.000e-1
-5.000e-2
| |-0.000
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Table 2

Reaction mechanisms of a-g for HDS of THT on NiyP (001).
Step M 1 2 3
a C4HgS+H*— C4HgSH* C4HgSH*+H* — *C4Hg*+HyS
b C4HgS+H* — C4HgSH* C4HgSH*+H* — C4HoSH C4HoSH+H* — C4H1o+SH*
C C4HgS+H*— C4HgSH* C4HgSH*+H* — C4HoSH C4HoSH+H* — C4Ho*+H,S
d C4HgS+H*— C4HoS* C4HoS*+H* — C4HgSH C4HoSH+H* — C4H1o+SH*
e C4HgS+H*— C4HoS* C4HoS*+H*— C4HoSH C4HoSH+H* — C4Ho*+H,S
f C4HsS+H* — C4HoS* C4HoS*+H* — C4Ho*-+SH*
g C4HgS+H*— C4HgS* C4HoS*+H*— C4H1o+S*

Table 3 which is only 1.72 eV.

Activation energy and reaction energy of each reaction on NiP (001). Therefore, the comparison of activation energy indicates that
Route Reaction E., eV AE, eV routes c and f are the most likely HDS reaction routes of Tetrahy-
RS1 CaHsS-+ H* — CaHgSH* 532 120 drothlophgne on N12P_ (001) surface. The rgactlon mechanisms are
RS1-RS2 C4HgSH*+ H* - *C,Hg*+ HyS 7.46 3.10 shown in Fig. 14 and Fig. 15. The other reaction processes are shown
RS1-RS3 C4HgSH*+H* — C4HoSH 273 1.60 in Appendix Fig. s2.

RS3-RS4 C4HoSH+H* — C4H10+SH* 4.99 -1.88 The reaction step of route c is the hydrogen atom combined with
_ * * . .

ggg RSS 24:922;:: CCI_‘[*]'I;* +HaS 2"3 1;; the broken S. Then the hydrogen atom combines with the broken a-

RSG-RS3 C:H§5*+H*_,é 4}395}{ 234 121 C to make the carbon chain saturated, and eventuglly the hydrogen

RS6-RS7 C4HoS*+H* — C4Ho*+SH* 1.72 0.13 atom attacks the C—S bond to form H,S. The reaction step of route f

RS6-RS8 C4HgS*+H* — C4H0+5* 3.08 1.49 is the hydrogen atom first binds to the fractured «-C to make the

the route b is higher than that of the route c. In comparison, the
activation energy of the second step of the reaction route f is
significantly lower than that of the reaction routes d, e, g and h,
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carbon chain saturated. In the presence of hydrogen, —SH migrates
to the Ni-Top site and continues to combine with the surrounding
hydrogen atoms to form H,S, while the carbon chain combines with
the hydrogen atom to form butane.
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Fig.13. Energy profiles of HDS process of THT on Ni,P (001) (a. Route a-c b. Route d-f).

Fig.14. HDS process of THT on Ni,P (001) (Reaction route c).
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Fig.15. HDS process of THT on Ni,P (001) (Reaction route f).

4. Conclusion

The experiment is carried out to study the thermal cracking and
hydrodesulfurization of tetrahydrothiophene catalyzed by Ni,P at
200—-300 °C. The HDS reaction mechanism of tetrahydrothiophene
on NiyP (001) surface is calculated based on Density Functional
Theory. The results will provide a theoretical basis for desulfur-
ization and viscosity reduction in the heavy oil exploitation. The
main conclusions are listed below.

(1) The experiment shows that the rate of H,S production by
thermal cracking of tetrahydrothiophene is far lower than
that of HDS in the range of 200—300 °C, and the HDS reaction
is dominates. The major gas products are butane, butene and
H,S in HDS reaction. The liquid product in HDS reaction
comes from thermal cracking of tetrahydrothiophene.

(2) The V—Ni-Hcpl adsorption energy is larger, and the
adsorption model is more stable in the vertical adsorption
mode. The C—S bond is elongated, and the C—C bond is
shortened after adsorption.

(3) The Mulliken charge distribution and differential charge
density analysis shows that electrons are transferred to Ni,P
(001) surface through tetrahydrothiophene molecule in the
adsorption process. The polarity of C—S bond is strong, and
the electron shift between carbon and sulfur is obvious.

(4) HYD is the most possible route of tetrahydrothiophene on NiyP
(001) surface, which can be divided into two reaction routes.
The first  reaction route is C4Hg — C4HgSH* —
C4HgSH* — C4H19+H2S. The hydrogen atom binds to the
broken S, and then binds to the broken o-C to saturate the
carbon chain. Finally, the hydrogen atom attacks the C—S bond
to form HyS. The second reaction route is
C4HgS — C4HoS* — C4Hg*+SH* — C4H10+H3S. In the presence
of hydrogen, —SH migrates to the Ni-Top position and binds to
the hydrogen atoms to form H,S. The carbon chain binds to the
hydrogen atom to form butane. The main products are butane
and H,S, which is consistent with the experimental results.
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