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Abstract

High-sulfur petroleum coke (HSPC), that is a by-product from slag oil in the coking process of refining, shows versatility
values in practical applications and, however, concentrates the majority of organic sulfur. Herein, we design and construct a
highly effective CTAB @HPA composites to be explored for the catalytic oxidative desulfurization of HSPC under mild condi-
tions using hydrogen peroxide as the oxidant and 1-butyl-3-methylimidazole tetrafluoroborate ionic liquid as the extractant.
The results demonstrate that the sulfur content of HSPC could be strikingly reduced from 4.46 wt% to 2.48 wt% under 60 °C
and atmospheric pressure, and that the organic sulfur in HSPC is mainly oxidized to sulfoxide, sulfone and sulfate, which
latter can be directly separated from petroleum coke. Moreover, the effect of reaction conditions on the desulfurization per-
formance of HSPC as well as the catalytic oxidation reaction kinetic of HSPC desulfurization was systematically investigated.
Furthermore, a mechanism for the oxidative desulfurization of HSPC over CTAB @HPA catalysts was proposed. Therefore,
this work provides new insight into how to construct active catalysts for the desulfurization of HSPC under mild conditions.

Keywords High-sulfur petroleum coke - Dawson-type phosphotungstic acid - Oxidative desulfurization - Mild conditions -
Sulfate

1 Introduction

With the development of the automobile industry, the
demand for fuel is ever-increasing. However, the sulfur-con-
taining compounds in the oil seriously pollute the ecological
environment (Zhu et al. 2016; Lu et al. 2018; Yao et al. 2018;
Wang et al. 2020; Li et al. 2020, 2019b; Hao et al. 2019;
Han et al. 2019; Liu et al. 2020b, 2020c¢). Petroleum coke,
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a by-product from the coking of slag oil in refining, shows
versatile applications in the industry based on its quality.
The low-sulfur petroleum coke (S < 3.0 wt%) is mainly used
to manufacture carbon products such as graphite electrodes
(Wei et al. 2017), activated carbon (Choi et al. 2012), car-
bon fiber (Bricefio et al. 2015), graphite (Wu et al. 2017).
High-sulfur petroleum coke (HSPC, S > 3.0 wt%) is typically
employed as fuel for heating or power, and it can only be
classified as waste which causes environmental issues and
needs to be handled with considerable cost (Chen and Lu
2007; Peng et al. 2019; Zhong et al. 2018b, 2019). There-
fore, in order to adapt to the new requirements of energy
conservation and environmental protection, developing an
alternative method to reduce the sulfur content of HSPC is
extremely desirable.

According to the composition of the crude oil and coking
process, the type of sulfur in HSPC could be categorized
into organic sulfur (>99.8%) and inorganic sulfur (Zhong
et al. 2018a), in which thiophene derivatives are the most
popular organic sulfur and mainly attached to the aromatic
carbon skeleton and the branch of paraffin on the surface of
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the aromatic ring (Zhao et al. 2018; Li et al. 2019a). Cur-
rently, the desulfurization methods for HSPC include the
calcination method, vacuum calcination (Chen et al. 2017,
Ishihara et al. 2005; Xiao et al. 2016), hot alkali calcination
(Agarwal, Sharma 2011), hydrodesulfurization and cata-
lytic oxidative desulfurization method (Ganiyu et al. 2017,
Toledo-Antonio et al. 2017). Among them, catalytic oxida-
tive desulfurization strategy has shown attracted extensive
attention due to its low cost and high efficiency, and the
highly efficient catalyst is recognized to be the crucial factor
influencing the desulfurization performance of this process.
Liu et al. (Liu et al. 2020a) used the [Bmim];PW,0,, for
the desulfurization of HSPC; however, this catalyst required
more demanding reaction conditions. Therefore, it is impera-
tive to find a catalyst that is efficient and can operate under
mild conditions.

Polyoxometalates (POMs) are a type of polyacid com-
pounds polycondensed by co-angled, co-edge (occasion
coplanar) oxygenation in a unit of metal oxides (Jiang et al.
2018; Zhang et al. 2017). Heteropoly acid (HPA), a typical
POMs composed of metal oxides and heteroatoms, which
are strong inorganic acids possessing defined molecular
structures has drawn much attention because of its excellent
catalytic performance. Therefore, phosphotungstic acid has
received much more attention because of their acidic and
redox properties and environmental-friendly trait (Banisharif
et al. 2017). According to the molecular cluster, HPA can
be classified into Keggin type (Zhang et al. 2020), Daw-
son type (Long et al. 2010) and Anderson type (Chi et al.
2020; Zhang et al. 2017) et al. Te et al. (Te et al. 2001) have
highlighted that heteropolyacids with Keggin structure can
effectively activate hydrogen peroxide and oxidize diben-
zothiophene to form corresponding sulfone species. Mufioz
(Muifioz et al. 2017) found that molybdenum heteropoly-
acids with Anderson structure exhibit impressive catalytic
activity for the abatement of p-phenylene sulfide. Albert
et al. (Bertleff et al. 2017) proposed that HgPVsMo,0,, in
Dawson structure could catalytic oxidative thiophenes and
thioether sulfur compounds into water-soluble sulfates and
sulfonic acid compounds. Nevertheless, it was found that
HPA was prone to loss of active components under the oxi-
dizing atmosphere, which is extremely unfavorable for the
removal of sulfides in practical utilization. Thus, it is highly
desirable to develop a high efficiency and thermal stable
HPA-based catalyst to be used for the catalytic oxidation
desulfurization. Moreover, to date, the report related to HPA
employed for catalytic oxidation desulfurization of HSPC
has not been noted, and the corresponding reaction kinetics
and mechanism for the process have never investigated yet.

In this contribution, we present a high efficiency Daw-
son-type HPA complexes (CTAB @HPA) with high target-
ing effect by combining quaternary ammonium anions with
locally positive Lewis acid organic cations, to be probed
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for the catalytic oxidation desulfurization of HSPC. The
experimental results demonstrated that the highest yield
of soluble sulfate was found in CTAB @HPA-5, which
achieves the remarkable removal of sulfur content in HSPC
from 4.46 wt% to 2.48 wt% under 60 °C and atmospheric
pressure. Moreover, the effect of reaction conditions on the
desulfurization performance of HSPC was also systemati-
cally investigated, and a mechanism for the oxidation desul-
furization HSPC over CTAB @HPA catalysts was proposed.

2 Experimental section
2.1 Materials

HSPC was purchased from Carbon Factory of Zhenjiang
(China). 1-Butyl-3-methylimidazolium tetra-fluoroborate
([Bmim]BF,) was purchased from Chengjie Reagent Co.,
Ltd (China). Cetyltrimethylammonium bromide (CTAB),
tetrabutylammonium chloride, sodium tungstate dihydrate,
ammonium metavanadate, sodium phosphate, hydrochloric
acid, sulfuric acid, anhydrous ethyl ether, acetonitrile, abso-
lute ethanol, 30% H,0, were purchased from Sinopharm
Reagent Co., Ltd (China).

2.2 Characterization method

All the applied characterizations for catalyst samples are
listed in “Supporting Information.”

2.3 Preparation of catalyst

He, P,W 5.V, O, (x=1-6) (HPA-x) heteropolyacids were
prepared according to the method reported in the literature
(Banisharif et al. 2017). The typical preparation method for
the representative H;,P,VsW 304, (HPA-5) is as follows: At
room temperature, 0.05 mol NH,VO; and 0.02 mol Na;PO,
were dissolved in 100 mL deionized water and then 0.01 mol
Na,WO, was added. Subsequently, the pH of the above solu-
tion was adjusted to 4.4 with 1 mol/L H,SO,. Then the solu-
tion was heated to 96 °C and refluxed for 8 h. After the solu-
tion was cooled to room temperature, 150 mL of ether was
added and the red oil phase was separated. Finally, HPA-5
was obtained by evaporating the ether at 200 °C. Other sam-
ples with different contents and treated temperature were
prepared with the above similar method (Table S1).

CTAB @HPA-5 was synthesized as follows: 1 mmol of the
as-prepared HPA-5 was dissolved in 25 mL deionized water,
and then the pH of the above solution was adjusted to 4.4 with
2 mol/L. HCI solution. The obtained solution was denoted as
A. Then 0.01 mol of CTAB was introduced into 40 mL of
ethanol and marked as B. Subsequently, solution B was added
dropwise into solution A under continuously stirring. Finally,
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CTAB @HPA-5 product was obtained after being continuously
stirred, filtered and dried in an oven at 100 °C for 12 h.

2.4 Pretreatment process of HSPC

The HSPC was first pretreated to increase the specific surface
area of HSPC (Table S2), so that the HSPC can react with
the oxidation group better, thus realizing deep desulfurization.
The pretreatment process used tetrabutylammonium chloride
and HSPC to work together. The specific operation had been
reported in our previous paper (Liu et al. 2020a).

2.5 Oxidative desulfurization process

HSPC was oxidized and desulfurized in a 50-mL round-bot-
tom flask. Firstly, 0.5 g of catalyst was added into the afore-
mentioned round bottom flask. Then 5 mL of ionic liquid
[Bmim]BF, was introduced, and the mixture was heated to
60 °C. Finally, the pretreated petroleum coke and H,O, (1 mL)
were added.

The residual sulfide concentration of petroleum coke at ¢
(h) was determined by microcoulometry (GLS-3000). The
desulfurization rate of residual sulfide in petroleum coke is
calculated by Eq. 1, where w, is the mass fraction of original
petroleum coke sulfide and w, is the mass fraction of petro-
leum coke sulfide after the reaction. This calculation method
is widely used in the field of catalytic oxidation desulfurization
and is accepted by most researchers.

sulfur removal (%) = (1 — @, /w,) X 100 (1)
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Fig. 1 FT-IR spectra of a HPA-x (x=1-6), b CTAB@HPA-x (x=1-6)

3 Results and discussion
3.1 Characteristics of catalyst samples

The physicochemical properties of the as-constructed
HPA-x and CTAB@HPA-x (x=1-6) were first charac-
terized by FT-IR spectra (Fig. 1). It is noted that Dawson
structure absorption band is observed at 700-1100 cm ™!
(Dablemont et al. 2006). Among them, the band centered
at 1100 cm ™! is attributed to P =0 antisymmetric stretch-
ing vibration band. The band at 960 cm ™! is assigned to
the antisymmetric stretching symmetric vibration peak of
W, V and terminal oxygen, and the band at 780 cm ™! is
associated with heteropolyacid corresponding to the bridge
bond vibration of W-O-W, V-O-V (Zhang et al. 2013; Li
et al. 2015). It is noteworthy that the band at 1100 cm ™! is
a splitting peak, which should be originated from the differ-
ent distance between P and four coordinative oxygen in the
tetrahedron of PO,. Besides, when the anion is separated
by organic cation, the coupling between W=0, V=0 is
eliminated. It is recognized that the larger the angle of the
bridge key is, the higher the vibration frequency is. There-
fore, the band at 780 cm ™! should be ascribed from the
vibration of the bridge key with the same side oxygen in
the six-element ring. Figure 1b shows two bands at 1470
and 1640 cm~!, which are ascribed to N-H bond deforma-
tion vibration and C=N bond stretching vibration of CTAB,
respectively (Yang et al. 2017). In addition, all samples show
three Dawson structural characteristic bands in the range of
700-1200 cm ~! with slight deviations. The above results
indicate that CTAB @HPA composites are successfully con-
structed by this facile strategy.
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In order to confirm the composition of the as-prepared
samples, we performed XRD analyses (Fig. 2). It can be
seen from Fig. 2a that all the heteropoly acids exhibit simi-
lar XRD patterns in the region, of 260 =5-40° (Wang et al.
2016; Rohani et al. 2017; Gim et al. 2016). Figure 2b shows
that the Dawson structures of CTAB @HPA-x (x=1-6) were
well retained after the introduction of CTAB compared with
HPA-x (x=1-6). Therefore, it could be deduced that the
heteropoly acid anions with multiple negative charges should
be surrounded by CTAB cations through electrostatic inter-
actions, which should be favorable for the monodispersed
heteropoly acids as a single cluster of charge compensation
(Song et al. 2019).

The morphology and composition of the as-prepared
HPA-x and CTAB @HPA-x were further investigated by
SEM and EDS analyses, and the results are illustrated in
Fig. 3. According to previous reports, used of 0.25 mol/L
CTAB solution could enhance the catalyst activity

(Banisharif et al. 2017), while excessive addition of CTAB
will cause agglomeration of the catalyst, thereby reduc-
ing the number of active sites of the catalyst, which in turn
decrease the desulfurization activity. SEM results show that
the representative HPA-5 presents the flake-like nanosheets,
which are similar to snowflakes. The EDS analysis further
confirms the composition of HPA-5. In addition, after the
introduction of surfactant CTAB (Fig. 3c), CTAB@HPA-5
displays an aggregated morphology with porous structure,
which should be favorable for the expose of more active sites
and the accessibility of actives to reactants, thereby benefit-
ing the oxidative desulfurization performances of CTAB @
HPA catalysts.

To study the chemical state of the elements in POM, we
carried out XPS analyses for HPA-5 and CTAB @HPA-5
(Fig. 4). As observed from Fig. 4a, the binding energy peaks
of C, O, P, W and V are detected in HPA-5 and CTAB@
HPA-5 samples, indicating the successful synthesis of
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Fig.2 XRD patterns of a HPA-x (x=1-6), b CTAB@HPA-x (x=1-6)
(b) w
5
@®
=
k7]
c
(0]
§ €
o
\4 \%
B, PP g7
0 2 4 6 8 10
Energy, keV

Fig. 3 SEM image of a HPA-5, b EDS analysis of HPA-5, ¢ SEM images of CTAB @HPA-5
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heteropolyacid and POM. Figure 4(b—d) results show that
a red shift of the binding energy for V 2p, W 4f and P 2p
in CTAB@HPA-5 was noted compared with that of HPA-
5. It reveals the presence of the electrons migration from
CTAB cation to CTAB @HPA-5 anion and strong interaction
between CTAB and HPA-5. That is to say, CTAB @HPA-5
is not just mixture but hybrid with close interaction between
each other. Moreover, the results confirm that the element
tungsten mainly exists as W®* in POM (Fig. 4e) (Chen et al.
2020; Song et al. 2019), and that V>* and V** oxidation
states coexisted in POM (Fig. 4f).

3.2 Catalytic oxidative desulfurization performance

The oxidative desulfurization performances of the as-pre-
pared HPA and CTAB @HPA for HSPC were investigated,
and the results are summarized in Table 1. It is noted that the
desulfurization performances of HPA-x gradually increase
with the increase in vanadium content. It reaches the largest
with 42.38% sulfur removal as the HPA-5. Further increas-
ing the V content leads to a decrease in desulfurization per-
formance. Moreover, when CTAB was introduced, the cata-
Iytic oxidative desulfurization activities of corresponding
CTAB @HPA were further improved, and CTAB @HPA-5
gives the highest catalytic oxidative desulfurization activity
among all these samples with 44.39% sulfur removal.

Table 1 Catalytic performance of samples in oxidative desulfuriza-
tion reaction at 60 °C

Entry Samples Residual sulfur Sulfur
content, wt% removal,
%
1 HPA-1 3.75 15.92
2 HPA-2 3.42 23.32
3 HPA-3 3.27 26.68
4 HPA-4 3.01 32.51
5 HPA-5 2.57 42.38
6 HPA-6 3.33 25.34
7 CTAB@HPA-5 2.48 44.39

Experimental conditions: V([Bmim]BF,)=5 mL, V(H,0,)=5 mL,
m(catalyst)=0.5 g, m(HSPC)=0.5 g

Bold values indicate the best sulfur removal by using a series of cata-
lysts

The cyclic voltammetry (CV) results of CTAB @HPA-
x (x=1-6) (Fig. 5) reveal that all samples can effectively
reduce OH" and the reduction peak of the sample CTAB@
HPA-5 centered at —0.80 V has a higher positive potential,
which is higher than that of CTAB@HPA-x (x=1-4) and
CTAB@HPA-6 (—0.84 V). It reveals that CTAB @HPA-5
with better electrophilicity has better CODS performance,
which is in well agreement with previous studies (Zhang
et al. 2020; Ding et al. 2015; Wu et al. 2016).
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Fig.6 Sulfur removal of HSPC with different reaction temperatures.
Experimental conditions: V([Bmim]BF,)=5 mL, V(H,0,)=5 mL,
m(CTAB@HPA-5)=0.5 g, m(HSPC)=0.5 g

The effect of reaction temperature on the desulfuriza-
tion performance of the representative CTAB @HPA-5
was further investigated. Figure 6 shows the residual sul-
fur content (wt%) with different reaction temperatures on
CTAB @HPA-5. Note that the sulfur removal distinctively
increases with the increase in reaction temperatures from
30 to 60 °C. When the reaction temperature is 30 °C, the
residual sulfur content of petroleum coke is 3.69 wt%.
When the reaction temperature increase to 60 °C, the
residual sulfur content is 2.48 wt%. It is generally accepted
that the desulfurization reaction of HSPC is endothermic
and that the increase in temperature is beneficial to the
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desulfurization process. However, the higher reaction tem-
perature will result in the invalid decomposition of H,O,,
thereafter reducing the utilization rate of H,O,, which
matches well with the desulfurization result that further
increasing the reaction temperature to 80 °C inducing the
dramatically increase in residual sulfur content. The above
results demonstrate that the optimal reaction temperature
for petroleum coke desulfurization is 60 °C.

It is known that sulfides in HSPC are mainly distrib-
uted in the interior of HSPC, and that some of them are
attached to the carbon skeleton of HSPC and exposed on
the surface of it. In order to get insight into the catalytic
oxidation reaction kinetic of HSPC desulfurization on
CTAB @HPA-5, we first recorded the desulfurization per-
formance CTAB @HPA-5 with the reaction time at 60 °C.
It can be observed in Fig. 6a that the sulfur content sharply
decreases with the increase in reaction time. When the
reaction continues for 6 h, the residual sulfur content in
petroleum coke exhibits the lowest with 2.48 wt%. Further
extension of reaction time, the content of residual sulfur
in petroleum coke remains unchanged.

According to the data presented in Fig. 7a, the relation-
ship between In (Cy/C,) and reaction time was fitted. As
shown in Fig. 7b. The kinetic equation is derived as fol-
lows (He et al. 2019; Zhang et al. 2013):

—dC,/dt = kC, )
In (Cy/C,) =kt ©)
ty, = 0.693/k )

In the above equations, k is the first-order reaction
rate constant (min~'), and C, and C, represent the sulfur
content at time 0 and 7 (min), respectively. As shown in
Fig. 7b, In(Cy/C,) shows a linear relationship with reaction
time. It indicates that this catalytic oxidation process fol-
lows the first-order kinetic model.

To deeply understand the reaction process, the petro-
leum coke after reaction was collected and analyzed by a
series of methods. Figure 8a shows that the intensities of
characteristic peaks (744 and 863 cm~!) corresponding to
thiophene are obviously weaker after reaction compared
with the fresh sample. Moreover, the absorption peaks
attributed to sulfone and sulfoxide appeared at 1083 and
1123 cm~! instead. It reveals that the thiophene sulfur in
HSPC is converted into sulfone and sulfoxide after cata-
lytic oxidation reaction, and that some thiophene sulfur is
oxidized to sulfate.

Figure 8b shows the XRD patterns of petroleum coke
after catalytic oxidation. The characteristic peaks (002) in
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Fig.8 (1) FT-IR and (2) XRD pattern. a: HSPC, b: petroleum coke treated by catalytic oxidative desulfurization

the patterns of the two samples are attributed to the petro-
leum coke crystal structure. It can be seen that the half
width of the characteristic peaks corresponding to HSPC
after oxidative desulfurization becomes wider than the
fresh, and that the peak intensities decreased significantly.
It unrevealed that the structure of amorphous carbon in
petroleum coke after oxidative desulfurization is damaged,
and the content is somewhat reduced. The above results
demonstrate that the CTAB @HPA-5 catalyst introduced
here can not only remove the sulfur from HSPC, but also
reduce the carbon content (Fig. S1).

The surface sulfur elements in HSPC before and after
desulfurization reaction were further investigated by XPS

(Fig. 9). As shown in Fig. 9d, the S 2p XPS of petroleum
coke after catalytic oxidative desulfurization can be fitted
to 163.2, 164.2, 164.8, 166.1, 167.2, 168.7 eV, which are
assigned to thiol, thiophene, disulfide, sulfoxide, sulfone and
sulfate, respectively (Liu et al. 2020a). It reveals that the
sulfides in the HSPC after reaction are mainly thiophene and
thiol. In addition, the lone electron pair in the sulfur atom
moves closer to the bonding electron pair, and the repul-
sion is greater, the electronegativity is stronger. This result
indicates that thiophene and thiol parts will be removed as
soluble salt over the CTAB @HPA-5 catalyst with H,O, as
oxidant.
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Fig. 10 XRD pattern of precipitation after catalytic oxidative desul-
furization reaction

When the catalytic oxidative desulfurization reaction
is completed, soluble barium salt is added to the filtrate to
explore whether the catalytic oxidative desulfurization reac-
tion produces SO,>~. After Ba’* was introduced, the white
precipitate was generated. Subsequently, the white precipi-
tate was collected and analyzed by XRD, and the results are
presented in Fig. 10. It can be clearly seen that the XRD pat-
tern of the obtained precipitate coincides with the standard
card (PDF#834-2053), which is consistent with the XPS
analyses.

In order to further probe the type of H,0, played in this
desulfurization process, we performed ESR experiments
to confirm the type of free radicals generated during the
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Fig. 11 ESR test of the catalytic oxidative desulfurization systems. a
catalyst+H,0,, b H,0,

reaction, and the results are presented in Fig. 11. Here,
5.5-dimethyl-1-pyrroline-N oxide (DMPO) was invoked as
aradical scavenger. After the introduction of CTAB @ HPA-
5, the characteristic peak assigned to DMPO-hydroxyl radi-
cal (OH-) was detected. It indicates that H,O, is activated
by the catalyst to generate OH:, and then the C-S bond is
broken, and S and O are connected by covalent bonds to
form a tetragonal pyramidal space structure and then lose
two electrons to form a stable space structure to form sul-
fate radicals. Therefore, the desulfurization mechanism over
CTAB @HPA-5 was proposed in Scheme 1; in the CTAB@
HPA-5 catalytic oxidation system, W plays a role as an elec-
tron donor, thereby transforming V3* into a low valence
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Scheme 1 Proposed mechanism for the catalytic oxidative desulfuri-
zation of petroleum coke

state (Liu et al. 2020d). Then, V** realizes H,0, activation
through a single electron transfer to form V—O ~active spe-
cies, which will further oxidize to sulfate.

4 Conclusions

In summary, we design and construct a series of effective
CTAB @HPA composites by a simple co-thermal method
using CTAB and HPA as precursors, and the catalytic per-
formances of the as-fabricated CTAB @HPA were investi-
gated for the catalytic oxidation desulfurization of HSPC. It
was found that the desulfurization activity of the catalytic
was closely related to the vanadium content in heteropolyac-
ids, and that CTAB @HPA-5 showed the highest desulfuriza-
tion activity. After 6-h reaction at 60 °C, the sulfur content in
HSPC decreased to 2.48 wt%. FT-IR, XRD and XPS showed
that H,0, could oxidize sulfide in HSPC to sulfone, sulfox-
ide and sulfate. This paper not only realizes the waste reuse
of HSPC, but also provides an effective design idea for the
desulfurization of HSPC.

5 Supporting information

Experimental details and additional data, synthesis data
from different amounts of vanadium substituted HPA-x cata-
lyst in this article. BET analysis of the HSPC desulfurization
performance, SEM analysis of the morphology of HSPC
before and after desulfurization. All the applied characteri-
zations for catalyst samples.
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