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Aerobic oxidative desulfurization of a model diesel fuel over MOx/CNTs catalysts
(M = Ce, Cu, Mo) was studied to develop innovative technology for cleaning motor
fuels to EURO-5 standard. It was shown that the thermal stability of catalysts
improves in the following order of metal Сu < Сe < Мо. The disordering of the
carbon matrix of support increases in the next row of M: Mo < Ce < Cu, which
is accompanied by an increase in the specific surface area of the samples (40 →
105 m2/g). The forms of stabilization of the active component (CeO2, CuO/Cu2O/
Cu, or MoO3/MoO2) were revealed, indicating a partial reduction of the metal
cations during the thermal decomposition of copper and molybdenum precursor
compounds deposited on CNTs. In oxidative desulfurization of a model diesel
fuel over MOx/CNTs catalysts at 150 °C the total conversion of dibenzothiophene
increased in the next row of M: Се < Сu < Мо. It was found that at 150 °C over the
optimum MoOx/CNTs catalyst the highest dibenzothiophene conversion 95–99% is
observed. It was assumed that the high activity of MoOx/CNTs is associated with
both the oxidizing ability and the tendency of MoOx to chemosorption of sulfur
compounds.
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1. Introduction
Sulfur dioxide is typically released during the
combustion of fuels or other sulfur-containing
materials. It is a pollutant that leads to acid rain,
which in turn degrades soil and water quality and
damages vegetation. SO2 emissions also adversely
affect human health. With population growth and
an increase in fuel consumption, the sulfur content
in the fuels has become a serious environmental
problem, due to which research on the removal of
sulfur-containing compounds is an important task.
Many countries worldwide are switching to low
and ultra-low sulfur fuels by updating fuel quality
standards and/or modernizing refineries to produce
low sulfur fuel [1]. With each new Euro standard,
there is less and less sulfur in the fuel. For Euro V
this is a maximum of 0.001 wt.% (10 ppmw).
All crude oil contains sulfur as an impurity –
this proportion may be higher (“acidified feed”, >
*Corresponding author. E-mail: matus@catalysis.ru

0.5 wt.% sulfur) or less (“sweet feed”, < 0.5 wt.%
sulfur). To meet the quality demands of fuel, the
hydrodesulfurization (HDS) process has been
commonly used by refineries [2]. HDS is a very
effective technology, but the deep removal of sulfur compounds (SCs), especially heterocyclic aromatic SCs – benzothiophene (BT), dibenzothiophene (DBT), 4,6-dimethyldibenzothiophene
4,6-DMDBT), requires severe process conditions
(high temperature and pressure) and high operating
costs. Consequently, alternative non-HDS methods are being actively developed. In particularly,
adsorptive desulfurization [3, 4], oxidative desulfurization (ODS) [5–11], oxidative-extractive desulfurization [12], photocatalytic oxidative desulfurization [13] are being studying.
Currently, researchers pay much attention to
aerobic ODS, which provides the selective conversion of sulfur compounds under mild conditions and using the highly abundant oxidant – O2
[14–19]. In aerobic ODS, one of the biggest challenges is finding a highly active catalyst. For this
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process, mono- (Pt, Pd, Mn, Co, Fe, Cu, V, W),
bi- (Mn-Co, Co-Mo, Ce-Mo) and multicomponent (H5PV2W10O40, (NH4)5H6PV8Mo4O40) catalytic systems supported on various types of carriers
(Al2O3, CeO2, SBA-15, g-BN, activated carbon)
are being developed [5, 20–28]. Сarbon materials
occupy a special place among support and catalysts for aerobic ODS due to their structure, functional groups, or defects that can adsorb reagents,
stabilize the active metal species, or be activated in relation to oxygen molecules [13, 29–33].
There are different points of view on the nature
of the active centers of carbon materials in this
reaction. In particular, it is established that carbonyl groups play crucial roles during the oxidation of sulfur-containing compounds over reduced
graphene oxide (rGO) [13, 29]. In addition, chemically active defects also take place in this process
because carbonyl groups could be generated in situ
on these defects under the reaction conditions [29].
In CNTs the higher graphitization degree promotes
higher catalytic activities for DBT oxidation due
to higher electric conductivity, thus benefiting the
transfer of electrons involved in the oxidation–reduction reaction [30].
Introducing a metal into a carbon matrix regulates its physicochemical characteristics in a wide
range and can be an effective way to create composite materials with improved functional properties [34–36]. This study is a continuation of our
work [37–41] on designing new nanosized catalysts for oxidative transformations of sulfur compounds of the thiophene family for developing fundamental bases of innovative principles of motor
fuels upgrading to EURO-5 standard. In this work,
MOx/CNTs catalysts (M = Ce, Cu, Mo) have been
prepared and comparatively studied by inductively coupled plasma optical emission spectrometry,
thermal analysis coupled with mass spectrometry,
low-temperature nitrogen adsorption, X-ray diffraction and structural analysis, scanning electron
microscopy with EDX analysis, Raman spectroscopy and testing in oxidative desulfurization of a
model diesel fuel. The regulation of the functional
properties of the catalysts was achieved, and optimal composition was determined.

2. Experimental
2.1. Catalyst preparation
MOx/CNTs(M = Ce, Mo, Cu) catalysts were
prepared by the incipient wetness impregnation
method. For this, the required amount of an aque-

ous solution of a metal salt of a given concentration
was added to the CNT support. The description
and properties of the CNT support can be found
in our previous paper [39]. Cerium nitrate hexahydrate Ce(NO3)3 · 6H2O, copper nitrate trihydrate
Cu(NO3)2 · 3H2O, and ammonium paramolybdate
(NH4)6Mo7O24 · 4H2O were used as the precursors
of the active component. After the impregnation,
MOx/CNTs samples were dried at 80 °C for 6 h and
calcined at 600 °C for 2 h in Ar. The metal content
was constant and equal to 20 wt.% of M.
2.2. Characterization of catalysts
The MOx/CNTs (M = Ce, Mo, Cu) catalysts
have been studied by a set of methods: inductively coupled plasma optical emission spectrometry,
thermal analysis coupled with mass spectrometry,
low-temperature nitrogen adsorption, X-ray diffraction and structural analysis, scanning electron
microscopy with EDX analysis and Raman spectroscopy. A description of devices and conditions
for studying materials by physicochemical methods can be found in our earlier publications [37,
38, 40].
2.3. Catalytic activity tests
The catalytic activity in the oxidative desulfurization reaction of DBT was measured in a thermostated container quartz reactor. For this, a 25 mg
catalyst sample was loaded into the reactor, 20 ml
of model fuel was added, heated to 150 °C, and oxygen was supplied at a rate of 15 L/h. A reflux condenser was installed above the outlet of the reactor
in order to exclude the entrainment of hydrocarbon
fuel components in the gas stream. Model fuel containing 0.5 wt.% DBT or 1000 ppm S was prepared
by dissolving DBT in hexadecane (С16H34). The
reaction time was 6 h. After 6 h, the reactor was
cooled, the contents of the reactor were centrifuged
to separate the catalyst from the liquid oxidation
products, and the total sulfur content in the liquid
oxidation products was determined. Further, the
liquid oxidation products were divided into two
equal parts. One part (after the precipitation of sulfones and sulfoxides due to their low solubility)
was analyzed using an Agilent 6890N gas chromatography-mass spectrometer, determining the composition of hydrocarbons in the oxidation products
of the model fuel. The second part was mixed with
10 ml of acetonitrile, stirred for 2 h and divided in
a separating funnel. In this case, sulfone/sulfoxide
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were dissolved in acetonitrile, and unreacted DBT
remained in hexadecane. The total sulfur content in
the initial fuel and its oxidation products, and the
sulfur content as sulfones/sulfoxides dissolved in
acetonitrile, was measured using an ASE-2 X-ray
energy dispersive sulfur analyzer. The loss of hydrocarbon fuel during the experiment was determined by weighing.

3. Result and discussion
The MOx/CNTs (M = Ce, Mo, Cu) catalysts
were obtained by the incipient wetness impregnation method, in which precursors of the active
component are introduced into the pore volume of
the support matrix followed by thermal treatment.
The characteristics of the decomposition of metal
oxide precursors, the evolution of carbon matrix
and the formation of catalysts have been studied by thermal analysis (TA) coupled with mass
spectrometry (MS). Results of thermogravimetric
(TG), differential thermogravimetric (DTG), and
differential thermal analysis (DTA) for dried MOx/
CNTs catalysts are presented in Table 1 and Fig.
1. The decomposition of supported Ce, Cu and Mo
precursors is a multistage process that includes
water desorption, degradation of salt with evolution of NOx (additionally NH3 in case of Mo) and
degradation of carbon matrix with the evolution
of CO2. Among the studied catalysts, MoOx/CNT
shows the highest temperature of the beginning of
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CO2 evolution due to the oxidation/decomposition
of CNT support (300 vs. 200 °C). The thermal stability of catalysts improves in the following order
of metal Сu < Сe < Мо (Fig. 1).
Table 2 presents the chemical composition, textural and structural characteristics of the MOx/CNT
(M = Ce, Cu, Mo) catalysts after thermal treatment
in Ar at 600 °C. Chemical analysis of the samples
showed that the metal content corresponds to the
calculated amount (20 wt.%), reflecting the successful metal introduction into the carbon matrix.
The specific surface area (SBET) of catalysts depends on the type of M: MoOx/CNTs shows the
lowest SBET of 40 m2/g, while СuOx/CNTs exhibits the highest value of 107 m2/g (Table 2). The
pore volume of materials is 0.15–0.18 cm3/g and
increases in the following sequence of metal type
Mo < Ce < Cu. According to the data of low-temperature nitrogen adsorption (Fig. 2a), for the CNT
support and MOx/CNT catalysts, adsorption isotherms of type IV with a distinct hysteresis loop of
type H3 are observed, which indicates the presence
of mesopore structures. Support shows a uniform
diameter of 4 nm, while the pore distribution below
6 nm is broadened (Fig. 2b). With the introduction
of MOx, ~ 7 nm pores are additionally observed.
Note that SBET of the MOx/CNTs is lower than the
specific surface area of the CNT, which is due to
the partial clogging of the pores of the support with
MOx particles [42]. Indeed, the average pore size
increases due to a decrease in the proportion of fine

Table 1
TA and MS data for the decomposition of supported Ce, Cu and Mo precursors
Sample*

Weight loss (Δmi), corresponding to different stages of
decomposition (range of ΔT, °C), and total weight loss (ΔmΣ)
at 1000 °C, %
Δm1

Δm2

Δm3

Δm4

5.6
(500-1000)

-

-

-

-

CeOх/CNT

4.0
(25-130)

6.0
(130-230)

5.0
(230-400)

25.0
(400-1000)

CuOx/CNT

2.0
(25-200)

8.8
(200-320)

6.9
(220-600)

7.7
(625-1000)

CNT

MoOx/CNT

1.3
(25-140)

1.4
11.8
(140-400) (400-1000)

-

Δm5 ΔmΣ

DTG peak temperature and
type of thermal effect
(exo/endo), °C

Evolved gas
products in different
temperature ranges
(ΔT, °C)

T1

T2

T3

T4

T5

5.6

500

-

-

-

-

H2O (25-150)
CO2 (500-1000)

-

40.0

80
endo

170

215

-

-

Н2О (25-400)
NOx (100-400)
CO2 (230-1000)

-

25.4

245 570
endo endo

-

-

-

H2O (25-400)
NOx (200-1000)
CO2 (200-1000)

-

Н2О (25-500)
NH3 (25-500)
NO (230-500)
NO2 (300-1000)
СО2 (300-1000)

-

14.5

70

200

680
endo

* M content is equal to 10 wt.%
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(a)

(b)

Fig. 1. The temperature of the beginning of CO2 evolution (a) and weight loss (b) due to the oxidation/decomposition
of CNT support during the thermal treatment of the dried MOx/CNT (M = Ce, Cu, Mo) catalysts. M content is equal
to 10 wt.%.

pores. This is manifested to a greater extent for the
MоOx/CNTs catalyst, the average pore diameter of
which is doubled in comparison with the support
(Table 2). Pores with a size of 7–20 nm are considered optimal for removing DBT and its alkyl-substituted derivatives by the HDS [43, 44].
The X-ray diffraction patterns of the support
show the diffraction peaks at 2Ɵ: 25–26o, 42o and
54o, which were attributed to the (002), (101), and
(004) crystal planes of hexagonal graphite (JCPDS
no. 41-1487). The major diffraction peaks for
nickel Ni (44.4o, 51.8o and 76.3o) and mixed nickel-magnesium oxide NiO-MgO (37.1o, 43.2o and
62.6o) phases are also observed, which is connect-

ed with the preparation mode of CNTs. The incorporation of metal had no practically effect on the
structure of the carbon support (Fig. 3). For MOx/
CNTs samples, the emergence of new diffraction
peaks was attributed to CeO2 (28.5o, 33.0o, 47.5o
and 56.3o) in the case of CeOx/CNTs; Cuo (43.2o,
50.3o, 73.9o), Cu2O (36.2o, 42.2o) and CuO (35.5o,
38.8o, 51.5, 75.8o) in the case of CuOx/CNTs; and
MoO2 (37.1o, 54.2o) and MoO3 (23.4, 27.4, 33.1) in
the case of MoOx/CNTs. Despite the high content
of the active component, rather high dispersion of
oxide particles is observed: 12–13 nm in size for
M = Ce and Mo; 25–28 nm in size for M = Cu
(Table 2). The formation of Сu, Cu2O and MoO2

Table 2
Chemical composition, textural and structural characteristics of the MOx/CNT (M = Ce, Cu, Mo) catalysts
Sample

Content, wt.
%

Textural characteristics
SBET,
V p,
Dp,
m2/g
cm3/g
nm

XRD data*
Raman
spectroscopy
Phase
Cell
CSR**,
data, ID/IG
composition parameter, Å
nm
С (hex.)
с = 6.810
6.0
CNT
180
0.33
7.5
MgO-NiO
a = 4.195
21.0
1.93
Ni
a = 3.529
30.0
С (hex.)
с = 6.811
MgO-NiO
СеOx/CNT
19.9±0.2
101
0.18
7.2
1.47
Ni
a = 3.521
20.0
CeO2
a = 5.404
12.0
С (hex.)
с = 6.811
6.0
CuO
СuOx/CNT
20.1±0.1
107
0.23
8.5
1.58
Cu2O
a = 4.264
25.0
Cu
a = 3.609
28.0
С (hex.)
MoOx/CNT
19.2±0.1
40
0.15
14.3
MoO2
a = 4.828
13.0
1.30
MoO3
* a dash in the XRD data means that the determination of structural parameters is difficult due to the superposition of
reflections and a low phase content; ** coherent scattering region.
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3
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4
3
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Fig. 2. N2 adsorption-desorption isotherms (a) and pore size distributions (b) for MOx/CNTs catalysts: 1 – CNTs;
2 – CeOx/CNT; 3 – CuOx/CNT; 4 – MoOx/CNT.

phases indicates that the decomposition of the carbon supported precursor is accompanied by the
partial reduction of the cations of the active component. Similar results were demonstrated in [42,
45–47]. An increase in the calcination temperature
in an inert atmosphere or the use of a reducing medium during calcination leads to the formation of
molybdenum carbide [46]. The strong interaction
of metal oxides with CNTs facilitates their auto-reduction during the thermal treatment in inert media.
It was shown that metal-support interaction growth
with the decrease of the inner diameter of CNTs
is favorable for the entry of metal species into the
cavity and their stabilization in a highly dispersed
state [42]. Our CNTs are multi-walled nanotubes
with an inner diameter of 10‒20 nm. So, for the
MOx/CNTs, the moderate metal-support interaction
is realized, providing the formation of the partly reduced metal oxides particles, the size of which is
comparable to the inner diameter of CNTs.

Fig. 3. XRD patterns of MOx/CNTs catalysts: 1 – CNT;
2 – CeOx/CNT; 3 – CuOx/CNT; 4 – MoOx/CNTs.

X-ray phase analysis data are in good correlation
with the results of Raman spectroscopy (Fig. 4).
For the СeOx/CNTs sample, the band with a maximum at 462 cm-1 was registered attributed to CeO2,
which has a cubic crystal structure of the fluorite
type. The Raman spectrum of cerium (IV) oxide
exhibits only one allowed Raman mode, 465 cm-1
F2g [48]. The band’s shift to a shorter wavelength
region may mean that the oxide phase has defects,
most likely due to the size effect. The Raman spectrum of СuOx/CNTs is notable for the presence of
rather narrow bands at 150 cm-1 and 220 cm-1 and
a wide band centered at 640 cm-1. These bands are
characteristic of Cu2O [49]. For the МоOx/CNTs
catalyst, bands with maximum intensity at 128,
205, 230, 349, 365, 425, 498, 572 and 743 cm-1 can
be clearly distinguished (Fig. 4c). A similar set of
bands (with slight changes in positions) is characteristic of monoclinic MoO2 [50].
In the spectral range of the Raman shift of 900–
1900 cm-1 the studied samples had two Raman-active bands at about 1580 (G band) and 1340 cm-1
(D band), the intensity ratio of which (ID/IG) is
the indication of the orderliness of the graphite structure [51]. So, the defectiveness of CNTs
for studied materials was estimated by the value
ID/IG (Table 2, Fig. 4d). For unmodified CNTs, this
parameter is equal to 1.93, while for MOx/CNTs,
it is slightly lower, which indicates the decrease
of the content of amorphous carbon, as well as a
decrease in the number of defects [52]. In particular, the disordering of the carbon matrix of support
increases in the following row of M: Mo < Ce <
Cu. Note that it is accomplished by a growth of
the specific surface area and a decrease of metal
oxides dispersion.
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(a)

(b)

(c)

(d)

Fig. 4. Raman spectra of samples: СeOx/CNT (a), СuOx/CNT (b) and MoOx/CNT (4) in the spectral range of the
Raman shift of 100 ÷ 900 cm-1 (a-c) and 900 ÷ 1900 cm-1 (d).

The energy-dispersive X-ray spectroscopy confirmed the homogenous distribution of M throughout the CNT support (Fig. 5). The molar ratio O/C
for CNTs is equal to 0.1 and does not change after
supporting metal oxides.

(a)

Oxidation of DBT proceeds along two routes,
the common intermediate products of which are
DBT sulfoxide and sulfone (Scheme 1) [10,18].
The product of selective elimination of SO2 is
diphenyl, and the products of deep oxidation are

(b)

(c)

100 µm

(d)
(e)
(f)
Fig. 5. SEM images of samples CeOx/CNT (a, d), CuOx/CNT (b, e), MoOx/CNT (c, f), obtained in the registration
mode of reflected electrons (a, b, c) and characteristic X-ray radiation O (red), M (green) images (d, e, f) – with
superposition of all signals.
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Scheme 1. Oxidative transformation of DBT.

a)

DBT conversion, %

100

DBT, total
DBT-to-DBTSO2

95-99%
82%

80

67%
60

51%

48%

44%
40
20
0

MoOx/CNTs

b)

CuOx/CNTs

CeOx/CNTs

0.4%
-1.7%

0

Fuel loss, %

SO2, CO2 and H2O. DBT and its sulfone can often
be retained on the catalyst surface, up to the formation of sulfide and sulfate phases of the active
component due to the formation of strong bonds
with functional groups of the support surface and
active centers of transition metal oxides [10, 11].
Chemisorption of the sulfur compound and its sulfone on the catalyst surface further contributes to
the overall removal of the sulfur compound from
hydrocarbon fuels. The contribution of chemisorption depends on the concentration and nature of the
active component, which determines the sorption
capacity of the catalyst [18]. The contribution of
chemisorption is apparently more significant in
batch reactors than in flow reactors.
Figure 6 illustrates the catalytic performance:
the total conversion of DBT and the conversion
of DBT to DBT-SO2, achieved on catalysts for
6 h at a temperature of 150 °C. The maximum total conversion of DBT, reaching 95–99% values,
is demonstrated by the MoOx/CNTs sample, the
minimum (about 67%) by the CeOx/CNTs sample.
However, the conversion of DTB to sulfone on all
catalysts was significantly lower than the total conversion of DBT. The conversion of DBT to sulfone
increased in the series of metals: Mo < Ce < Cu
from 44 to 51%. The observed differences in the
total conversion of DBT and in the formation of
sulfone (DBT-to-DBTSO2) can be explained by
two reasons. First, the SO2 can be formed and removed from the reactor together with the gas reaction products. However, during the first 1–3 h
of the experiment, we were unable to detect SO2
in the gas reaction products using gas chromatographic analysis. Secondly, DBT and/or sulfone
can be adsorbed on the catalyst surface. The differences between the total conversion of DBT and
the formation of sulfone change in the series Ce <
Cu < Mo, which correlates with the tendency of
catalyst elements to sulfidation.
It should be noted that the maximum conversions of the hydrocarbon part of the fuel (С16Н34)
are observed in the presence of the CuOx/CNTs catalyst. The mass of liquid oxidation products of the
model fuel obtained in the presence of CuOx/CNTs

0.1%

-1

MoOx/CNTs

CuOx/CNTs

CeOx/CNTs

Fig. 6. DBT conversion (a) and fuel loss (b) over MOx/
CNTs catalysts in aerobic oxidative desulfurization of a
model diesel fuel. Reaction conditions: 99.5% C16O34,
0.5% DBT, 150 °C, duration 6 h.

increased during the experiment by 1.7%, and the
fuel itself was colored, probably due to the formation of oxygenates. In the case of MoOx/CNTs and
CeOx/CNTs, the loss of hydrocarbon fuel did not
exceed 0.4%, and the oxidation products remained
transparent and colorless. The observed trend correlates with the fact that CuOx is part of the catalysts for the oxidation of heavy hydrocarbons,
providing their high conversion in deep oxidation
reactions [53].

4. Conclusions
CNT-supported MOx catalysts with different
metal types (M = Ce, Cu, Mo) were prepared and

Eurasian Chemico-Technological Journal 23 (2021) 267‒275

274

Genesis and Properties of MOx/CNTs (M = Ce, Cu, Mo) Catalysts for Aerobic Oxidative Desulfurization

used for aerobic oxidative desulfurization of a
model diesel fuel. A complex of physicochemical
methods (inductively coupled plasma optical emission spectrometry, thermal analysis coupled with
mass spectrometry, low-temperature nitrogen adsorption, X-ray diffraction and structural analysis,
scanning electron microscopy with EDX analysis,
Raman spectroscopy) established the patterns of
the formation of samples and their main properties. The samples are characterized by a developed
mesoporous structure and a dispersed state of the
active component. The crystals observed in their
composition were CeO2, CuO/Cu2O/Cu, or MoO3/
MoO2. The functional properties of the catalysts is
controlled by types of the active component (M =
Ce, Cu, Mo). The total conversion of dibenzothiophene at 150 °C increased in the following row of
M: Се < Сu < Мо. The MoOx/CNTs catalysts are
most promising for innovative technology for the
purification of motor fuel to the EURO-5 standard
by oxidative desulfurization. It provides 95–99%
dibenzothiophene conversion, which is associated
with both the oxidizing ability and the tendency of
MoOx to chemisorption of sulfur compounds.
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