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Abstract

In order to develop new catalysts based on carbon nanotubes (Taunite) with deposited bimetallic oxide nanopar-
ticles for oxidative desulphurization, a series of samples with the composition M;M,O, /Taunite (M;M, = CeMo,
CuMo, CeCu) was prepared by incipient wetness impregnation. The properties of the catalysts were studied by
means of FTIR spectroscopy and thermal analysis combined with mass spectrometry. The effects of the nature of a
metal precursor and the oxidative treatment of the support on the functionalization of the support surface and sup-
port thermal stability were studied. Decomposition of supports with deposited bimetals was determined to start at a
temperature lower by 210—285 °C than in the case of non-modified support. The stability of Taunite support against
thermal decomposition increases in the following series of metal cations: CuMo < CeMo < CeCu < support with-
out M, M,. The optimal precursors of bimetals for the synthesis of a promising nanosized catalyst M, M,0_/Taunite
were selected.
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INTRODUCTION

Organosulphur compounds are known to be
present in crude oil and remain in the liquid fuel
after petroleum processing. The combustion of
fuel inevitably leads to the formation of a large
amount of sulphur oxides (SO,), which is one of
the basic reasons for acid rain. Because of this, the
desulphurization of liquid fuel attracts special at-
tention of researchers all over the world. At pre-
sent, hydrodesulphurization (reductive desulphur-
ization, RDS) is a widely used industrial method to
remove sulphur-containing compounds. However,
RDS has many disadvantages: high process tem-
peratures (320—380 °C) and high hydrogen pres-
sure (30—70 atm), as well as low efficiency of the
removal of aromatic sulphur-containing com-
pounds with a high melting point, for example,
dibenzothiophene (DBT) and its derivatives. Much
attention is paid to oxidative desulphurization
(ODS) because the highly efficient removal of aro-

matic sulphur-containing compounds is carried
out under soft conditions.

During recent decades, carbon materials such
as graphitized carbon and carbon nanotubes
(CNT) have won broad application due to their
low cost, high availability, sufficient chemical
stability, unique optical and electrical character-
istics. These nanomaterials are strongly hydro-
phobic, they can be readily mixed with model oil
and may be used as ODS catalyst supports [1—3].
Carbon nanotubes provide high catalytic param-
eters due to good electronic conductance, which
is necessary for electron transfer in the oxida-
tion-reduction reaction, and the presence of car-
bonyl groups and surface defects. Microporosity
and chemical composition of the surface are es-
sential for efficient desulphurization, so different
modifications of carbon materials are used to im-
prove their texture characteristics [4].

Oxidation of the surface and inclusion of met-
als into the support lead to n-electron interactions
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of sulphur-containing aromatic compounds with
metals of carbon support [5], which has a positive
influence on the efficiency of DBT adsorption [6].
On the one hand, the introduction of nanoparti-
cles of transition metals with high electron mobil-
ity promotes an increase in catalytic activity [7].
On the other hand, the functional composition of
the surface and the stability of carbon support to
decomposition may be altered in the presence of
metal-containing compounds [8]. A broad range
of the oxides of transition metals, such as cerium,
molybdenum and copper [9], are used as catalyti-
cally active phases in oxidative desulphurization.
In spite of the efficiency of monometallic cata-
lysts, it is confirmed that bimetal catalysts pro-
vide higher catalytic activity in ODS [5, 10—14].
For instance, it was assumed in [15] that the syn-
ergism of the Ce—Mo—O catalyst is due to oxygen
activation on the surface of Ce particles and the
formation of active oxygen forms, which provided
additional oxidation of DBT on Mo-containing cen-
tres. At present, the efforts of researchers are
mainly focused on the search for new systems
based on bimetal supported oxides, however, the
problem concerning their optimal composition,
content and particle size remains unsolved. So, it is
necessary to choose a corresponding metal precur-
sor to carry out the successful synthesis of CNT
with supported nanoparticles of bimetal oxides.

The goal of the work was to carry out IR Fou-
rier spectroscopic investigation of the composition
of functional groups on the surface of M;M,0_/
Taunite samples (MM, = CeMo, CuMo, CeCu)
prepared by means of incipient wetness impreg-
nation, and to study the effect of metal precursor
on the thermal stability of Taunite support.

EXPERIMENTAL

Materials

CNT Taunite (LC NanoTekhTsentr, Russia)
was used as the support. Carbon nanotubes were
multilayer nanostructured filament-like graphite
in the form of tubes with an inner diameter of
10—20 nm and a specific surface area of 180 m?/g.
Physicochemical characteristics of the support
were reported in [4]. The initial CNT sample was
dried in a vacuum furnace at 13 mbar and 80 °C
for 2 h. The sample was designated as Taunite.

CNT oxidation was carried out using concen-
trated nitric acid (HNO,). CNT sample was wet-
ted with distilled water, and the indicated amount
of the acid was poured in. The mass ratio CNT/

liquid phase was 1 : 10. Then the temperature
was increased to 85 °C, and the sample was kept
at this temperature for 1 h under permanent
mixing. After cooling to room temperature, the
suspension of CNT was 5-fold diluted with dis-
tilled water, precipitated and centrifuged. The
precipitate was washed with hot water several
times (the mass ratio H,O/CNT = 50 : 1) to obtain
the neutral medium in rinsing water. After the
oxidation procedure, the samples were dried in a
vacuum furnace at 13 mbar and 80 °C for 4 h.
The sample treated with HNO, is designated as
Taunite-1.

The catalysts M, M,0O, /Taunite were obtained
by means of incipient wetness impregnation of
the support with the solutions of precursors of
active metals. The salt Ce(NO,), - 6H,0 (Kh. Ch. —
chemically pure reagent grade) was used as a
precursor of cerium, Cu(NO,), 3H,0 (Kh. Ch.
reagent grade) — as a precursor of copper,
(NH,)Mo,0,, - 4H,0 (Kh. Ch. reagent grade) — as
a precursor of molybdenum. After impregnation,
the samples were dried in vacuum at 13 mbar
and 80 °C for 2 h to study them by means of
thermal analysis (TA), then the samples were an-
nealed in nitrogen flow (10 ml/min) at 600 °C for
2 h to carry out the analysis by means of IR Fou-
rier spectroscopy. Metal content was constant
(10 mass %). If not otherwise stated, the metal
molar ratio was M;/M, =1 : 1.

Method's

The investigation by means of thermogravim-
etry (TG), differential thermogravimetry (DTG)
and differential scanning calorimetry (DSC) was
carried out with the help of an STA 449 F3 Ju-
piter thermal analyzer (NETZSCH, Germany).
A portion of 8 mg was heated in a platinum cru-
cible from 25 to 1000 °C in the atmosphere of N,
at a rate of 5 °C/min. The apparatus for thermal
analysis was connected in the online mode to the
QMS 403 C Aéolos mass spectrometer (NETZSCH,
Germany) to carry out parallel analysis of gase-
ous products by means of mass spectrometry
(MS). The energy of the ion source was 80 eV. Ion
currents were measured with the help of a
CH-TRON detector for m/z (m is the molecular
mass of a particle, z is its charge). The chosen
m/z values correspond to the molecular and frag-
mentation ions that can be formed during the de-
composition of the metal precursor and Taunite
support. The intensity of ion peaks was calculated
taking into account the background intensity.
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The content of carbon, hydrogen, nitrogen and
sulphur was measured using a Thermo Flash 2000
analyzer (Thermo Scientific, USA) by means of
high-temperature catalytic oxidation of the sam-
ples in the reactor filled with CuO/Cu at a tem-
perature of 1000 °C. Element content was deter-
mined in three parallel measurements.

The Fourier-transform infrared (FTIR) spectra
were recorded with an Infralyum FT-08 instru-
ment (GK Lyumeks, Russia) in a mixture of the
sample with KBr (mass ratio 1 : 130). A mixture of
CNT with KBr was mixed in a vibromill for 3 min
to obtain a homogeneous substance. Then the mix-
ture was pressed into a tablet under a pressure of
20 MPa. IR Fourier spectra were recorded within
the range of 350—4000 cm ™' using 256 scans.

RESULTS AND DISCUSSION

FTIR spectroscopy

The FTIR spectra of Taunite, CuMo/Taunite,
CeCu/Taunite, CeMo/Taunite (Fig. 1) are charac-
terized by a broad set of absorption bands (a. b.)
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within the range 400—3500 cm™!; some of them
are caused by the vibrations of atoms in the lat-
tice and the functional groups of carbon material,
while the other (within the region 470—930 cm™)
are due to vibrations in the supported compo-
nents (CeO,, CuO, MoO,). In addition, the spectra
contain a. b. in the region 3000—-3580 cm™!, which
is connected with the stretching vibrations of
water.

It should be stressed that the spectra of all
samples contain broad a. b. at 1568 and 1584 cm ™},
which were attributed in [16] to vibrations with
Elu symmetry in the crystal structures of graph-
ite. There are also a. b. at 2960, 2920 and 2850 cm ™!
in the spectra. The former two bands correspond
to asymmetric and symmetric stretching vibra-
tions of CH, groups, while the band at 2850 cm™!
is due to the symmetrical stretching vibrations of
the CH, group [17]. Bending vibrations of C—H
bonds in CH,/CH, groups (usually at 1370—
1450 cm™! [2]) appear in the spectrum of the sam-
ple as a band at 1431, 1404 or 1458 cm™!. The
bands at 1385 cm™! correspond to the stretching
vibrations of C—C bonds in the terminal alkyl
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Fig. 1. FTIR spectra of samples:

1

Taunite (1), CuMo/Taunite (2), CeCu/Taunite (3), CeMo/Taunite (4).
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groups. In addition, the spectrum of Cu-Mo/Tau-
nite contains a shoulder in the region of 2960 cm™!,
pointing to the presence of CH, groups. It was
demonstrated in the studies of carbon nanofibres
with different positions of graphite layers [18, 19]
that defects in graphite structure are responsi-
ble for the bands appearing at 2947, 2917 and
2846 cm™!, which are connected with the sym-
metrical stretching vibration of C—H bonds in
CH,/CH, groups.

The spectra of CuMo/Taunite, CeCu/Taunite
and CeMo/Taunite samples also contain the a. b.
with the maxima at 1707 and 1730 cm™. The
bands within 1700-1740 and 1690—1655 cm™
may be related to the stretching vibrations of
C=0 bonds in carboxylic (~COOH) and quinone
groups [17, 19, 20], respectively. In this situation,
the bands in the region of 1404-1458 cm™! may
be caused not only by bending vibrations of
CH,/CH, groups and the defects of graphite
structures but also by a combination of the bend-
ing vibrations of C—O and C—H bonds in carbox-
ylic groups [2]. It should be stressed that mono-
meric —~COOH groups, unlike C—H groups, have
a. b. in the region of 1190—1075 cm™!, correspond-
ing to C=0 vibrations [17]. In our study, they may
be observed as a shoulder at about 1075 cm™ and
a peak at 1159 ecm™! in CuMo/Taunite and
CeCu/Taunite samples. In addition, the band at
1385 cm™! may correspond to the vibrations of
N=0O in NO,, for which the symmetrical and
asymmetrical bands are in the regions of 1370—
1390 and 1550—1580 cm™!, respectively. Nitrogen
content, estimated with the help of elemental
analysis, is higher for Cu-containing samples and
increases with an increase in Cu content (Table 1).
Other a. b. at 1030 and 870 cm ™ may correspond
to the stretching vibrations of ether bonds (C-0)
and vinyl group (C—H) [21]. The band at 802 cm™
may be attributed to the stretching vibrations of
Mo—O—Mo bonds, while a shoulder at 929 cm™!
belongs to the stretching vibrations of Mo=0
bonds [22]. The band at 674 cm™! is likely to be

TABLE 1

Results of elemental analysis

Sample M, /M, molar  Content, mass %

ratio N C H S
CeMo/Taunite 1/1 188 73.01 050 0.00
CuMo/Taunite 1/1 225 6925 0.64 0.00
CeCu/Taunite 1/1 3.08 65.76 0.60 0.00
CeCu/Taunite 1/2 3.10  65.60 0.90 0.00
CeCu/Taunite 2/1 229 67.71 048 0.00

connected with the stretching vibrations of Ce—O
bonds [23], while the a. b. at 471 cm™! relates to
the stretching vibrations of Cu—O bonds (the pho-
non spectrum of CuO) [24]. The analysis of the
spectra showed that the ratio of the intensities of
a.b.at 1720 and 1190 cm ™! depends on the oxida-
tive treatment of the Taunite sample. In Tau-
nite-1, the indicated bands had maximal intensity
(Fig. 2). The intensities of a. b. of CeCu/Taunite-1
and CeCu/Taunite samples are substantially lower
than those of Taunite-1 but comparable with each
other (see Fig. 2). Acid treatment leads to the oxi-
dation of the surface of the Taunite sample and to
an increase in the content of oxygenated groups,
while surface decoration with Ce-Cu oxides de-
creases the concentration of oxygenated groups,
which may be the evidence of the decomposition
of the support in the presence of metal salts and/
or the rupture of C=0O bonds with the detach-
ment of oxygen as a result of adsorption of the
precursors.

Thermal analysis in combination
with mass spectrometry

The TA and MS data for the support (CNT
Taunite) are presented in Fig. 3, a. One can see
that the Taunite sample is stable under thermal
treatment in the inert atmosphere up to 500 °C.
Between 500 and 1000 °C, mass loss (5.6 %) occurs
due to sublimation of surface oxygen-containing
functional groups. According to MS results, the
major gaseous product is CO,. Mass loss is not ac-
companied by thermal effects. So, Taunite may
be used as a support for metal oxides to prepare
M,M,0O, /Taunite catalysts containing CNT modi-
fied with nanoparticles. The TA and MS data for
all precursors and samples of CNT with support-
ed precursors are presented in Table 2.

It was demonstrated according to the TA
data [9] that decomposition of the bulk com-
pound (NH,).Mo,O,, - 4H,O includes five stages
with T, = 95, 120, 200, 295 and 380 °C. De-
composition of bulk Ce(NO,), - 6H,O proceeds in
three stages, including two-stage dehydration
process, the formation of anhydrous cerium ni-
trate, and the oxidation of Ce(III) by nitrate ion
with the formation of CeO,, and is characterized
by mass losses at T, = 95, 195 and 240 °C. De-
composition of the precursors of active compo-
nent deposited on Taunite — Ce(NO,), - 6H,0 and
(NH,);Mo,0,, - 4H,0 — proceeds in three stages
(see Fig. 3, b). Three peaks on the DTG curve, ac-
companied by pronounced endothermic effects,
are observed at T, = 77, 181 and 221 °C. The
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Fig. 2. FTIR spectra of samples: Taunite (1), Taunite-1 (2), CeCu/Taunite-1 (3), CeCu/Taunite (4).

gas evolved at the first and second stages is iden-
tified as water (m/z = 18) and ammonia (m/z = 18),
while the second stage at a temperature of 100—
290 °C is characterized by the emission of nitro-
gen oxide NO (m/z = 30). So, the composition of
the gas phase shows that the presence of ceri-
um (IIT) nitrate causes a decrease in the tempera-
ture of the transformation of (NH,).Mo,0O,, - 4H,0
into oxide from 450 to <290 °C. Decomposition of
ammonium heptamolybdate is likely to proceed
with the formation of ammonium nitrate and mo-
lybdate ions, which are decomposed at heating to
150 °C. In addition, mass loss (7.73 %) without any
thermal effect is observed within the tempera-
ture range from 290 to 800 °C and is accompanied
by the evolution of CO, into the gas phase (see
Fig. 3, b), which is the evidence of substantial
degradation of the carbon matrix. Sublimation of
molybdenum oxide may also promote mass loss at
a temperature above 800 °C [9]. The difference
between the expected mass loss (11.0 %) and the
observed value (sz = 18.2 %) is 7.2 % and may
be assigned to the decomposition of the carbon
matrix.

Thermal decomposition of supported salts
Ce(NO,), - 6H,0 and Cu(NO,), - 3H,0 is a multi-
stage process with T, = 80, 177, 233 and 527 °C
(Fig. 4, a). Three early peaks are due to the de-
composition of Ce(III) and Cu(II) nitrates, namely
dehydration (which includes two stages in the case
of Ce(IIl)), the formation of anhydrous cerium ni-
trate, oxidation of Ce(III) by nitrate ion with the
formation of CeO,, the formation of intermediate
compounds Cu,(OH),NO, or 3Cu(NO,), - Cu(OH),,
and the products CuO and Cu,O at a temperature
>310 °C. In the presence of CNT possessing re-
ductive properties, endothermic peak due to the
formation of Cu,O shifts to lower temperature
(875 °C — 525 °C) [9]. Dehydration starts at room
temperature and finishes at ~290 °C. Before de-
hydration is over, the decomposition of the ni-
trate group starts. Between 130 and 290 °C, the
evolution of H,0O (m/z = 18) and NO, (m/z = 30)
is observed in the mass spectra. The temperature
of the maximal emission of these gases decreas-
es from 230 to 200 °C in comparison with bulk
Cu(NO,), - 3H,0 [9]. According to MS data, CO,
starts to pass into the gas phase even at a tem-
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Fig. 3. TG, DTG, DSC and MS curves for samples: Taunite [9] (a) and CeMo/Taunite (Ce/Mo =1 : 1) (b).

perature of 290 °C. Nevertheless, the loss of mass
by the sample (Am) at 580 °C is only 16.5 %,
which is lower than the expected value of 22.7 %
(—6.2 %). Lower Am values may be explained by
the partial decomposition of Cu(II) nitrate at the
stage of drying in vacuum at 80 °C. The loss of
mass by the sample at temperatures above 580 °C
increases with an increase in Cu(NO,), - 3H,0 con-
tent (see Table 2). This is likely to be promoted by
the presence of highly reactive nitrogen oxides
entering oxidation-reduction reactions with car-
bon of the support. Indeed, according to the data
of elemental analysis, nitrogen content in the
CeCu/Taunite samples annealed at 600 °C in the
inert atmosphere increases with an increase in Cu
content. Mass loss after 290 °C is only 5.94 %,

which is substantially lower than the correspond-
ing value for CeMo/Taunite sample (10.7 %).
Decomposition of supported salts
(NH,)(Mo,0,,-4H,0 and Cu(NO,), 3H,0 con-
serves the multistage nature of the decomposi-
tion of bulk samples [9] (see Fig. 4, b). Five steps
are observed with T, = 82, 132, 203, 350 and
525 °C. In this case, total mass loss (17.7 %) is
somewhat larger than the expected value (15.7 %),
which points to thermal destruction of the sup-
port. The difference between the observed and
expected mass losses is 2 %, which is substantially
smaller than for CeMo/Taunite sample (7.2 %).
This fact agrees with the negative difference be-
tween the observed and expected Am values at
580 °C for CeCu/Taunite sample and may be con-
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nected with the partial decomposition of Cu(II)
precursor at the stage of drying. According to MS
data, the evolution of H,O (m/z = 18) and NH,
(m/z = 18) occurs within the range 25-320 °C.
Between 100 and 320 °C, mass spectra reveal the
evolution of NO, (m/z = 30); CO, (m/z = 44,
m/z = 12) starts to evolve at 215 °C and has two
maxima at 230 and 700 °C. The maximal mass
loss (8.54 %) is observed for this sample at a tem-
perature within 320—800 °C without taking into
account possible sublimation of MoO,.

So, the introduction of the salt causes a de-
crease in the stability of carbon support to ther-
mal degradation; its extent depends on the type
of metal precursor used. The decomposition of
the support involves the reactions of complete
oxidation of the carbon support by gases evolves
during the decomposition of metal salts. Essential
factors are the temperature of decomposition of
metal compounds, the composition of gases, and
the catalytic activity of metals in the oxidation of
organic substrates. The stability of CNT against
thermal destruction increases in the sequence of
metal cations: CuMo < CeMo < CeCu < without
MM, (Fig. 5, a). Among the studied metals, the
highest reactivity was that of Cu and Mo. In the
presence of these metals, the lowest tempera-
tures of the start of CNT matrix degradation
were observed (see Fig. 5, b).

CONCLUSION

For the purpose of developing new catalysts
based on CNT with supported bimetal oxide na-
noparticles for the oxidative transformations of
sulphur-containing compounds, a set of samples
with the composition M;M,O_ /Taunite was pre-
pared by means of incipient wetness impregna-
tion with variations of the type of active metal
(M;M, = CeMo, CuMo, CeCu). The effect of the
nature of active component precursors on the
functional composition of the surface of the sup-
port and its thermal stability was studied by
means of IR spectroscopy and thermal analysis in
combination with mass spectrometry. It was dem-
onstrated by means of IR Fourier spectroscopy
that the oxidation of Taunite by concentrated ni-
tric acid leads to the formation of oxygen-contain-
ing groups. The content of oxygen-containing
groups decreases for the support decorated with
bimetal oxides. The stability of the CNT support to
thermal decomposition increases in the sequence:

CuMo < CeMo < CeCu < without M;M,. The ni-
trates of Ce(IIl) and Cu(Il) may be used as the
precursors of the active component for the syn-
thesis of a promising catalyst based on CNT Tau-
nite with supported bimetal oxide nanoparticles.
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