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STUDY OF CATALYTIC OXIDATION OF
TOLUENE USING Cu-Mn, Co-Mn, AND Ni-Mn
MIXED OXIDES CATALYSTS

Article Highlights
e Nanocrystalline AMn204 (A = Co, Ni, Cu) spinel-type mixed oxides were tested for
VOC removal

e Spinel oxides are important due to their high thermal resistance, selectivity, and
electronic properties

¢ The higher activity of NiMn oxide than CoMn and CuMn is due to a higher Mn%*
content

¢ The activity is also attributed to the synergistic effect of manganese on spinel and Ni?*
cations

Abstract

The successful synthesis of AMnz04 (A = Co, Cu, and Nj) spinels via solution
combustion was achieved in less time than other methods. All catalysts with
the same fuel/nitrate ratio were used to oxidize toluene, and the relationship
between their properties and activities was investigated. Among all, nickel
manganite exhibited the most promising activity, and by changing the
fuel/nitrate ratio, it was sought to obtain the most appropriate structure for
the reaction studied. Physico-chemical analysis was used to define the
characteristics of the synthesized catalysts. The results showed the
successful synthesis of spinels and indicated that other materials peaks
(single oxide phases) exist in the catalyst structure. BET-BJH analyses
reveal the mesoporous structures and, given the limitations of the
equipment, were all classified as less than 10 m?/g. The SEM images
evidence the influence of the urea content used. The particle size increases
at higher fuel/nitrate ratios. Samples of NiMn1.67 and NiMnZ2.08 showed
larger and denser, sparsely dispersed clusters. Simultaneously considering
reactor analysis and test results, it was found that the synthesized catalyst
with a fuel/nitrate ratio of 0.5 has the best performance on toluene oxidation.

Keywords: solution combustion synthesis, fuel-to-nitrates ratio,
manganite spinels, toluene oxidation.

and scientific received a lot of attention. [1,2].

communities about the increase of volatile organic
compounds (VOCs) in the atmosphere and the cost of
reducing anthropogenic emissions, the development of
appropriate forms of disposal or transformation has
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The U.S. Environmental Protection Agency (EPA)
describes VOCs as a relevant group of many carbon
compounds, excluding monoxide carbon, carbon
dioxide carbon, acid carbon, metallic carbide or
carbonate, and ammonium carbonate, which presents
high atmospheric photochemical activities. VOCs are
harmful to human health and the environment because
of their toxicity, and they are a precursor of smog
photochemical and ozone formation in the atmosphere
[3,4]. Thus, the need to control and treat air pollution
has become urgent. Itis clearly evident in the numerous
global, national, and regional environmental pollution
control regulations developed to maintain healthy air
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quality. These strict standards have led the industrial
and commercial sectors to rely on carbon adsorption,
incineration, or purification technologies to reduce the
environmental damage caused by technological
advances [5,6].

Different techniques for controlling VOC
emissions are divided into process and equipment
modification and treatment techniques. The first one,
also known as indirect measures, is characterized by
the changes in the process, the raw material change,
and equipment maintenance. The second group of
direct measurements is characterized by destruction
techniques (oxidation and biofiltration, for example) and
recovery (such as membrane separation, absorption,
adsorption, and condensation) [7,8].

In this context, catalytic oxidation is an interesting
technology because it eliminates or transforms VOCs
at relatively low temperatures (200 °C—450 °C),
minimizes the formation of by-products, such as NOx,
and can be effectively applied over a wide range of
VOC concentrations (up to 10,000 ppm) and highly
recommended when highly diluted (about 1,000 ppm)
[9-11]. Moreover, from an economic point of view,
catalytic oxidation is also an attractive alternative due
to the low energy consumption and lower cost of by-
product treatments that are not practically formed
[12,13].

Mixed transition metal oxides exhibit greater
activities and stabilities than simple oxides because
these metals can have more than one valence state, a
property determined by the electronic configuration of
the metal d level [14,16]. Compared to supported noble
metal catalysts, mixed oxides have lower costs and
higher resistance to impurities. Among the oxides of the
present invention, the spinel-like structure has also
been highlighted due to its high thermal resistance,
selectivity, and electronic properties, which improve
oxide reducibility [17—19].

The synthesis by solution combustion (SCS), also
known as self-combustion or self-propagating, has
gained prominence since it combines the advantages
of the sol-gel technique with a good stoichiometry
control, making it possible to synthesize homogeneous
oxides and high purity [20—21]. In addition, the method
combines good textural properties and excellent
dispersion and distribution of the active phase obtained
in short synthetic times compared to other
methods [22]. This method involves the autoignition of
an aqueous solution containing oxidizing reagents,
such as nitrates, sulfates, and metal carbonates, and
reducing reagents (also called fuels), such as urea,
citric acid, and glycine. The heat required to conduct the
reaction is provided by the process and not from an

external source. It is due to the exothermic and self-
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catalytic reactions that occur when the reactants reach
the ignition temperature. The formation of a large
amount of gases is a characteristic of the reactions. For
example, 1 mol of the synthesized catalyst generates
22 moles of gases. The powder obtained after
cessation of combustion may be a single phase or a
combination of various metal oxides [22,24].

The characteristics of the powders synthesized by
the SCS are mainly governed by the temperature
reached when combustion occurs effectively. In turn, it
depends exclusively on the type and amount of fuel
used, so the fuel/nitrate ratio is considered one of the
important parameters. In a more detailed study, careful
analysis can be made of its influence on synthesized
materials' phase formation and crystallite size.

The present work aims to obtain by SCS the
mixed oxides type AMn204 (A = Co, Cu, and Ni), to
evaluate its catalytic activities on toluene oxidation, and
to evaluate the effect of different fuel/nitrate ratios on
the physicochemical characteristics and catalytic
activity of the NiMn20O4 catalyst.

EXPERIMENTAL
Catalysts preparation

For the synthesis of catalysts using the solution
combustion method, the following nitrates (Sigma
Aldrich®, 99.999%): Mn(NOs3)2:4H20, Co(NOs)2.6H20,
Cu(NO3)2.6H20, and Ni(NO3)3-6H20, and urea
(NH2CONHz; Quimibras, 99.5%) were used without any
purification. The steps of combustion synthesis of
catalysts are shown in Supplementary Information.

The reagents (nitrates and urea) were dissolved
in 20 mL of deionized water and placed in a porcelain
beaker. The solution obtained was placed under
constant heating and stirring, and as the temperature
increased and the water evaporated, the solution
became viscous. The color of the solution also changed
with increasing temperature, becoming progressively
darker until it became completely black (Supplementary
Information).

Near the ignition point, the solution's temperature
drops rapidly away from the set point. However,
combustion occurred, and the gaseous products were
released as yellow smoke, forming a fine black powder
(catalyst). The material obtained was weighed and
calcined at 700 °C for 6 h to ensure spinel phase
formation and to eliminate any presence of
carbonaceous residues.

The abbreviated names were chosen to name the
synthesized catalysts: Mn3Os4, CoMn0.5, CuMnO0.5,
NiMn0.5, NiMn1.25, NiMn1.67, and NiMn2.08. In this
nomenclature system, AMn (A=Co, Cu, or Ni) stands
for AMn204, and the number indicates the fuel-to-
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nitrates fuel/nitrate ratios of 0.5, 1.25, 1.67, or 2.08.

Catalysts characterization

The textural properties of the catalysts were
determined using N: isotherms measured at =196 °C
by a Micromeritics® ASAP 2420 instrument. The
specific surface area (Sger) was determined by the
Brunauer-Emmett-Teller (BET) [25], and the pore
volume and pore size distribution were calculated by
the Barret-Joyner-Halenda (BJH) method [26].

The composition of the phases present in the
samples was determined by the XRD technique in a
Rigaku® Miniflex diffractometer using CuKa radiation
(A=1.54056 A). Diffraction patterns were collected over
the 20 range of 15°-70° with a step size of 0.02°. From
the obtained diffractograms, it was possible to
determine the crystalline phases present by
comparison with peaks of known and tabulated
materials and the average size of the lens of the
metallic species by the Scherrer equation.

Fourier-transform infrared (FTIR) spectra were
recorded on a Perkin Elmer spectrometer (System
2000). The samples were pressed into self-supported
wafers and placed into a glass cell sealed by KBr
windows in 3% (w/w) proportions; 32 successive scans
were performed for each spectrum obtained.

The morphology of the oxides was analyzed by
scanning electron microscopy using a high vacuum
mode DElI QUANTA 250 apparatus with a voltage of
30 kV.

The analysis of temperature-programmed
reduction with H> (TPR) was conducted with a
Micromeritics® AutoChem 2920 under atmospheric
pressure. Catalyst samples (0.3 g) were subjected to
reduction using 10 vol.% Hz in N2 at 30 cm®min and a
linear heating rate of 10 °C/min from room temperature
to 1000 °C.

Evaluation of catalytic performance

The samples were evaluated for -catalytic
oxidation of toluene. The reactions were carried out at
atmospheric pressure in a continuous fixed bed
U- shaped tubular reactor. The total flow rate of the
reactant mixture (20% O2 in He + 1000 ppm toluene)
was 150 ml/min. The catalyst (0.1 g) was mixed with
silicon carbide (SiC, 0.4 g) to avoid the effect of hot
spots and deposited on a quartz wool plug. A tied
thermocouple continuously monitored the temperature.
First, the catalysts were reduced in an Hz stream at their
respective reduction temperature for 1 h. Then, the
catalysts were evaluated at 100 °C, 200 °C, 300 °C, and
400 °C, under a mixture of Oq, toluene, and He (20%
02, 1000 ppm toluene, and He to complete the
balance), with a total flow of 150 mL/min After

remaining at each test temperature for 24 hours, the
catalysts were heated under a helium flow to the next
test temperature. In this way, it was also possible to
evaluate the stability of the catalyst.

The products and reagents were analyzed by gas
chromatography (Agilent® 7890A) equipped with a
thermal conductive detector (TCD) and a flame
ionization detector (FID) using a Porapak N column.

The products and reagents were analyzed by an
Agilent® 7890A gas chromatograph with a flame
ionization detector (FID) and thermal conductivity
detector (TCD). The conversion of toluene (X%) was
calculated according to Eq. (1):

_ [T/, —[To! oyt
[Tol;,

X% %100 (1)
where [Tolli» and [Toljo.: denote the inlet and outlet
concentrations of toluene, respectively.

RESULTS AND DISCUSSION

According to the results obtained for N2
adsorption (Figure 1), the isotherms used for all
samples are classified in category type IV (of the
IUPAC classification) and reveal the adsorption
characteristics in multilayer related to weak interactions
in mesoporous-containing materials (pore diameter
between 2 and 50 nm). Isotherms of this type have
defined levels and indicate capillary condensation [27].

It is also observed that the desorption curve does
not coincide with the adsorption curve, a phenomenon
known as hysteresis, due to the saturation pressure of
N2 being different in the condensation and evaporation
from inside the pores. In all isotherms, the present
hysteresis is of type H1, characterized by two branches
of almost parallel isotherms. This hysteresis loop was
observed at high relative pressures (P/Po = 0.7 to 0.9)
and is generally associated with materials of
mesoporous structures and a representative of an
adsorbent consisting of rigid agglomerates of spherical
particles and relatively uniform pore distribution [28,29].

It is also observed that the practically parallel
branches of the adsorption and desorption isotherms of
the CuMn0.5 sample are more vertical when compared
to the other isotherms, indicating that the mesoporous
size distribution is narrower. The lower values of
relative pressure in the capillary condensation (around
0.2) in the Mn0.5 catalyst isotherm compared to the
other synthesized catalysts, with a fuel/nitrate ratio of
0.5 to about 0.4, indicate a decrease in mesoporous
size [27].

Although all surface areas were classified as less
than 10, due to the limitation of the equipment used, the
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Figure

average pore diameter obtained by BJH was above 2
nm for all samples, the NiMn0.5 catalyst being with the
largest distribution of mesoporous diameter (between 2
nm and 50 nm). Therefore, the surface area (Swmeso) and
the volume (Vmeso) of the mesoporous are listed in
Table 1.

The synthesized catalysts with different
fuel/nitrate ratios, such as NiMn1.25 and NiMn1.67,
present type IV isotherms indicating mesoporous
formation (Supplementary Information). It can also be
observed that there is a region (P/P = 0.85) where the
adsorbed volume increases sharply while the relative
pressure varies little. The present hysteresis of the

T T
0,0 02 04 0,6 038 1,0
Relative Pressure (P/P )

1. Adsorption/Desorption isotherms and BJH pore size distribution of the catalysts with a fuel/nitrate ratio of 0.5.

isotherms is of type H1 with two branches of parallel
isotherms, indicating complete mesoporous filling at a
relative pressure of less than 1. This hysteresis also
represents an adsorbent with a narrow distribution of
relatively uniform pores [27].

The isotherm of the NiMn2.08 sample is of type V,
characteristic of low adsorbent-adsorbate interaction.
However, there is pore filling and hysteresis type H2.
This hysteresis also characterizes mesoporous
structure materials but is associated with a more
complex structure with poorly defined pore size and
shape distribution [28,29].

Table 1. The textural properties of the catalysts.

Vumeso (cm®/g)

Catalyst Sweso (M?/g)
Mn0.5 1.28
CoMn0.5 3.82
CuMn0.5 5.68
NiMn0.5 4.32
NiMn1.25 0.94
NiMn1.67 0.71
NiMn2.08 0.02

0.0018
0.0142
0.0159
0.0143
0.0012
0.0008
0.0004

The data obtained from the adsorption/desorption

analysis of N2 allowed one to determine the surface
areas of the samples. Still, given the limitations of the
equipment, they were all classified as less than 10 m?/g.
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The average pore diameter obtained by BJH is greater
than 2 nm for all samples; the sample with a fuel rate of
0.5 has the largest pore distribution diameter (between
2 and 50 nm). These specifications are probably due to
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the implementation of the proper fuel/nitrate ratio
resulting in necessary and sufficient heat generation for
combustion. Consequently, the proper gas volume was
created during combustion. It is also possible to
observe that the synthesized catalysts with a
fuel/nitrate ratio of 1.25 and 1.67 have a very similar
pore distribution diameter (between 2 nm and 40 nm),
probably due to sufficient fuel availability during the
synthesis process. But with a further increasing
fuel/nitrate ratio to 2.08, larger crystals were formed
due to increasing burning heat, reducing pore
distribution diameter (between 2 nm and 30 nm).

Figure 2a presents the XRD results for the
synthesized catalysts with a fuel/nitrate ratio equal to
0.5.

Through a comparative study between
crystallographic reference chips of pure materials and
the diffractograms obtained, it was possible to identify
the diffraction lines characteristic of the structure Mn3O4
(*) with basic orthorhombic geometric structure in all
samples, being more present in CoMn0.5.
Furthermore, the CoMn0.5 sample also shows
characteristics of MnC0204 (*), cubic and face-centered
spinel.

The CuMnO0.5 catalyst showed little similarity with
the characteristic peaks of the less intense Mn3O4
structure, suggesting a loss of crystallinity. In addition,
peaks related to the CuMn204 spinel structure (°), with
cubic and face-centered structure, were also identified.

In the diffractogram of the NiMn0.5 sample, the
characteristic NiMn20s spinel peaks (°*) and cubic face-
centered structure. The NiMnOs and NiO secondary
phases, with diffraction peaks coinciding with those of
the main phase, were possibly identified.

Figure 2b shows the X-ray diffraction (XRD)
results for NiMn2Os prepared by the combustion
method with four different fuel/nitrate ratios. The
formation of a spinel structure and some impurities of
metal oxide (NiO and Mn30.) were confirmed in all
catalysts. In addition, the peaks in 26 = 23.1, 32.9, 55.1,
and 65.9 were ascribed to the presence of Mn3O4
(PCPDFWIN 750765).

The diffraction lines corresponding to the Mn3O4
(#) structure were observed in all samples. In addition,
the peaks related to NiMn204 (e), 26 = 23.9, 34.1, 36.9,
41.7,50.2, and 64.0 (PCPDFWIN 011110), cubic face-
centered structure, and possibly NiMnOs, 26 = 35.7,
39.3, and 49.1 (PCPDFWIN 120269), and NiO, 26 =
37.2,43.2, and 62.9 (PCPDFWIN 780643); secondary
phases were also identified. The intensity of these
peaks generated in most NiMn2Os phases was
inversely proportional to the fuel/nitrate ratio; the
increased fuel amount used decreased the catalyst
crystallinity. The average crystallite size calculated
based on the peak around 36° for the NiMn1.25,
NiMn1.67, and NiMn2.08 catalysts were 21, 18.2, and
16.7 nm, respectively.

*
S Mn0.5
— [Te) P
5 - -
— =3 ¢ 2
- 1 LA_L_/LAJ\_/MM
i N
~ *
>
=
7] = CoMnO0.5]
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- ol = A=)
£ N o5 =
o Siie e <

(b) o NiMn2.08
° L 2rY ¢
. e e o®
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L 2} *
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2>
‘g . NiMn1.25
¢ o
-_ . ° o .0
° NiMn0.5
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Figure 2. XRD patterns of (a) the catalysts with a fuel/nitrate ratio of 0.5 and (b) the NiMn O, catalysts with various fuel ratios.
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FTIR analysis of the synthesized samples with a
fuel/nitrate ratio of 0.5 was done in the
500 cm™'—4000 cm™! wavelength range and shown in
Figure 3a. The urea peak was not detected in any
sample, generally indicated by a peak around
1700 cm™, due to the stretching of the double bond
between C atoms. In this case, it was assumed that all
the fuel was consumed in synthesizing the catalysts
with a fuel/nitrate ratio of 0.5 [30,31]. The vibration peak
of NOs groups appearing at 900 cm™, 1360 cm, and
1560 cm™ was also not detected, indicating a total
consumption of nitrate compounds in the samples
[32,33]. Strong peaks formed at 400 cm'=700 cm™
may be related to the formation of spinel structure
[12;34].

CoMn0.5

CuMn0.5

NiMn0.5

NiMn1.25

-

NiMn1.67
. i

NiMn2.08
-_

T T T
4000 3000 2000 1000

Transmitance (%)

Wavenumber (cm™)

Figure 3. FTIR spectra of the catalysts with a fuel/nitrate ratio
of 0.5 and the NiMn»Oy catalysts with various fuel/nitrate ratios.

The spinel structure in these samples was
confirmed by the FTIR results (Figure 3b). According to
the FTIR spectrum of the Ni catalysts with various
fuel/nitrate ratios, the formation of the spinel structure
in all mixed oxides can be confirmed. The bands formed
below 1000 cm™ are attributed to the metal-oxygen
bonds (MOM), and in the range between 700 cm™ and
400 cm are characteristics of the AB20s structure [34].
The band near 700 cm™ is attributed to the stretching
vibrations of the Mn-O group coordinated in a
tetrahedron. The vibrations corresponding to the
stretching of the M-O group of octahedral coordination
are observed around 517 in all catalysts [12,34].

As the urea content in the synthesis of the Ni and
Mn catalysts increases, the intensity of the vibrations,
characteristic of the spinel structure (between 700 and
400 cm™), decreases. It can be explained by the
dependence of the band intensity on the number of
responsible bonds; that is, the oxides obtained with the
lowest fuel/nitrate ratios show more bands attributed as
spinel structures [35].

The H2-TPR experiments of synthesized catalysts

with a fuel/nitrate ratio of 0.5 and the maximum
248

consumption temperatures are shown in Figure 4a. The
Mn3O4 sample has two peaks, one starting at
approximately 270 °C and another between 400 °C and
510 °C. According to the literature, the first one possibly
refers to the reduction of Mn203 to Mn3O4
(Mn®* — Mn®/Mn?*), and the second to the reduction of
Mn304 to MnO (Mn3*/Mn?* — Mn?2*) [36].

The sample reduced at lower temperatures is
CoMn0.5, with two reduction peaks. The first one is
between 100 °C and 250 °C, corresponding to the
reduction of Co304 to Co® (Co?*/Co* — Co?* — Ca?),
and the second one between 300 °C and 450 °C,
related to the reduction of CoMn204 (Co** — Ca°) [12].
The CuMnO0.5 catalyst showed only a reduction peak
between 200 °C and 400 °C, related to the CuMn204
reduction (Cu?*/Cu'™ — Cu°) [12].

The NiMn0.5 catalyst showed the highest peaks
near the peak range presented by the Mn0.5 sample.
For example, a peak between 250 °C and 430 °C refers
to the reduction of NiMn2:Os4s and NiMnOs to NiO
(Ni** — Ni?*), and another between 400 °C and 600 °C
refers to the reduction of NiO to Ni° [23].

The H2-TPR experiments of NiMn204 synthesized
with a different fuel/nitrate ratio and the maximum
consumption temperatures are shown in Figure 4b. It
can be observed that all NiMn samples showed
similarities in the reduction profiles, with two
characteristic peaks attributed to the
decomposition of surface species NiMn20Os and
NiMnO3/NiO — MnO/Ni — MnO. The NiMn1.25 catalyst
has the peak of the first major reduction, indicating the
presence of more NiMn2Os structures [23]. For this
catalyst, a shift of the peaks towards the lowest
temperature is observed. In the case of NiMn1.67 and
NiMn2.08, a possible stronger interaction between
manganese and nickel made the reduction more
difficult. This effect can also be attributed to the
increased partial water pressure in the catalyst pores
as the particle diameter increases [22].

——NiMn0 .5

i —— NiMn1.25
i ——NiMn167
i —— NiMn2.0g|

—— Nilin0.5
Mnd.5
ColMn0.5

TCD singnal ia.u.)
TCD singnal ia.u)

= =
S 2
] a

75’“”-’-"-‘”"5‘:':: _ampz;.-ra;turefci

Figure 4. TPR curves for (a) the catalysts with a fuel/nitrate

ratio of 0.5 and (b) the NiMn,O, catalysts with various fuel
ratfos.



DE MORAES et al: STUDY OF CATALYTIC OXIDATION OF TOLUENE....

Chem. Ind. Chem. Eng. Q. 29 (3) 243-252 (2023)

Figure 5 shows the surface morphology of the
samples with the same fuel/nitrate ratio (0.5). From the
analysis of micrographs, we can observe the formation
of aggregate particles in the form of grains, which tend
to aggregate and grow due to the high temperatures
reached during the synthesis. The addition of a second
metal made these grains smaller.

Among the synthesized oxides with a fuel/nitrate
ratio of 0.5, the CoMn0.5 was with the largest
agglomerates, and the NiMn0.5 was with the smallest
ones. The surfaces of the CoMn0.5 and Mn3O4 samples
have voids in their structure, attributed to the evolution
of larger quantities of gases during combustion [37].

The morphology and the particle size distribution
of the Ni catalysts with various fuel/nitrate ratios
(Supplementary Information) also indicated that the

influence of the urea content used is evidenced by
observing that the structure of the obtained powders
changes with increasing particles as the fuel/nitrate
ratio is increased. It is also observed that the NiMn0.5
and NiMn1.25 samples have the most homogeneous
surface, while the NiMn1.67 and NiMn2.08 samples
have bigger and denser, occasionally dispersed
clusters.

Figure 6 shows the catalytic performances of the
catalysts in toluene combustion. The evaluation of the
catalytic performance of all catalysts synthesized with
a fuel/nitrate ratio equal to 0.5 showed conversion of
100% of toluene at 300 °C, while this conversion to
Mn3Os was only observed at 400 °C; this increase in
catalytic activity is attributed to the addition of the
second metal (Co, Cu, and Ni).

Figure 5. SEM images of the catalysts with a fuel/nitrate ratio of 0.5: (a) CoMn0.5, (b) CuMn0.5, (c) NiMn0.5, and (d) Mn3O;.
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Figure 6. Curves for converting toluene over (a) the catalysts with a fuel/nitrate ratio of 0.5 and (b) the NiMn»Oy catalysts with
various fuel ratios.
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At the lowest temperature (100 °C), the catalyst
CuMn0.5 showed the best conversion (27%), but
NiMn0.5 was more active for toluene oxidation at higher
temperatures. Although the synergistic interactions
between Mn®** and Ni** cations by oxygen bonds
increase the catalytic activity at higher temperatures
(>200 °C), the increase of the Ni?* ions in the
synthesized powders improves the reducibility of mixed
oxides.

CoMn0.5 was less active at temperatures below
300 °C. This performance, combined with the XRD,
FTIR, and TPR results, may indicate that CoMn0.5
presents a lower number of active Mn®* and Co?* sites
than the other synthesized samples with a fuel/nitrate
ratio of 0.5. Likewise, the highest activity of the NiMn
oxide is attributed to the high content of Mn®" and the
synergistic effect between manganese in the spinel and
Ni?* cations.

NiMn0.5 showed the highest activity than others.
It can be observed that the synergistic effect, together
with the smaller synthesized NiMn catalysts, showed
better catalytic activity (NiMn0.5> NiMn1.25>
NiMn1.67> NiMn2.08). Only the NiMn0.5 catalyst
converted 100% toluene at 300 °C, while the maximum
conversion obtained with NiMn2.08 was 81% at 400 °C.

Upon analyzing the results of the catalytic tests
and the analysis of XRD, TPR, and FTIR, higher
activities for the NiMn204 and CuMn204 catalysts can
be observed compared to the CoMn204 catalyst. It can
be attributed to the presence of active sites of Mn**,
Ni* and Cu?*. Likewise, the largest activity of NiMn204
is attributed to the highest content of Mn®* and the
synergistic effect of manganese on spinel and Ni**
cations [38]. The catalytic performance of NiMn0.5 for
toluene oxidation was compared with the literature that
reported mixed oxides and noble metal catalysts, as
shown in Table 2.

Table 2. Comparison of the catalytic performance between
NiMn0.5 and other literature reported catalysts.

Catalyst Catalyst Toluene Teo® Ref.

mass (g)  concentration (°C)

(ppmV)

Co02AIO 0.4 530 284 [39]
5%Co/Al203 368
5%Cu/ALOs 02 1000 363 (40
CusFeOx 0.1 800 294 [41]
Au/CeO2 280
Al2O3 350
Ag/CeO2- 220
Al2O3 190
Pd/CeO 0.05 1000 [42]
Al203
Pt/CeO2
Al2O3
NiMn0.5 0.1 1000 282  This work

3Tqo is the temperature at the time of conversion of 90% toluene.

VOC oxidation occurs according to a Mars-van

Krevelen-type redox cycle, which involves the
250

adsorption of VOC and its subsequent oxidation by
lattice oxygen and adsorbed oxygen atoms [43]. Since
the mechanism involves the exchange of oxygen
between the lattice and gas phase and oxidation of CO,
oxygen mobility in the redox cycle and the surface
acidity for breaking carbon-carbon bonds are important
in hydrocarbon oxidation [44]. Although the correlation
of acidity with the activity in oxidation reactions is still a
subject of debate, it can be stated that the acid-base
properties of mixed oxides may have a key role in
controlling the kinetics of adsorption-desorption of the
reactants and intermediate species [45]. In this case,
metallic couples must be in different oxidation states for
the reaction to occur. The more active sites, the greater
the activity of the catalysts for the reaction. If more
active Mn®* and Ni?* sites are present in the NiMn204
sample, this will justify its higher catalytic activity
[12,38].

CONCLUSION

The spinel structure in all catalysts has gained
prominence due to its high thermal resistance,
selectivity, and electronic properties, which improve
oxide reducibility.

The higher activity of NiMn oxide is attributed to
the higher Mn®* content and the synergistic effect of
manganese on spinel and Ni?* cations. This effect,
added to the larger areas of the synthesized NiMn
catalysts with lower fuel/nitrate ratios, gives the lower
urea catalysts better catalytic activity. The synergistic
effect added to the larger areas of smaller synthesized
NiMn catalysts gave the lowest urea catalyst the best
catalytic activity (NiMn0.5> NiMn1.25> NiMn1.67>
NiMn2.08). Furthermore, the catalyst toluene
conversion temperature of 100% studied in the present
work is compatible with commercially used Au-based
catalysts, which are more expensive and susceptible to
poisoning.
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PROUCAVANJE KATALITICKE OKSIDACIJE
TOLUENA KORISCENJEM KATALIZATORA
MESOVITIH OKSIDA Cu-Mn, Co-Mn | Ni-Mn

Uspesna sinteza AMn2Oy (A = Co, Cu, i Ni) spinela sagorevanjem rastvora postignuta je
za manje vremena nego drugim metodama. Za oksidaciju toluena korisceni su svi
katalizatori sa istim odnosom gorivo/nitrat i istraZen je odnos izmedu njihovih svojstava i
aktivnosti. Medu njima, nikl manganit je pokazao najvecu aktivnost, a promenom odnosa
gorivo/nitrat se traZilo da se dobife najprikladnija struktura za proucavanu reakciju.
Fizickohemijska analiza je koriScena za definisanje karakteristika sintetizovanih
kalalizatora. Rezultati su pokazali uspesnu sintezu spinela i da u strukturi katalizatora
postofe pikovi drugih materijala (pojedinacne oksidne faze). BET-BJH analize otkrile su
mezoporozne strukture i, s obzirom na ogranicenja opreme, sve su klasifikovane kao
manje od 10 n?/g. SEM slike dokazuju uticaj koriécenog sadrzaja uree. Velicina Cestica
se povecava pri visim odnosima gorivo/nitrat. Uzorci NiMn1.67 i NiMnZ2.08 pokazali su
vece i gusce, retko dispergovane klastere. Istovremeno, s obzirom na analizu reaktora i
rezultate isptraZivanja, utvrdeno je da sintetizovani katalizator sa odnosom gorivo/nitrat
od 0,5 ima najbolje performanse u pogledu oksidacije toluena.

Kljucne reci: sinteza sagorevanjem rastvora, odnos goriva i nitrata, manganit
spineli, oksidacifa toluena.



