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Abstract Mono-component and bi-component catalysts,
prepared by impregnation of silica with aqueous solution of
Mn, Co, and Ce nitrates, were tested in the reactions of
complete oxidation of n-hexane and ethyl acetate. The
catalysts were characterized by powder X-ray diffraction,
temperature-programmed reduction, X-ray photoelectron
spectroscopy, and Fourier transform infrared spectroscopy
(FTIR). The catalytic activity is significantly increased by
the combination between manganese and cobalt, which is
explained as a result of the high mobility of lattice oxygen,
the simultaneous presence of Mn*"—Mn** couple, decrease
in the strength of the Co—O bond, and the predominance of
Co in the second oxidation state on the catalyst surface.
The decrease in catalytic activity of Mn—Ce sample is
attributed to the predominance of Ce on the surface and
lower mobility of the lattice oxygen.

Introduction

Volatile organic compounds (VOCs) are known to con-
tribute to a number of environmental problems such as
formation of ground-level ozone, photochemical smog, and
toxic air emissions [1]. When there is no interest in
recovering VOC, they are usually destroyed by deep oxi-
dation. Among the techniques to decompose VOC,
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catalytic oxidation is preferable to thermal oxidation
because of its low energy consumption and lower tem-
perature of operation. Catalysts based on precious metals
are commonly used for these processes. Metal oxides are
an alternative to the high cost noble metals. Among all
studied metal oxides, the most active single oxides are
those of Cu, Co, Mn, and Ni. The catalytic properties of
MnO,-based catalysts are attributed to the ability of man-
ganese to form oxides with different oxidation states and to
the high mobility of oxygen species [2, 3].

Cobalt oxide is reported to be quite promising among the
metal oxides used for preparation of supported catalysts for
the removal of CO [4-6] and VOC [7-9]. The active phase
dispersion in supported catalysts is known to control their
activity. In our previous investigations, we found [10] a
considerable increase in activity with the samples prepared
from mixed solution of Co(NOj3),-6H,O and Mn(NOj3),-
6H,0 irrespective of the Co/Mn ratio, when compared with
the samples, prepared by consecutive impregnation of the
metal salts. This was related to the formation of finely divi-
ded oxides upon combination between cobalt and manga-
nese. Cerium has high oxygen storage capacity, associated
with fast Ce**/Ce* redox process, ensuring more oxygen
available for the oxidation process. MnO,—CeO, catalysts
have been tested in the oxidation of different VOCs as eth-
anol, formaldehyde, and hexane [11-13].

It is of interest to compare the effect of Co and Ce
additives on the catalytic activity of supported manganese
catalysts in the reaction of complete oxidation of ethyl
acetate and n-hexane, especially when both the bicompo-
nent samples (Mn—Co and Mn—Ce) are prepared using a
mixed aqueous solution of the respective salts. n-Hexane
was chosen as a representative VOC of saturated aliphatic
hydrocarbons and ethyl acetate of esters, both compounds
being widely used in the industry.
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Experimental
Catalyst preparation

Single component (Co and Mn) and bi-component (Mn-Co
and Mn—Ce) samples were prepared by introduction of
silica (Aerosil Sggr = 147 mz/g) to an aqueous solution of
the respective salts Mn(NOs3),-6H,0, Co(NOs3),-6H,0, and
Ce(NO3),-6H,0. To prepare the catalysts, the target
amount of salt aimed at obtaining the desired content of
metal (~12% metal) was diluted in 35 mL of distilled
water under stirring at room temperature until complete
dissolution and then 2.5 g of silica was added. The slurry
was further stirred 1 h at 333 K, evaporated under vacuum
at the same temperature. The bi-component samples
(Mn—Co, Mn—-Ce) were obtained from a mixed aqueous
solution of the respective salts. All samples are calcined for
2 h at 450 °C. The metal content in the samples was about
12 wt% (12 wt% Mn/SiO,, 6 wt% Mn + 6 wt% Co/SiO,,
and 7 wt% Mn + 7 wt% Ce/Si0,, respectively). Some
general characterization data of the samples are given in
Table 1.

Catalysts characterization

Powder X-ray diffraction (XRD) patterns were collected at
room temperature in a step-scan regime (step = 0.04°) on a
Bruker D8 Advance diffractometer using Cu K, radiation.
XRD data processing was performed using the X’Pert
HighScore program. The amount of manganese and cobalt
in the catalysts was determined by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) (ARL
3410).

Temperature-programmed reduction (TPR) was carried
out in an equipment described elsewhere [14], using a flow
mixture 10% H, in Ar at 10 mL/min, temperature ramp of
10 °C/min to 700 °C. Prior to the TPR experiment, the
samples were treated in Ar for 30 min at 150 °C.

The X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out in the UHV chamber of an
ESCALAB-MKII (VG Scientific) electron spectrometer

Table 1 Sample characterization

with a base pressure of about 1 x 10~'° mbar (during the
measurement 1 x 10~° mbar). The photoelectron spectra
were obtained using unmonochromatized Al K, (hv =
1486.6 eV) radiation. Passing through a 6-mm slit
(entrance/exit) of a hemispherical analyzer, electrons with
energy of 20 eV were detected by a channeltron. The
instrumental resolution measured as the full width at half
maximum (FWHM) of the Ag3ds,, photoelectron peak was
about 1 eV. The energy scale was corrected to the Cls-
peak maximum at 285.0 eV for electrostatic sample
charging. Fitting of the recorded XPS spectra was per-
formed, using a symmetrical Gauss—Lorentzian curve fit-
ting after Shirley-type subtraction of the background. IR
spectra were collected on a Nicolet 6700 FTIR spectro-
photometer with a spectral resolution of 4 cm™', using a
KBr pellet technique. The IR spectra are shown after
baseline correction.

Catalytic measurements

The catalytic tests were carried out in a flow type quartz-
glass reactor (reactor diameter 6.0 mm) at atmospheric
pressure with a catalyst loading of about 1.0 cm® (sieve
fraction 0.31-0.63 mm). External mass transfer limitations
were minimized by working at GHSV of 30,000 h™'. The
reaction temperature was kept within the limits of £1 °C,
measured at the inlet and outlet of the catalyst bed.

The inlet concentrations of reactants were varied as
follows: n-hexane 360 ppm; ethyl acetate 500 ppm, oxy-
gen 21 vol.%; all gas mixtures were balanced to 100% with
nitrogen. The gas analysis of reaction products was per-
formed using on-line analyzers for CO/CO,/O, (Maihak)
and total hydrocarbons content (THC, ThermoFID).

Results and discussion

The XRD patterns of the mono- and bi-component samples
are shown in Fig. 1. The XRD characteristic of Mn sample
was described in our previous investigation [10]. The XRD
spectrum of mono-component manganese sample shows

Sample Metal content (wt%) Surface composition® (at.%) Atomic Mn/Co and Mn/Ce ratio

Co Mn Ce Co Mn Ce On the surface® In the bulk
Mn 12.67 0.58
Mn—Ce 7.5° 7.5° 0.44 0.38 Mn/Ce = 1.16 Mn/Ce = 2.22
Mn-Co 6.08" 6.2% 0.5 0.4 Mn/Co = 0.8 Mn/Co = 1.07

* From elemental analysis
° Metal content calculated to be supplied by the starting solutions
¢ From XPS
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Fig. 1 XRD patterns of all studied samples calcined at 450 °C

diffraction lines at 20 = 28.9, 37.3, 42.8, and 56.8 corre-
sponding to the f-MnO, (PDF-00-004-0779, pyrolusite).
According to literature data [15-17], bulk manganese
oxides manifest different crystalline phases, depending
mainly on the applied temperature and on the atmosphere
during calcination. The manganese(IV) oxides are formed
at low temperatures [15]. The most stable structure is
p-MnO, [17]. The mean particles sizes of MnO, in the
mono-component Mn catalyst, calculated according to the
Scherrer equation and using the broadening of the (211)
lines, are 16 nm. The broad peaks of low intensity in XRD
patterns of the manganese samples modified with Co or Ce
indicate the presence of very small metal oxide particles,
most likely as result of the interaction between MnO, and
additive (Coz04, CeO,) and possible formation of solid
solutions. The signal at 20 = 33° in the diffractogram of
Mn-Ce sample indicates the presence of «-Mn,03. Addi-
tionally, the broad and poorly resolved peak in the range
20 = 37-39° could be result of the presence of a mixture
of Mn** and Mn>" oxides [18, 19]. No cerium oxide phase
was detected by XRD. Formation of a solid solution
between Mn,O3 and CeO, has been previously reported for
catalysts prepared by different methods [11, 20, 21], and it
is attributed to structural similarities of these two phases.

The presence of cobalt in the calcined Mn-Co sample
results in a shift of the main diffraction line of MnO, to
smaller angle. Since Co and Mn have similar ionic radius,
the above-mentioned change could be regarded as direct
proof of dissolution of the Co ions in the lattice of MnO,.
The formation of mixed Mn—Co,04 5 [22, 23] oxides has
been previously reported. The analysis of XRD data on
Co—Mn samples is difficult because MnO,, Co3z0,4, and
Mn-Co0,04 5 compounds demonstrate lines in XRD pat-
terns at similar 20 values [10]. The oxide particles’ size in
the Mn-Co sample (7 nm) was calculated from the
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reflection at 20 = 37.7. This is not an authentic reflection
of MnO, because several compounds present simulta-
neously on the support that have XRD patterns at this
position. For this reason, the calculated particles size is
only tentative.

Infrared spectroscopy is often a necessary alternative
and useful supplement to XRD, because IR spectrum
analysis is sensitive to amorphous components and those
with short-range order [24]. Bands in Fourier trans-
form infrared spectroscopy (FTIR) spectra of manganese
oxides appear in the regions 200-450, 450-600, and
600-750 cm~'. They correspond to spectral domains
where wagging, bending, and stretching vibrations are
active, respectively [25]. Figure 2a displays the IR spectra
of our Mn and Mn—Ce samples. Since the IR bands of the
MnO, species are shadowed by those of the support (SiO,),
the spectrum of SiO, is given for comparison, as well. The
bands of different manganese oxides and those of mono-
component manganese and bi-component Mn—Ce catalyst
are presented in Table 2. CeO, does not show IR bands in
this region. According to Julien et al. [25], the FTIR
spectra of 5-MnQO, have relatively sharp peaks at 618, 626,
and 545 cm™'. The last one has been attributed to the
vibration due to the oxygen anions displacement relative to
the manganese ions along the direction of the octahedral
chains [25]. The specific fingerprints of the vibration fea-
tures of -MnQO, are the well-defined and intense far-
infrared bands at 329 and 387 cm_l, which are attributed
to vibrations perpendicular to the octahedral chains [25].
The main IR characteristics of the ramsdellite structure
(R-MnO,) are the strong bands at 740 and 687 cm~ . As
can be seen from Fig. 2a and Table 2, the IR spectrum of
our mono-component manganese sample displays the
bands typical for f-MnO, and R-MnO,. Most probably, the
mono-metallic Mn catalyst is constituted by $-MnO, and
amorphous R-MnO,. The occurrence of -MnO, is visible
from XRD data. The fact that XRD pattern characteristic
for R-MnO, is missing in the diffractogram of Mn sample
(Fig. 1), but bands for R-MnO, are seen in the IR spectrum
give us the reason to suppose that part of manganese oxide
is in a form of amorphous R-MnO,. The low resolved
bands at 592, 536, and 670 cm™ ! in the IR spectrum of
Mn—Ce sample could be assigned to Mn,Oj3 oxides since
bands with same position are reported as characteristic for
Mn,O; [25] (Table 2). The occurrence of Mn,Os is evident
from the peak at 20 = 33° in the XRD spectra of Mn—Ce
sample.

Fourier transform infrared spectroscopy spectrum of
bi-component catalyst of Mn modified with Co is presented
in Fig. 2b. Two wide bands were registered at 567 cm ™'
(v1) and at 658 cm™! (v,). The former band is attributed to
the stretching vibration of Co’"—-0, where Co*" is in
octahedral position, and the latter one to the stretching
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Fig. 2 Infrared spectra of (a)
mono-component manganese
and bi-component samples:
a Mn—Ce and b Mn-Co (b)
calcined at 450 °C
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Table 2 IR frequency vibrations of manganese oxides
Samples IR bands (cm™ ") References
Mn 719 670 617 602 546, 335 Present study
Mn—-Ce 719 680, 670, 660 617 592, 580, 536 546 Present study
S-MnO, 618, 626 545 [25]
R-MnO, 740 687 589, 515 [25]
o-Mn,03 606 576, 533 [25]
7-Mn,O3 666 592, 533 [25]

vibration of Co*"—0, where Co*" is in tetrahedral position
[26]. The appearance of these bands could be considered as
evidence for the formation of cobalt spinel. The IR spec-
trum of Co30y is given for comparison, as well. A shift to
lower frequency is observed for these two bands in the
spectrum of the bi-component Mn—Co sample, indicating a
decrease in the strength of the Co—O bond in Co30,.
Figure 3 represents TPR profiles of all samples. The TPR
profile of manganese sample exhibits two peaks at 315 and
410 °C and they are attributed to the two steps reduction of
MnO,; [10, 19]. The reduction profiles of bi-component
catalysts are more complicated. The reduction takes place at
lower temperatures than in the mono-component manganese
catalyst. The assignment of the peaks to different MnO,
species or to specific reduction steps for Mn—Ce catalyst is
not simple, because the reduction of ceria takes place con-
currently. According to Delimaris and Ioanides [12], Mn
promotes the reduction of ceria, and reduction of Ce*t to

Ce*" occurs along with reduction of the manganese ions. As
cobalt and manganese oxides are reduced in the same tem-
perature interval, it is difficult to make a correct assignment
of the reduction peaks to the respective oxide phase for
Mn—Co catalyst. The appearance of a broader region of
hydrogen consumption in the interval 500-700 °C is assumed
to be a result of mixed Co-Mn—oxide phase(s) reduction. Our
bi-component samples were prepared by impregnation of the
support with nitrates and subsequent calcinations at 400 °C.
It has been observed that the decomposition of supported
mixed Co-Mn nitrates at low temperatures (250-400 °C)
often produces finely divided non-stoichiometric spinel
MnCo,04,s [27]. This is a further reason to ascribe the
hydrogen consumption above 500 °C in the bi-component
samples to the reduction of mixed Co—Mn oxides.

The oxidation state of the surface was examined by XPS
analysis. The XPS spectra in the Mn2p region are given in
Fig. 4. According to our previous investigations, the
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Fig. 3 TPR spectra of mono-component manganese and bi-compo-
nent catalysts

oxidation state of manganese in mono-component sample
is Mn*" [10]. Although a general agreement exists in the
literature about the binding energy values (BE), associated
with the different chemical states of Mn, the identification
of various surface species is rather complex in supported
samples, because of the small difference in BE shift
between the oxidation states and the usual broadness of the
peaks. Since the differences between the BE values of
Mn>" and Mn*" jons are small, a peak fitting procedure
including three components, Mn**, Mn**, and a satellite
[28-30], was applied. The observed binding energies at
641.5 and 642.9 eV for Mn—Ce and 640.9 and 642.2 eV for
Mn-Co are associated with the presence of Mn** and Mn> ™
ions, respectively [12, 28-30]. The ratio of Mn*/Mn®t is
1 and 1/2.3 on the surfaces of Mn—Ce and Mn-Co samples,
respectively.

The existence of Mn,Oj3 in the cerium-modified cata-
lysts was proposed based on XRD and FTIR data. Our
results are in accordance with Delemaris and Ioanidis [12]
who detected Mn,O; in the MnO,—CeO, catalysts prepared
by combustion method. The main manganese surface
species in Mn—Co sample is Mn*". The presence of man-
ganese ions in different oxidation states in the bi-compo-
nent catalysts modified with Co can be explained with the
easy formation of solid solutions between cobalt and
manganese oxides. The solid-state properties of the title
system Mn,Co;_,0O, have been extensively studied, and
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Fig. 4 Fitted Mn2p photoelectron peaks of Mn-Ce and Mn-Co
samples

mixed oxidation state of cobalt (C02+ and Co’ *) and
manganese (Mn3+ and Mn4+) and various cationic distri-
butions have been proposed depending on the preparation
method and the calcination temperature [31, 32]. As can be
seen from Table 1, the atomic percentage of manganese is
similar for all studied samples, but there is a difference in
the cation distribution. The Mn*" and Mn>" ions are in
equal quantity on the surface of Mn—Ce catalyst, Mn*" is
predominant species for cobalt-modified samples and only
Mn*" is detected in the mono-component catalyst [10].
The lower Mn/Ce ratio at the surface than in the bulk is
probably due to enrichment in Ce of the surface. The
energy positions of the Ce3d peaks and the presence of a
peak at BE 916.5 eV correspond to Ce*" in CeO, [33],
suggesting that the manganese ions does not affect the
oxidation state of cerium.

Figure 5 displays XPS spectra in the Co2p region of
Mn—Co sample. The spectrum of mono-component Co/
SiO, catalyst is given for comparison as well. The XPS
spectrum of Co sample was fitted assuming Co®*/Co’*
ratio of 1:2. The peak of 2ps/, at 779.2 eV and the very low
intensity of the 3d — 4 s shake-up satellite peak at
785.2 eV are characteristic of Co304 [34]. The presence of
a peak at 780 eV and a satellite at about 787.6 eV in the
photoelectron spectra of the bi-component samples indicate
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Fig. 6 Temperature dependence of the conversion over all samples in
the reaction of complete n-hexane oxidation

the presence of Co”" species [35, 36]. As it can be seen
from Fig. 5, Co®" is the major species on the surface of
these samples.

The temperature dependences of the complete oxidation
of n-hexane and ethyl acetate over the mono- and
bi-component catalysts are shown in Figs. 6 and 7. The
combustion of n-hexane is more difficult, as it is visible
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Fig. 7 Temperature dependence of the conversion over all samples in
the reaction of complete oxidation of ethyl acetate

from the differences in the temperature intervals of the
corresponding S-curves. This result is in accordance with
literature data [36] which report difficult oxidation of the
saturated hydrocarbons. The temperature of 50% conver-
sion was used as a criterion for the catalytic activity. H,O
and CO, were the main detectable reaction products on all
investigated samples, while CO was the only product of
incomplete oxidation and was in the limits corresponding
to conversion of 5% of the inlet VOC.

As it is seen from the Figs. 6 and 7, the rows of activity
in the reaction of n-hexane and ethyl acetate (EtAc)
combustion are: Mn-Co > Mn > Mn—Ce and Mn—
Co > Mn ~ Mn-Ce, respectively. Obviously, the com-
bustion activity is increased in the samples modified with
cobalt and is decreased after cerium addition. It is known
that the transition metal oxides can operate in the oxidation
reactions through a Mars van Krevelen mechanism [37].
According to this mechanism, the substrate is oxidized by
the solid. The oxygen species introduced in the substrate
come from the lattice. In this way, the catalytic behavior
can be correlated to the lattice oxygen mobility of the
crystalline framework. The lattice oxygen mobility is
associated with the catalyst reducibility [38—40]. As it is
discussed above, finely divided oxide particles are formed
to a large extent in the Mn—Co and Mn—Ce samples, and, as
a consequence, the reducibility of the oxide phase is
enhanced. In order to study the role of the lattice oxygen in
the mechanism of n-hexane oxidation, tests without oxygen
in the feed, so-called “depletive” oxidation experiments
[41, 42], were performed. The experiment consisted of
measuring the formation of oxidation products (CO and
CO,) when the supply of oxygen to the gas mixture was
stopped, after attaining steady state at the temperature of
42-44% conversion. The amount of CO + CO, formed
during the test was calculated from the area under the
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transient curves after stopping the oxygen supply to the gas
feed. The lattice oxygen, which takes part in the reaction,
was calculated on the basis of formed carbon oxides
quantities. The duration of the experiment was limited to
150 min, since the oxidation process was practically
accomplished on all samples. The amounts of consumed
oxygen were 7 mg for Mn—Co, 12 mg for Mn, and 5 mg
for Mn—Ce samples. Therefore, the largest quantity of
oxygen withdrawn from the lattice was obtained with the
pure manganese catalyst. The quantity of lattice oxygen,
which interacted with n-hexane during “depletive” oxida-
tion, was lowest for cerium-modified catalyst. This result is
in accordance with the lower activity of cerium-modified
catalyst, providing evidence that the lattice oxygen is
responsible for the catalytic performance.

The results presented on Figs. 6 and 7 show that Mn—Co
sample exhibits higher activity in both combustion reac-
tions. This can be explained by synergy effect of Mn and
Co oxides because both of them are active in oxidation
reactions. Obviously, the highest activity of Mn—Co sample
could not be correlated only with lattice oxygen mobility,
since the quantity of withdrawn oxygen for Mn—Co is
lower than for mono-component manganese catalyst.
Probably, additional factors such as the simultaneous
presence of Mn*'—Mn*" couple, the decrease in the
strength of Co—O bond (as is seen from IR spectrum), and
the predominance of Co in the second oxidation state on
the catalyst surface are responsible for the higher catalytic
activity of Mn—Co. It was established that catalytic activity
increased when the pair Mn*"™—Mn>" existed in the struc-
ture of the oxide [43]. As was shown by XPS data, Co in
the bi-component sample was mainly in the form of Co*™.
Co®" ion, located at a relatively opened coordination
position on the support, can be a center of oxygen
adsorption and formation of active oxygen species, which
are a prerequisite for catalytic oxidation [44]. It is worth to
note that the enhanced reducibility upon combination of
Mn and Ce oxides (as inferred by TPR results) is not
translated into a higher activity in n-hexane and ethyl
acetate oxidation. According to literature data, the com-
position of Mn—Ce catalyst and the interaction between
MnO, and CeO, strongly affected the catalyst activity [6,
7, 11]. The optimum composition was found to depend on
the nature of the pollutant to be destroyed and the method
of preparation [11, 21, 45]. Most probably, the current
Mn—Ce catalyst has no optimum composition for n-hexane
oxidation, and for improved performance in n-hexane
oxidation, an optimization procedure should be applied
with the current Mn—Ce composition. The enrichment in
cerium of the surface (as was shown with XPS data in
Table 1) and the lower lattice oxygen mobility could
be factors responsible for the poor catalytic activity in
n-hexane combustion. In the case of ethyl acetate oxidation,
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the mono-component manganese and the cerium-modified
samples exhibit the same activity. We established in pre-
vious investigations (unpublished data) that twofold
increase in the concentration of manganese in the catalyst
does not change the catalytic activity in ethyl acetate oxi-
dation. These results were attributed to the similar Mn/Ce
ratio on the surface (1.15 and 1.16, respectively).

The performance of the most active bi-component
Mn—Co catalyst was also examined in the presence of H,O
in the VOC/air feed, as this compound is commonly found
in typical VOC-containing exhaust streams. The presence
of water (1.0 vol.%) resulted in decreased conversion over
all studied catalysts (Figs. 6, 7). Mn—Co sample is more
sensitive in comparison with mono-metallic manganese
catalyst in the case of n-hexane oxidation. The presence of
water in the inlet mixture has more noticeable effect on the
ethyl acetate combustion, as seen by the shift of S-curves to
the higher temperatures with about 10 °C at Tso. This
effect is ascribed to the competitive adsorption of organic
molecule and water molecule on the catalytic active sites
[46].

Conclusions

The preparation of supported oxide catalysts combining
manganese with cobalt or cerium by impregnation of silica
with solution containing both components leads to the
formation of finely divided oxide particles and, as a con-
sequence, to the enhancement of the reducibility of the
oxide phase(s).

Mn*" and Mn’" ions were found on the surface of
Mn—Ce and Mn—Co samples. Mn** and Mn*" are equally
represented on the surface in Mn—Ce catalyst; Mn*" is the
predominant species in cobalt-modified sample and only
Mn*" is detected in mono-component catalyst. The addi-
tion of Co to the manganese catalyst leads to partial dis-
solution of cobalt in the lattice of MnO, and formation of
mixed oxide phases. Cobalt is predominantly in the second
oxidation state (C02+) on the surface.

The better catalytic performance of the Mn—Co sample
in both studied combustion reactions is correlated with the
higher lattice oxygen mobility, the simultaneous presence
of Mn*"™-Mn*" couple, the decrease in strength of the
Co-O bond, and the predominance of Co in the second
oxidation state on the catalyst surface. The poor catalytic
activity of the cerium-modified catalyst is related to the
predominance of Ce on the surface and the lower lattice
oxygen mobility.
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