Bulgarian Chemical Communications, Volume 50, Special issue H (pp. 34-39) 2018

Catalytic behaviour of nanostructured Ce-Mn oxide catalysts in ethyl acetate
oxidation
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Ce-Mn mixed oxide catalysts were prepared by co-precipitation method and used as catalysts for complete oxidation
of ethyl acetate. The influence of Ce/Mn ratio was in the focus of the discussion in close relation with their catalytic
activity. The obtained materials were characterised by different techniques, such as nitrogen physisorption, XRD, UV -
Vis, and temperature-programmed reduction with hydrogen. A higher specific surface area favouring a higher catalytic
activity as compared with pure CeO, and MnOx was established for all binary oxides. A strong effect of sample
composition on dispersion and redox behaviour of the binary oxides was also found.
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INTRODUCTION

Volatile organic compounds (VOCs) are one
type of toxic pollutants to environment that are
produced in variety of small and medium size indust-
ries. Among VOCs, ethyl acetate is a commonly
used solvent, which can cause several environmental
hazards. It can be completely oxidized to CO, by Pd,
Pt supported catalyst at about 220-320 °C [1]. Some
other papers [2-4] also reported attempts to elimi-
nate low concentration of the ethyl acetate existing
in gas steams. Recently, transition metal/metal oxides
have been extensively studied for VOCs elimination
as an alternative of the expensive noble based
catalysts [5], but here the problem with the forma-
tion of products of partial oxidation, which are often
very harmful for the human health, still exists.
Among them, CeO,-Mn,O, mixed oxides have been
developed as environmentally friendly catalysts for
the abatement of contaminants in both liquid and
gas phases, such as oxidation of ammonia [6],
pyridine [7], phenol [8], and acrylic acid [9]. Incor-
poration of manganese ions into ceria lattice greatly
improved the oxygen storage capacity of cerium
oxide as well as the oxygen mobility on the surface
of the mixed oxides [10].

The present study deals with the effect of Ce/Mn
ratio in CeO,-Mn,O, mixed oxides on the catalytic
behaviour of the latter in total oxidation of ethyl
acetate. For this purpose, the catalysts were char-
acterised by nitrogen physisorption, XRD, UV-Vis,
and temperature-programmed reduction with hydro-

* To whom all correspondence should be sent
E-mail: radostinaiv@abv.bg

gen. A complicated relationship among sample
structure, texture, redox properties, and catalytic
activity was discussed.

EXPERIMENTAL
Materials

Manganese-cerium mono- and bi-component
oxides of different composition were prepared by
co-precipitation method. 1M NH; was added to an
aqueous solution containing known amounts of
Mn(NOs),.4H,O and/or Ce(NOs),.6H,O at room
temperature until the pH of the solution was about
pH=9.02. After 1 hour, the resulting precipitate was
filtered, washed with distilled water, and dried at
373 K for 24 h. Metal oxide samples were obtained
after calcination in air at 773 K for 5 h. The
obtained catalysts were denoted as xCeyMn where
xly represents the Ce/Mn mol ratio.

Methods of characterisation

Powder X-ray diffraction patterns were collected
on a Bruker D8 Advance diffractometer equipped
with Cu Ko radiation and LynxEye detector. Nitro-
gen sorption measurements were recorded on a
Quantachrome NOVA 1200e instrument at 77 K.
Before physisorption measurements, the samples
were outgassed overnight at 423 K under vacuum.
UV-Vis spectra were recorded on a Jasco V-650
UV-Vis spectrophotometer equipped with a diffuse
reflectance unit. TPR/TG (temperature-programmed
reduction/thermogravimetric) analyses were per-
formed on a Setaram TG92 instrument. Typically,
40 mg of the sample were placed in a microbalance
crucible and heated in a flow of 50 vol.% H, in Ar
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(100 cm®min™) up to 773 K at 5 Kmin™ and a final
hold-up of 1-h tests. The catalytic oxidation of ethyl
acetate was carried out in a flow type reactor (0.030
g of catalyst) with a mixture of ethyl acetate and air
(1.21 mol%) at WHSV of 100 h™*. Before the cata-
Iytic experiments the samples were treated in argon
at 373 K for 1 h. Experimental data were acquired
under temperature-programmed regime in the range
of 473-773 K. Gas chromatographic analyses were
made on a HP 5890 apparatus using carbon-based
calibration. Products distribution was calculated as
CO, (Scoz), acetaldehyde (San), ethanol (Sg), and
acetic acid (Sacac) selectivity by the equation: S; =
Yi/X*100, where S; and Y; were selectivity and
yield of (i) product, respectively, and X was conver-
sion. For a precise comparison, the conversion was
normalised to unit surface area (SA = X/A, where X
was the conversion at 650 K and A was the specific
surface area of the sample).

RESULTS AND DISCUSSION

Nitrogen physisorption measurements were con-
ducted in order to elucidate sample textural pro-
perties (Fig. 1, Table 1). All isotherms were of type
IV according to IUPAC classification that is typical
of mesoporous materials. They were characterised
by well-pronounced step at about 0.6-0.8 relative
pressure due to capillary condensation of nitrogen
into the pores. The shape of the hysteresis loop indi-
cated presence of uniform cage-like pores for
2CelMn with average pore diameter about 5 nm.
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Slit-like pores of very wide size distribution was
detected for all other metal oxide materials. The
obtained binary oxides possessed a higher specific
surface area as compared to the individual oxides
and it increased almost linearly upon decrease of the
manganese content in the samples. This could indi-
cate formation of homogeneous metal oxide phase
and further information about this was provided by
XRD measurements of the samples (Fig. 2). The
XRD pattern of pure manganese oxide contained
intensive diffraction reflections at 20 = 23.1°, 33.1°,
38.2°,55.2°, and 65.9° due to well crystallised Mn,05
phase (JCDS 41-1442) with relatively large crys-
tallites. The latter provoked low surface area and pore
volume for this material (Table 1). Additional weak
reflections indicated presence of other crystalline
phases, probably MnO,, Mn3;O,4, which is in accord-
ance with literature data [11,12]. Characteristic re-
flections at 20 = 28.5°, 33.1°, 47.5°, and 56.4° in the
XRD pattern of pure ceria matched crystal planes of
(111), (200), (220), and (311) in cubic fluorite struc-
ture of CeO, (JCPDS 43-1002). Similar but broader
reflections were also observed in the patterns of all
bi-component samples. Here, no reflections of any
manganese oxide phase could be detected. Thus,
formation of ceria-manganese mixed oxide phase
could be assumed [13]. Obviously, the incorporation
of manganese in ceria rendered difficult the agglo-
meration of individual metal oxide phases, which
provided an increase in dispersion (Fig. 2) and BET
surface area (Table 1) of the composites.
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Fig. 1. Nitrogen physisorption isotherms (left) and pore size distribution (right) for pure and mixed metal oxide
samples.
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Fig. 2. XRD patterns of the studied samples.

Table 1. Texture parameters of the obtained oxides deter-
mined by low temperature nitrogen physisorption (spe-
cific surface area Sger; total pore volume Vt, and specific
activity SA)

Sample SgeT, Vi, Conversion, SA,
m’gt  cmig’ 610 K 610 K

CeO, 475 0.12 60 1.26
2CelMn 82.2 0.10 81 0.98
1CelMn 66.9 0.21 90 1.35
1Ce2Mn 57.6 0.26 84 1.46
Mn,O, 7.4 0.025 88 11.89

UV-Vis spectra were recorded to characterise
precisely the oxidation state of metal oxide species
(Fig. 3). The spectrum of manganese oxide repre-
sented a continuous absorption feature, which is due
to variations in manganese oxidation state (Mn2+,
Mn*, and Mn*"). The absorption band at about 250
nm was attributed to a charge transfer between O*
and Mn?*. Absorption at approximately 300 nm was
related to Mn** and the continuous absorption above
300 nm is assigned to 0> — Mn*" charge transfer
and d-d transition for d4 electronic configuration in
octahedral field [14]. Simultaneous presence of
MnO, and Mn,O; after precursor decom-position in
air at a temperature above 623 K was also reported
by Milella et al. [15]. The spectrum of pure ceria
represented two maxima at about 250 and 305 nm
that could be attributed to Ce**«—0O* charge transfer
(CT) and interband transitions, respectively [16].
The latter peak was also assigned to lattice defects.
The former band was broad and it may be super-
posed together with the band of Ce*«0O® charge
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transfer transition. The observed features in the
spectra of bi-component materials could not be
simply assigned to superposition of the spectra of
single oxides. These results confirmed changes in
the environment and/or oxidation state of metal ions
probably due to formation of solid solution.
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Fig. 3. UV-Vis spectra of the studied samples.

Further information for about the redox proper-
ties of the studied materials was obtained by tem-
perature-programmed reduction (TPR) with hydro-
gen (Fig. 4). The reduction effects over 570 K for
pure CeO, were generally assigned to surface Ce**
to Ce** transition [17]. The reduction degree was
about 4% (Table 2).

The DTG-TPR profiles of Mn,O, sample (Fig. 4,
right) consisted of two reduction effects for low and
high temperature regions. They are generally
assigned to step-wise reduction of MnO, (or Mn,053)
to Mn;O, and further reduction of Mn;O, to MnO,
respectively [18, 19]. A decrease in the overall reduc-
tion degree upon ceria increase in the binary
materials (Table 2) indicated stabilised Mn-O bonds
near Ce*" ions. However, here the reduction trans-
formations were broader and shifted to lower initial
temperatures. This observation, combined with an
increase in the ratio of the low temperature to high
temperature reduction effects could be an indication
for the increased Mn*" content at the expense of
manganese ions of lower oxidation state in the
samples. In accordance with the XRD and UV-Vis
data, this could be provoked by stabilisation of Mn**
ions via incorporation in the ceria lattice. Changes
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in the reduction degree (Table 2) showed that the
portion of Mn* ions shared with Ce*" could be
controlled by the Ce/Mn ratio and it seemed to be
the highest for 1Ce2Mn (Table 2).

Fig. 5 gives temperature dependencies of cata-
Iytic activity in ethyl acetate (EA) oxidation for all
studied samples. CO,, ethanol (Et), acetaldehyde
(AA), and acetic acid (AcAc) in different proportion
with temperature rise were registered. For all
samples, ethyl acetate oxidation was initiated over
500 K and an 80-100% conversion was achieved
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above 650 K combined with high CO, selectivity.
Between the pure oxides, manganese oxide exhi-
bited a higher catalytic activity. According to their
catalytic activity, the bi-component mixed oxide
materials are arranged in the following order:
1CelMn > 2CelMn = 1Ce2Mn. All of them
provided a higher catalytic activity than the mono-
component samples, which could be due to the
existence of a synergistic effect between the ceria
and manganese oxide species and/or owing to
higher dispersion and specific surface area.
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Fig. 4. TG (left) and DTG (right) data on the samples.

Table 2. TPR data for all samples (T;,-initial reduction temperature, T - maximum of the reduction peak

Mn¥* —Mn*: M n4+—>Mn2+)

sample Tini- Tmax Weight loss, theoretical, Weight loss, experimental,  Reduction degree,
K K mg mg %

Mn,O, 482 565, 662 4.05 (Mn,05) 4.73 116
2.79 (Mnz0,) 169
9.01 (MnO,) 52

(to Mn?")

1Ce2Mn 458 515, 596 0.94 (Mn,05) 1.12 119
0.68 (Mn30,4) 164
1.62 (MnO,) 69

1CelMn 445 497, 592 0.91 (Mn,05) 0.86 95
0.8 (MngOy) 107
2.08 (MnO,) 41

2CelMn 460 503, 620 0.90 (Mn,05) 0.58 64
0.46 (Mn30,4) 126
1.58 (MnO;) 37

CeO, 577 660, 738 3.72 0.14 4
(Ce™ to Ce*")
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Fig. 5. Temperature dependence of ethyl acetate total oxidation (left) and selectivity to CO, (right) for the studied
samples.

Over 80% selectivity to CO, for all samples was
detected (Table 3). A slight tendency to form by-
products (acetaldehyde and ethanol) with the the
binary oxides was observed. Specific catalytic
activity (SA) per unit BET surface area was cal-
culated as a measure of conversion to elucidate the
impact of textural parameters on sample catalytic
behaviour (Table 1). Note an extremely high SA
value for pure Mn,Oy, which clearly indicates the
decisive role of the oxidation state of the manganese
ions in the samples. The SA values for all binary
materials were much lower than expected if the
samples were simple mechanical mixtures of
individual oxides.

Table 3. Results from the catalytic tests: selectivity to acet-
aldehyde (San), ethanol (Sgy), acetic acid (Sacac), and CO,
(Scop) at 50% conversion of ethyl acetate.

Sample Conversion, Saa Set Sacac Scoz
% % % % %
Mn,O, 50 12 2 86
1Ce2Mn 50 13 5 1 81
1CelMn 50 17 1 82
2CelMn 50 11 6 1 82
CeO, 50 7 6 1 86

Thus, the enhanced catalytic activity of the
binary materials could mainly be related to both
increased dispersion and specific surface area. In
accordance with the TPR data, the decrease in SA
for the binary materials could be due to stabilisation
of the lattice oxygen ions via formation of shared
Mn-O-Ce bonds, which renders difficult the EA
oxidation via Mars-van-Krevelen mechanism [20].
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The TPR data also revealed that the increase in SA
with the increase of Mn content in the binary oxides
could be due to stabilised Mn** ions via their incor-
poration in the ceria lattice.

CONCLUSIONS

Binary manganese-cerium oxides exhibited
higher dispersion and higher specific surface area,
but suppressed reduction ability as compared to the
individual oxides. Catalytic activity and selectivity
in ethyl acetate combustion could be regulated by
variation of the Ce/Mn ratio in the samples. For-
mation of shared Ce-O-Mn bonds and an increase of
the Mn content facilitated the formation of more
active Mn** -Mn®" pairs in ethyl acetate oxidation.
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KATAJIMTUYHN CBOMCTBA HA HAHOCTPYKTYPUPAHMU Ce-Mn OKCHJIHU KATAJIU3ATOPU
3A OKUCJIEHUE HA ETUJIALIETAT

P. H. UBanoBa*, I'. C. Ucca, M. I. Aumutpos, T. C. Lloruera
Hnemumym no opeanuuna xumusi ¢ Llenmwvp no pumoxumus, bAH, 1113 Cogpus, bvacapus

IMoctermna Ha 31 suyapu 2018 r.; Ilpepabotena Ha 6 mapt 2018 .
(Pe3tome)

3a HacTOAMOTO M3cienBane Osxa moimydeHn Ce-Mn cMeceHM OKCHIHH KaTalH3aTOpPH 3a M3rapsHe Ha eTHialeTraT
4ype3 MeTo]] Ha chyTasiBaHe. CrienuaiHo BHUMaHKie Oe 00bpHATO HA BIMSHHETO HAa chOTHOIIEHHeTo Ha Ce/Mn, koero e
B TsACHA BpPB3Ka C KaTalUTHYHATA UM aKTUBHOCT. [lonydeHuTe MaTepuann 0sxa XapaKTepHU3UpaHU C IMOMOINTa Ha
Pa3IHMIHA METOJH, Cped KOUTO a30THA (U3UCOPOIH, MpaxoBa peHTTeHOBA qudpakius, YB-BuauMa CIeKTpOCKOIHS 1
TEeMIepaTypHO-IIPOrpaMHupaHa PeAyKIus ¢ BOAOpoa. Pesynrarute oT (U3MKOXUMHUYHUTE H3CIICABAHUS MMOKA3axa, ue
OMHApHUTE MaTepualyd NPUTEKABAT MO-BUCOKA crenuuIHa TMOBBPXHOCT, KOETO OJIarompHsITCTBAa IO-BHUCOKAaTa
KaTaJIMTHYHA aKTHUBHOCT B CPABHEHHUE C JHOKOMITOHEHTHHUTE OKCHIH. bellie ycTaHOBEH 3Ha4YnMTENeH e(heKT Ha ChCTaBa
Ha 00pa3IuUTe BbPXY TSIXHATA AUCTIEPCHOCT U PEIOKCH CBOMCTBA.
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