POLITECNICO DI TORINO
Repository ISTITUZIONALE

Cerium—Copper—Manganese Oxides Synthesized via Solution Combustion Synthesis (SCS) for Total
Oxidation of VOCs

Original

Cerium—Copper—Manganese Oxides Synthesized via Solution Combustion Synthesis (SCS) for Total Oxidation of VOCs
/ Marin Figueredo, M. J.; Andana, T.; Bensaid, S.; Dosa, M.; Fino, D.; Russo, N.; Piumetti, M.. - In: CATALYSIS
LETTERS. - ISSN 1011-372X. - 150:6(2020), pp. 1821-1840. [10.1007/s10562-019-03094-x]

Availability:
This version is available at: 11583/2824241 since: 2020-05-18T10:43:53Z

Publisher:
Springer

Published
DOI:10.1007/s10562-019-03094-x

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

06 May 2026



Catalysis Letters (2020) 150:1821-1840
https://doi.org/10.1007/510562-019-03094-x

®

Check for
updates

Cerium-Copper—-Manganese Oxides Synthesized via Solution
Combustion Synthesis (SCS) for Total Oxidation of VOCs

Miguel Jose Marin Figueredo' - Tahrizi Andana’ - Samir Bensaid' - Melodj Dosa’ - Debora Fino' - Nunzio Russo' -
Marco Piumetti’

Received: 3 June 2019 / Accepted: 30 December 2019 / Published online: 9 January 2020
© The Author(s) 2020, corrected publication 2021

Abstract

A set of cerium—manganese—copper oxide catalysts with various foreign metal contents was prepared via the solution
combustion synthesis (SCS). The catalysts were characterized by complementary techniques such as N, physisorption at
—196 °C, X-ray diffraction (XRD), field-emission scanning electron microscopy (FESEM), H,-temperature-programmed
reduction (H,-TPR), O,-temperature-programmed desorption (O,-TPD) and X-ray photoelectron spectroscopy (XPS). Their
catalytic activity was tested towards the VOC oxidation using ethylene and propylene as probe molecules. As a whole, it
has been observed that the CessMn,s sample (Mn 45 at.%), containing MnO, clusters interacting with the ceria phase, was
the most active catalyst for propylene oxidation, exhibiting a complete conversion at 250 °C. On the other hand, the ternary
oxide catalyst (CessMn,, sCu,, s with Mn=22.5 at.% and Cu=22.5 at.%) has exhibited the best results for the oxidation of
ethylene. These findings suggest that the co-presence of different active phases on the catalytic surface may have a beneficial
(multiplicative) role on the whole reactivity. Finally, the most active powder catalysts were wash-coated in a SiC monolith and
tested in a bench-scale reactor. As a whole, the catalyzed monoliths performed the complete oxidation of either ethylene or
propylene at lower temperatures (550 and 450 °C, respectively) than those required to thermally decompose these molecules.
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1 Introduction

Volatile organic compounds (VOCs) include any organic
substance having a boiling point equal or lower than 250 °C
at standard pressure (i.e. 101.3 kPa). In EU as well as in
several other countries in the world, there are already regu-
lations and control of substances effectively classified as
VOC:s and their production at industrial level [1, 2]. These
substances may derive from two different sources: biogenic,
if they are produced in several processes occurring between
the Earth’s crust and the atmosphere, or anthropogenic,
if they result from human-related activities [3]. A virtu-
ally inevitable production of VOCs comes from household
activities (e.g. cleaning, painting) or from various industrial
activities where chemical and/or physical processes are per-
formed, such as automotive, petrochemical, waste manage-
ment and food processing [3]. When humans are exposed to
VOCs, these compounds have demonstrated to represent a
toxic, carcinogenic, mutagenic or teratogenic risk [4], which
motivated further observations on airborne chemical contact
in indoor environments [5, 6].

In this context, several abatement techniques have been
developed to diminish the emissions of VOCs such as ther-
mal or catalytic oxidation, adsorption, absorption and con-
densation [7]. Catalytic oxidation has demonstrated to be a
suitable technique to perform an effective abatement of pol-
lutants in gaseous streams containing variable flow rates and
concentrations [8]. Some examples of the abated pollutants
could be different hydrocarbons and diesel soot [9-11]. The
latter can be oxidized through different mechanisms or kinet-
ics depending on different factors (e.g. operating conditions,
catalyst, reactants, etc.). The kinetic models that describe
the VOCs oxidation over oxide catalysts typically involve
the Langmuir-Hinshelwood and/or the Mars—van Krevelen-
type mechanisms [9]. Different materials have shown prom-
ising performances in the catalytic oxidation of VOCs under
various reaction conditions. Such materials can be supported
noble metals (e.g. Pd, Pt, Ag and Au), which have shown
to be active at low temperatures [9, 12]. Non-noble metal
oxides like oxides of manganese, copper and cerium have
also been widely studied. They are cheaper and more resist-
ant to chemical poisoning than the noble metals as well as
they can be active at relatively high temperatures [9, 12].
Mixed oxides have also shown to be active in the oxidation
of several VOCs, due to possible synergies among the oxide
phases in the catalyst [13-16].

Cerium (IV) oxide has demonstrated its efficacy in cataly-
sis due to its redox properties and oxygen storage capac-
ity, as well as it is able to endorse Mars—Van Krevelen
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(MvK)-type mechanisms [9, 16, 17]. Since the MvK mech-
anism occurs through oxygen species from the solid, the
“redox-flexibility” of the material becomes a key factor for
the catalytic oxidation reaction. Thus, both the electronic
and structural changes caused by the introduction of foreign
metals in the ceria lattice seem to be beneficial toward the
VOC oxidation reactions.

It appears that doping leads to improvements in terms
of structural stability, oxygen storage capacity and mobil-
ity. Moreover, the surface reducibility of ceria-based cata-
lysts can be improved via the presence of two or more oxide
phases (e.g. CeO, with MnO,, CuO,) interacting with each
other thus inducing the formation of oxygen vacancies
[17-22].

In the present work, three sets of mixed oxide catalysts,
two binary oxides (Ce—Mn and Ce—Cu) and one ternary
oxide (Ce—Mn—Cu), with various foreign metal loadings
were synthesized via solution combustion synthesis (SCS).
The catalysts were characterized by the N, physisorption
at— 196 °C, X-ray diffraction analysis, X-ray photoelectron
spectroscopy, H, temperature-programmed reduction, O,
temperature-programmed desorption and field emission
scanning electronic microscopy. Their catalytic activity was
tested towards VOC oxidation reactions, using ethylene and
propylene as probe molecules. Indeed, the two hydrocarbons
are representative of a wide group of VOCs and therefore
possible precursors of carbonaceous matter.

The most active powder catalysts were then deposited on
a silicon carbide (SiC)-based monolith via a novel in-situ
SCS. The catalyzed monoliths were finally tested for the
VOC oxidation in a bench-scale reactor.

2 Experimental
2.1 Catalysts Preparation

Pure cerium, manganese and copper oxides, as well as binary
(Ce-Mn, Ce—Cu) and ternary oxide catalysts (Ce—Mn—Cu)
were prepared through the solution combustion synthesis
(SCS) [13, 19, 23-25]. The mixed oxide catalysts were pre-
pared with different foreign metal contents: 5, 15 and 45
at.%. The notation is: Ce,y,_,M,, where M represents either
Mn or Cu for the binary oxides, and Ce,y,_Mn,,Cu,,, for
the ternary oxides. Therefore, the list of powder catalysts
prepared in the current work is: CeO,, CegsMng, CegsMn, s,
CessMny,s5, Mn,05, CegsCus, CegsCuys, CessCuys, CuO,
CegsMn, sCuy 5, CegsMn; sCuy 5, CessMny, sCuy, 5. During
a typical synthesis, proper amounts of metal precursors,
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namely Ce(NO;);-6H,0 (Alfa Aesar); Mn(NO;),-4H,0;
Cu(NO;),-3H,0 (Sigma-Aldrich), were dissolved in 100 ml
of deionized water along with a “fuel” (urea), whose amount
was made in excess (200% of the stoichiometric amount).
The amounts of precursors were defined to have nominal
metal-to-cerium ratios.

The mixture was stirred vigorously at r.t. for 5 min. Then,
the homogeneous aqueous solution was heated in oven at
650 °C for 30 min.

The most catalytically active powder samples (namely,
CessMn,, sCu,, 5 and CessMn,s) were washcoated in sili-
con carbide (SiC) monoliths [Céramiques Techniques et
Industrielles s.a.s., 290 cpsi (cells per square inch), 3 cm
in length and 2.54 cm in diameter], through an in-situ SCS
with the same precursor mixtures used for the preparation
of powder catalysts. The deposition was carried out by care-
fully injecting the precursor solution to the inner channels of
the SiC monolith. Then, the monolith was placed in a pre-
heated oven at a calcination temperature of 650 °C for 5 min.
After a fast synthesis/calcination, the monolith was cooled
down till r.t. and subsequently blown with compressed air
to remove the undeposited powder from the channels. This
procedure was repeated several times till the catalyst loading
was equivalent to 15 wt%. The two monoliths are denoted as
CessMn,s—SiC and CessMn,, sCu,, 5—SiC.

2.2 Catalyst Characterization

The X-ray diffraction (XRD) patterns were measured on
a X’Pert Philips PW3040 diffractometer using a Cu K,
radiation (20 range 20° to 80°, step=0.05° 26, time per
step=0.2 s). Such patterns were analyzed using the Pow-
der Data File Database (PDF 2000, International Centre
of Diffraction Data, Pennsylvania). The average size of the
crystallites was determined through the use of the Scherrer
formula, D=0.91/(b cos @), where 1 is the wavelength of
the Cu K, radiation, b is the full width at half maximum
(in radians), 0.9 is the shape factor considered for spherical
particles and 0 is the angle of the diffraction peaks.

The specific surface area (Sggy), total pore volume (Vp)
and the average pore diameter (Dp) were determined through
the N, physisorption analysis at—196 °C (Micromeritics
Tristar II 3020) on powders previously outgassed at 200 °C
for 2 h to remove moisture/adsorbed water and atmospheric
pollutants. The Sgpr was determined according to the
Brunauer, Emmett and Teller (BET) method.

The catalyst morphology was studied through a field
emission scanning electronic microscope (FESEM) Zeiss
Merlin, Gemini-II column, using an extra high tension
(EHT) of 3 kV, a working distance (WD) of 2.8 mm and
a probe intensity of 120 pA. Additionally, the chemical
composition of the catalysts was determined through EDS
analysis (Oxford X-ACT) on two different areas/zones on

the sample with a size/diameter of 5-25 um. To analyze
the distribution of different elements on the surface of the
samples, EDS color coded mapping was also performed for
the most active catalysts.

Temperature-programmed reduction/desorption analysis
was realized in a ThermoQuest TPD/R/O 1100 analyzer,
equipped with a thermal conductivity detector (TCD). The
reducibility of the powder catalysts was studied by H,-TPR,
in which a pretreatment was carried out before the analysis
by treating 50 mg of the sample with helium (40 ml min™")
at 550 °C for 1 h. In the H,-TPR analysis, the catalyst was
placed in a quartz tubular reactor and exposed to a reduc-
ing gas flow of 5 vol.% H, in Ar (20 ml min™"). The analy-
sis was conducted under a programmed heating from 50 to
800 °C with a ramp of 5 °C min~! and the final temperature
hold for 10 min. In the O,-TPD analysis, 50 mg of sample
was initially pretreated under a pure O, flow (40 ml min™")
at 550 °C for 30 min and then cooled down to 50 °C still
under the O, flow. Then, the TPD measurement was per-
formed by heating the sample until 950 °C under a He flow
(20 ml min~") at a constant heating rate (5 °C min~"). For
comparison purposes, three commercial MnO, samples
(MnO,, Mn,0; and MnO, from Sigma-Aldrich) were inves-
tigated under the same operating conditions.

XPS (X-ray photoelectron spectroscopy) measurements
were performed on an XPS PHI 5000 Versa probe appa-
ratus using the following conditions: band-pass energy of
187.85 eV, a 45° take off angle and a 100.0 pm diameter
X-ray spot size. The curve-fitting was performed by means
of Multipack 9.0 software.

2.3 Catalytic Activity Tests

Catalytic activity tests of powder samples were performed
in a classical temperature-programmed oxidation setup,
comprising a fixed-bed quartz U-tube reactor (ID =4 mm)
to host the catalyst powder. The reactor was heated by a
PID-controlled furnace and the reactor bed temperature was
measured by a K-type thermocouple.

Before the test, 0.1 g of powder catalyst was pretreated
to remove the adsorbed species. During the pretreatment,
He was fed (flow rate =15 ml min~!) for 1 h, maintaining
a constant temperature of 150 °C. The catalytic test started
with feeding to the reactor a gaseous reactive mixture con-
taining 500 ppm of VOC (either ethylene or propylene) and
10 vol.% of O, (with N, to balance).

During the test, a gas hourly space velocity (GHSV)
of 20,000 h~! and a catalyst weight-to-volumetric flow
rate ratio (W/F) of 0.065 g h 17! was maintained. The
temperature was raised in the range of 50-350 °C, and an
isothermal step was performed every 50 °C. The outlet
gas composition was measured by using non-dispersive
infrared (NDIR) analyzers (ABB Uras 14). To confirm
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the reproducibility of the catalytic tests, three consecutive
catalytic tests were performed, keeping the same opera-
tive conditions. In order to perform the catalytic tests
under wet conditions (RH 100%), the reactant gas flow
was saturated by bubbling it inside a vessel containing
water at 20 °C before flowing it to the U-tube reactor.

To test the activity of the catalytic monoliths
(CessMn,5—SiC and CessMn,, sCu,, s—SiC), a stainless-
steel reactor and a horizontal furnace (60 cm-long)
were used. To optimize the gas flow distribution in the
monolith, the prepared monolith was fixed in a hol-
lowed cordierite monolith (3.5 ¢cm in diameter). The
temperatures (inlet and outlet) of the catalyzed mono-
lith were measured by two K-type thermocouples. Before
the tests, the monolith was outgassed with He (flow-
rate =300 ml min_l) at 150 °C for 1 h. Then, a gas mix-
ture containing 500 ppm of VOC (either ethylene or pro-
pylene) and 10 vol.% of O, (with N, to balance), was fed
to the reactor by mass-flow controllers. GHSV =9000 h™!
and W/F=0.031 g h 17! were maintained during the tests;
the temperature was raised from 100 to 620 °C at a heat-
ing rate of 5 °C min~'. The outlet gas composition was
then measured by the NDIR. Each test was repeated twice
to evaluate the reproducibility. Additionally, time on
stream (TOS) tests were performed to study the stability
of the catalyzed monolith.

3 Results and Discussion
3.1 Material Textural Properties

In Fig. 1, the XRD patterns of the synthesized catalysts are
shown. For pure ceria, the diffraction peaks correspond to
the fluorite structure of cerium (IV) oxide (reference code
01-081-0792), with a face-centered-cubic-structure contain-
ing octahedral and hexahedral holes filled with oxygen ions
[17]. It can be seen that for the binary (Ce—Mn; Ce—Cu) and
ternary (Ce—-Mn—Cu) oxide catalysts, the most intense peaks
corresponding to ceria fluorite structure are still observed
for the samples even with a high content of manganese and/
or copper. However, in the diffractograms of the binary and
ternary oxides with 45% metal content were observed the
peaks corresponding to pure oxides of copper or manganese
(CuO ref. code 00-045-0937; Mn,O; ref. code 01-078-0390)
and mixed copper-manganese oxide (Cu, sMn, sO, ref. code
01-070-0260), thus suggesting the presence of extra-frame-
work species (metal oxides) from the lattice. It can also
be seen that the XRD peak broadens as the metal content
increases. This behavior seems related to the fact that the
content of small and defect-rich crystallites in the samples
is increased [26]. The latter condition, indeed, could favor
the formation of smaller crystallites, with an average size of
12 nm (estimated via the Scherrer’s formula). This means
that elevated percentages of foreign metals in the solids lead
to smaller crystallites, as shown the Fig. S1. On the other
hand, strain effects along with structural defects could occur
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A B C
Ce0 1
2
CeO, Ce, Mn, Cu,_
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Fig. 1 XRD patterns for sets of samples: Ce-Mn (a), Ce—Cu (b) and Ce-Mn—Cu (¢). Crystalline phases: CeO,=square; Cu; sMn, 0, =circle;

CuO =triangle
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when foreign metals (=different radii) are introduced into
the ceria framework.

Table 1 summarizes the various textural properties of the
samples as derived from both XRD and N, physisorption
analysis. As a whole, The BET surface areas were observed
to have values in the range of 8-48 m* g~!. Specifically, at
lower foreign metal contents, the specific surface areas for
mixed oxide samples increase with the Mn/Cu-loadings. On
the other hand, at higher foreign metal contents worse tex-
tural properties can be observed. An exception to this trend
occurs for the CeqsMn, sCu, 5 sample, exhibiting a smaller
BET surface area (8 m? g~!), probably due to the formation
of big crystallites (Table 1; Fig. S1). Conversely, comparable
pore volumes (Vp=0.02-0.12 cm?® g~!) and pore diameters
(Dp=11-24 nm) can be observed for the prepared samples.

Figure 2 shows the morphological properties of the sam-
ples. Most of them exhibit a globular/sponge-like morphol-
ogy, which is the feature of the parent oxide (CeO,). In the
case of Ce—Mn oxides, the size of such agglomerates seems
to increase until the Mn content reaches 15 at.%. At higher
Mn contents, the agglomerate size decreases. The previ-
ous behavior of the superficial features seems to follow the
trend of the specific surface area reported in Table 1. The
diameter of the globular agglomerates that constitute the
Ce—Cu samples (CeysCus and Ceg;Cu,;s) seems compara-
ble, while CessCuys exhibits smaller spherical structures.
Both the CegsMn, sCu, 5 and CegsMn, sCu, 5 samples show
small agglomerates and compact structures with visible
grain boundaries. Their predominantly non-porous struc-
tures confirm the low specific surface areas observed for the

Table 1 Textural properties of the samples as derived from the XRD
and N, physisorption at—96 °C

Catalyst Crystallite  Sggr (m? Vp (cm? g_l)C Dp (nm)?
size*(nm) g7) b
CeO, 23 32 0.09 15
CegsMnj; 12 39 0.07 11
CegsMn, 5 7 41 0.12 15
CessMnys 4 21 0.11 17
CeysCus 14 48 0.09 14
CegsCu,5 10 26 0.08 22
CessCuys 9 16 0.06 17
CegsMn, sCu, 5 37 8 0.02 13
CegsMn, sCus, 5 10 38 0.10 17
CessMny, sCuyys 6 18 0.10 24
Mn,0; 44 15 0.11 28
CuO 27 1 0.01 18

#Calculated through the Scherrer formula
bSpecific surface area calculated through the BET method
“Total pore volume

4Pore diameter calculated according to the BJH method

ternary oxide samples. The pure copper oxide sample (CuO)
exhibits a compact structure with low porosity, while the
pure manganese oxide (Mn,0;) demonstrates small pores
distributed internally and externally on the surface. The EDS
element maps of the catalysts containing 45% foreign metals
are shown in Fig. S3. The analysis performed on some planar
zones on the samples showed a uniform distribution of the
elements on the catalytic surface. The atomic percentages
obtained by the EDS analysis are shown in Table 2. The
results show that the measured atomic percentages of the
elements present in the sample are in fair agreement with
the nominal percentages.

3.2 H,-TPRand O,-TPD Analysis

The H,-TPR profiles of the synthesized catalysts are shown
in Fig. 3. The reduction of CeO, started below 100 °C and
was characterized by two main peaks: the one with a lower
intensity at 194 °C and the one with a more remarkable
intensity at 517 °C. According to the literature, the peak cen-
tered at higher temperature can be ascribed to the reduction
of Ce species, while the peak appeared at lower temperatures
corresponds to the reduction of surface oxygen species [19,
27]. Additionally, the signal occurring at higher temperature
(above 600 °C) can be attributed to the reduction of cerium
species in the bulk phase.

The reduction of copper oxide particles was character-
ized by one sharp peak centered at 266 °C, consistent with
the literature [21, 28]. The reduction of Mn,0O; was charac-
terized by two overlapping reduction peaks. The first one
appeared at 325 °C and was attributed to the reduction step
of Mn,0; — Mn;0,, and the second one was centered at
444 °C. The deconvolution of these two peaks revealed a
total H, uptake of about 9.22 mmol g~!, which is higher than
the theoretical H, uptake of pure Mn,O5 (6.33 mmol g™).
Such value is lower than the corresponding theoretical
uptake when all the manganese is present in the Mn** form
(11.50 mmol g~"). This means that the aforementioned peaks
correspond to the reduction of both Mn** and Mn** species,
as evidenced by the XPS analysis. Therefore, the reduction
pathway for the Mn,0O; sample, as reported in the literature,
is MnO, — Mn,0; — Mn;0, — MnO [13, 29].

The H,-TPR profiles of the binary Ce—-Mn samples, as
seen in Fig. 3a, show a multitude of overlapping reduction
peaks at lower temperatures. In general, the H, uptake and
catalyst reducibility increases with Mn-contents. The reduc-
tion profiles of the CeysMns and CegsMn, 5 catalysts show
that the insertion of manganese into ceria lattice enhances
the reducibility at lower temperatures, thus shifting the main
reduction peak from 517 to 185 °C. In the case of CessMnys,
the reduction profile and the H, uptake change markedly and
this can be due to the presence of manganese oxide species
interacting with ceria.
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Cegs Mn, Cuz.s

Fig.2 FESEM representative images of the fresh powder catalysts

Table2 Chemical composition of the prepared samples (at.%)
obtained from the EDS analysis

Sample O (at.%) Ce(at.%) Cu(at.%) Mn (at.%)
CegsMny 67.00 31.20 - 1.80
CegsMn, 5 72.50 23.90 - 3.70
CessMnys 69.80 18.10 - 12.10
CeysCus 66.50 31.50 2.10 -
CegsCuys 62.00 31.50 6.50 -
CessCuys 57.30 22.00 20.70 -
CeysMn, sCu, 5 62.50 33.90 2.60 1.00
CegsMn;, sCuy, 5 53.00 41.30 2.70 3.00
CessMn,, sCuyy 5 57.40 22.60 11.30 8.70

@ Springer
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The reduction profiles of the Ce—Cu group of samples are
shown in Fig. 3b. It can be noticed that the presence of Cu in
the samples promotes the reducibility at lower temperatures.
The CeysCus and CegsCu, 5 samples are characterized by two
peaks, one appeared at 150 °C and another one at 169 °C
(182 °C for the samples with higher copper contents). The
peak at the lower temperature was attributed to Cu species
in the lattice interacting with cerium (Ce—O—Cu), while the
peak at the higher temperature can be assigned to highly
dispersed CuO, clusters interacting with ceria [19, 27, 28,
30]. For the CessCu,s sample an additional peak appears at
higher temperature, in which segregation of copper oxides
and therefore further formation of crystalline CuO had
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Fig.3 H,-TPR profiles of the A Ce-Mn B Ce-Cu
Ce-Mn (a), Ce—Cu (b) and Ce—
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presumably occurred during the synthesis (as demonstrated
by the XRD analysis). Therefore, the peak of CessCuys
occurring at 209 °C is due to the reduction of CuO clus-
ters dispersed on ceria [19, 27, 28, 30]. Finally, the surface
reducibility of the Ce—Cu systems increases as a function of
the Cu content, as follows: CeysCus < CegsCu; 5 < CessCuys.
As seen in Fig. 3c, the reduction behavior of the
Ce—Mn—Cu samples is similar to that of binary Ce—Cu sam-
ples, which generally exhibit two reduction peaks at about
150 °C and 180 °C. This means that the copper species gives
the major contribution to the overall catalyst reducibility.
However, the presence of manganese species in the ternary
oxide samples seems to induce a slight shift of the reduction

peaks attributed to the copper species [31, 32]. The two
reduction peaks of CeysMn, sCu, s and CegsMn, sCuy 5
were attributed to the reduction of isolated copper species
interacting with cerium and manganese in the lattice (149
and 154 °C), and to the reduction of finely dispersed CuO,
clusters interacting with the mixed oxide (177 and 182 °C).
The H,-TPR profile of the CessMn,, sCu,, 5 catalyst con-
sists of several overlapping peaks, which in turn render
more difficult the analysis of the reduction behavior. The
peak at ca. 157 °C was attributed to the reduction of isolated
copper species, which may be enhanced by the presence of
manganese species. On the other hand, the signal at about
207 °C can be assigned to the combined reduction of the
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Cu, sMn, 50, spinel and the CuO, clusters, both interacting
with ceria. Finally, the peak centered at 232 °C was ascribed
to the reduction of CuO species.

The trends of the low-temperature reduction peaks
(Fig. 3d) show a possible role of the foreign metals in the
ceria-based samples. It is evident that the presence of Mn/
Cu species into the ceria shifts the reduction peaks at lower
temperatures compared to pure ceria (=easier surface reduc-
ibility). Interestingly, for both the 5 and 15 at.% doped sam-
ples, the reduction peaks take place at the lowest temperature

Table 3 Hydrogen uptakes of the catalysts achieved during the
H,-TPR analysis and percentages of reduced Ce** species

Sample H, uptake (mmol Red. Ce** (%)
gcal_l)

CeO, 0.61 20.9
CegsMn; 0.62 16.9°
CegsMn 5 1.14 28.3%
CessMnys 3.09 77.2
CeysCus 0.73 12.9°
CegsCus 1.70 22,9
CessCuys 5.79 98.6
CegsMn, sCu, s 0.61 4.7¢
CegsMn; sCu; s 1.19 24.1¢
CessMny; sCuy, 5 3.96 56.6°
Mn,05 9.22 -
CuO 17.34 -

29 of Ce** reduced if the initial oxidation state of Mn is+3
% of Ce** reduced if the initial oxidation state of Cu is+2

% of Ce** reduced if the initial oxidation state of Mn is+3 and for
Cuis+2

(about 150 °C). This finding can be observed also in terms of
H,-uptake and may be related to the insertion of the metals
in ceria’s lattice with the formation of solid solutions. On
the other hand, at higher metal contents the surface reduc-
tion occurs at higher temperatures, due to the presence of
segregated Mn and Cu oxides as evidenced by the XRD data.

Finally, the deconvolution of the H,-TPR profiles revealed
the involvement of ceria during the reduction. Table 3
reports the total H, uptake of all the prepared catalysts and
the percentage of Ce** species reduced during the analysis,
on the assumption that the Mn and Cu species were initially
present in the sample in the +3 and + 2 oxidation states,
respectively, and that they were reduced to Mn?* and Cu’.
It can be seen that the overall H, uptake of the catalysts
is generally higher than the stoichiometric uptake by the
reduction of the manganese and/or copper species in the
catalysts. In addition, the reduction of the Ce*+ species,
which represents the participation of ceria in the reduction,
seems to increase with foreign metal loading. This indicates
a positive impact of both Mn and Cu as the foreign metals
on improving the reducibility of ceria, possibly through the
interactions among the oxides in the catalyst.

Figure 4 summarizes the results obtained from the
O,-TPD analysis. The O,-TPD profiles of the binary Ce-Mn
oxide samples are shown in Fig. 4a. The TPD profile of
Mn,0O; shows one intense peak appeared at 826 °C. The
estimated quantity of oxygen desorbed during the analysis,
which corresponds to the peak integral area (1.09 mmol g~1),
matches the theoretical quantity of oxygen released in the
reduction step Mn,0; —Mn;0, (1.06 mmol g!). Simi-
lar value has also been reported elsewhere [13, 15]. The
pure ceria sample (CeO,) did not show any relevant oxygen
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Fig.4 O,-TPD profiles of the Ce-Mn (a), Ce—Cu (b) and Ce-Mn—Cu (c) catalysts
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desorption under the same analysis condition. To better
analyze the oxygen desorption characteristics for the pure
ceria sample, an additional analysis was performed under
the conditions reported in the literature [33] and results
are shown in Fig. S4. The peak appeared at approximately
850 °C, which corresponds to the desorption of superficial
oxygen species. The presence of manganese in the Ce—-Mn
samples generally endorses an improvement in the catalyst
oxygen storage capacity. According to the literature, the
presence of Ce species in the solid promotes the higher oxi-
dation state of Mn species at moderate temperatures [34].
The TPD profiles for the Ce—-Mn-O, samples show complex
patterns (Fig. 4a). As a whole, the oxygen desorption at low
temperatures (<400 °C) can be attributed to the release of
chemisorbed (O-type) species (magnification in Fig. S5),
whereas the peaks at higher temperatures can be ascribed
to lattice oxygen (Og-type species) [35]. Specifically, the
Ce;ssMn,5 sample demonstrates an intense peak centred at
638 °C, readily assigned to the reduction of Mn** species.
On the other hand, different profiles can be observed for
both CegsMn, 5 and CegsMny samples. For the latter samples,
indeed, additional signals appear above 800 °C, thus sug-
gesting the presence of reduced Mn>*/Mn** species, along
with Mn** cations. These results are in fair agreement with
the XPS data (vide infra).

At lower temperature, the presence of multiple peaks
suggests the presence of an abundant population of chem-
isorbed oxygen. These TPD results are in fair agreement
with those derived from a set of commercial manganese
oxides (MnO,, Mn,0; and MnO) included in Fig. S6: For
the MnO, sample the reduction of Mn** to Mn** occurs at
about 580 °C with an oxygen release of 2.63 mmol g~! (step
MnO, — Mn,0;). This value is in fair agreement with the
theoretical (calculated) oxygen release (2.87 mmol g_]); the
signal at higher temperature (ca. 811 °C) corresponds to the
reduction of Mn>" species to Mn>*. The integral area of the
latter peaks evidenced an oxygen release of 1.13 mmol g~!
(step Mn,0; —Mn;0,). The theoretical oxygen release
for this step is about 1.06 mmol g~!. Similar results occur
with the reduction of Mn,0O; (peak at ca. 806 °C, oxygen
release =1.13 mmol g~!) thus confirming that Mn>* species
can be reduced at about 800 °C. On the other hand, for the
MnO sample there are not peaks in the TPD pattern, sug-
gesting that Mn?* species do not change their oxidation state
during the analysis. Figure 4b also shows the O, desorption
profiles for the CuO sample and the Ce—Cu catalysts. The
reduction profile of CuO shows a single peak at 927 °C.
The estimated quantity of oxygen desorbed during the analy-
sis (3.13 mmol g_l) is in accordance with the theoretical
quantity of oxygen released in the reduction of Cu®** to Cu*
(3.14 mmol g7 1).

The TPD profiles for the Ce—Cu systems showed an
enhancement of the O, species when the percentage of

copper was increased. Thus, the presence of Cu species
improves the abundancy of chemisorbed oxygen species
on CeO,-based samples. Similarly, the Oy desorption rate
seems to increase with the Cu content. The desorption peak
of Ceys5Cuy;s is similar to that of pure CuO, although it is
lower in intensity and centered at a lower temperature (ca.
887 °C). Such a similarity has led us to suggest that the des-
orption is probably related to the release of lattice oxygen
of the CuO, phases (i.e. Cu’>* — Cu*). Meanwhile, in the
case of CegsCu,5 and CeysCus, the main desorption peaks
are centered at slightly lower temperatures and are lower in
intensity, most likely due to the decreasing amount of Cu?*
species. In addition, the wide peaks occurring between 400
and 700 °C were assigned to Oy released from the mixed
Ce—O—Cu lattice.

Figure 4c shows that the co-presence of manganese and
copper oxides in the ternary oxide samples enhances signifi-
cantly the release of O-type species. The peaks centered at
around 750 °C and 823 °C were ascribed to the release of Oy
species. However, such ascription was not limited to weaker
metal-oxygen bonds, since according to the O,-TPD analysis
of CeO, and Mn,0;, the peak ascribed to the weakening of
Ce-O and Mn-O bonds was centered at a similar position.
Moreover, as evidenced by the TPD profiles of the Ce—Cu
samples, the desorption of Ce—~O—Cu lattice oxygen may
take place at a similar temperature.

3.3 X-ray Photoelectron Spectroscopy

Figure 5a shows the deconvoluted XPS spectra of the pre-
pared samples in the O 1s core level. Three peaks that refer
to various oxygen species were identified for most sam-
ples. The peak appeared in the binding energy (BE) range
of 529.0-529.5 eV was attributed to the lattice-like oxygen
species (Og-species), which are bonded to Ce [36], while
that appeared at 529.8 eV was attributed to the lattice-like
oxygen species bonded to manganese or to copper [37, 38].
The peak between 531.1 eV and 531.5 eV was attributed to
surface oxygen species (O,-species) like O™, or O, and OH
groups [39, 40]. The low-intensity peak appeared at higher
BE range (between 533.2 and 534.3 eV) and it was observed
in the spectra of the mixed oxide samples. This peak was
attributed to the presence of more electrophilic O, species
like weakly adsorbed oxygen species [15, 41, 42]. As seen
in Table 4, the O,/Og ratio for the Ce—Mn catalysts increases
with Mn content, while that for copper-containing samples
(i.e. Ce—Cu and Ce—Mn-Cu) seems to reach a minimum at
the foreign metal content of 15 at%. For the mixed oxide
samples, the abundance of O species is higher than that of
CeO, but lower than those of Mn,0; and CuO. The trend
of the relative abundances of O, among the mixed oxide
catalysts observed via XPS analysis corroborates that of
the oxygen release observed through the O,-TPD analysis,
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Fig.5 XPS spectra of powder
catalysts in the O (1s), Ce (3d),
Mn (2p) and Cu (2p) core level
regions

especially at low temperatures (<400 °C), as shown in Fig.

Ss.

Figure 5b shows the Ce 3d XP spectra of all the ceria
mixed oxides. Generally, the spectra are composed of a
series of spin—orbit doublets “V”” and “u”, related to/located
in the 3ds,, and 3d;,, regions, respectively. The common
BE positions of such peaks, according to the current analy-
sis, are as follows: V at 882.0 eV; V, at 884.6 eV; V, at
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u, at 907.1 eV and u; at 916.3 eV. These peaks are related

to cerium species with various oxidation states and were
used to calculate the abundances of Ce** and Ce** on the
surface. The doublets (Vy, ug), (V,, u,) and (V;, u;) were
assigned to Ce**, while the doublet (V,, u,) was assigned to
Ce** [39, 43]. The relative abundances of these two species
in the samples are summarized in Table 5. It can be seen that
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Table 4 Oxygen species and

their relative abundances (at.%) Sample O,, OH BE (eV) 0, (at.%) O BE (eV) O (at.%) 0,/0

derived from the deconvolution 0, 531.1;533.6 26.2 5292 73.8 0.35

of O Ls XPS spectra CegsMns 531.4;533.8 30.9 529.1 69.1 0.45
CegsMn, 5 531.3;533.5 33.0 529.1 66.0 0.50
CessMn, s 531.3 39.4 529.5 60.6 0.65
CeysCus 531.2;533.8 39.5 529 60.5 0.65
CeysCu,s 531.3;534.3 30.0 5292 70.0 0.43
CessCuys 531.3;533.2 33.6 529.4 66.4 0.51
CeysMn, sCu, 5 531.3;533.7 29.3 529.1 70.7 0.41
CegsMn, sCu, 5 531.3;533.4 28.0 529.1 72.0 0.39
CessMn,, sCuys 5 531.4;533.7 33.0 529.4 67.0 0.49
Mn,0, 531.1 442 529.8 55.8 0.79
Cu0 531.5 472 529.8 52.8 0.90

Table 5 Relative abundances (at.%) of cerium species derived from
the deconvolution of Ce 3d XPS spectra

Sample Ce** (at.%) Ce>* (at.%) Ce*t/ce’
CeO, 85.03 14.97 5.68
CegsMng 71.96 28.04 2.57
CegsMn, 5 79.18 20.82 3.80
CessMnys 78.78 21.22 371
CeysCus 72.13 27.87 2.59
CegsCus 74.08 25.92 2.86
CessCuys 74.80 25.20 2.97
CegsMn, sCu, s 76.33 23.67 3.22
CegsMn, sCu, 5 78.12 21.88 3.57
CessMny, sCuy, 5 77.65 22.35 3.47

the atomic percentage of Ce>* observed for the mixed oxide
samples is higher than that of CeO,. This indicates that the
insertion of Mn and/or Cu in the ceria can produce a distor-
tion in the fluorite framework. This leads to an increase in
the abundancy of defects and therefore to the formation of
new Ce™* sites [39, 44, 45].

Figure 5c¢ shows the Mn 2p XP spectra of the Mn-
containing catalysts. The spin orbit peaks appeared in the
range of 647.5-657.5 eV correspond to the 2p,, level,
while those appeared between 638.5 and 647.5 eV cor-
respond to the 2p;;, level. The deconvolution of the 2p;,,
spectra has been used in many investigations to estimate
the relative abundances of the Mn**, Mn** and Mn?* spe-
cies in the sample [13, 37]. The presence of these Mn
species was observed for the Mn,O; sample (Mn>* are
the most abundant ones). The relative amounts of Mn
ions derived from the Mn 2p spectra deconvolution are
summarized in Table S1. As a whole, it can be seen that
the abundances of Mn species depend on the Mn con-
tent. In fact, the CessMn,5 sample has the highest amount
of Mn** species among the samples, whereas for both

the binary (CeysMns and CegsMn;5) and ternary oxides
(CeysMn, 5Cu, 5 and CegsMn; sCu, 5), the abundancy of
Mn?* species is significantly higher.

Figure 5d finally shows the Cu 2p XP spectra of the
copper-containing samples. The spin orbit peaks appeared
in the range of 930.0-940.0 eV belong to the 2p;,, level,
whereas those in the range of 950.0-960.0 eV belong to the
2p,,; level. The deconvolution of the latter is normally used
to identify the copper species in the sample as well as the
shake-ups related to those species [38, 46, 47]. In the case
of the CuO, Cu** strong satellites at 942.5 and 962.5 eV
were identified. Therefore, the major peak of 2p,,, region
was unarguably ascribed to Cu®* and can be deconvoluted to
two peak components: one centered at 933.6 eV and attrib-
uted to Cu species bonded to lattice oxygen (Cu—O), and
another one centered at 935.2 eV and attributed to the cop-
per hydroxide and/or copper carbonate species [38, 46]. The
results for the deconvolution of the Cu 2p spectra are shown
in Table S2. It can be observed that, in the case of CessCuys
and CessMn,, sCu,, 5, the predominant oxidation state of Cu
was + 2, most likely in the form of copper species bonded to
lattice oxygen as well as to hydroxides/carbonates. The rest
of the copper containing catalysts demonstrates a shift of
the major 2p,,, peak to a lower binding energy (932.5 eV),
thus indicating the presence of Cu™ species. Such a reduced
species most likely originates from a reduction induced by
an interaction among the metal cations [19, 38].

Finally, Table 6 shows the atomic percentages of the ele-
ments in the prepared samples. As a whole, it appears that
XPS results are in fair agreement with EDS data (Table 2),
thus suggesting a good dispersion of the foreign metals
for both the surface and bulk phases. As shown in the new
Table S3 (Supporting Information), the differences (in terms
of ACu and AMn) between the two techniques are low and
S0 it is not possible to argue any whole enrichment or dimi-
nution of the foreign metals on the sample surfaces with
respect to the bulk compositions.
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Table 6 Chemical composition of surface catalysts as analyzed by the ~ temperature for the non-catalytic oxidation of propylene was
XPS observed at ca. 300 °C and the reaction reached a conversion
Sample O @at%) Ce@at%) Cu(at.%) Mn (at.%) of approximately 4% at 350 °C. In the presence of catalyst,
the propylene oxidation reaction occurred at much lower

CegsMns 768 209 - 2.3 temperatures and reached a complete conversion over several
CegsMn;s 80.7 156 - 36 catalysts below 350 °C.
CessMnys 733 14.1 - 126 Table 7 summarizes the catalytic performances in terms
CeosCus 752 194 >4 - of temperatures at which 10%, 50% and 90% propylene con-
CegsCus 754 17.0 76 - version to CO, are obtained (T, Tsq and Ty, respec-
CessCuas 738 12 150 - tively) as well as the reaction rates. Observing the T g,
CeosMny 5Cuy 5 7.6 13.4 >3 37 Tsoq and Ty, values, the performances for pure oxides fol-
CegsMng 5Cus s 75:5 19:5 20 31 low this trend: CeO, (worst activity) < CuO < Mn,0O;. The
CessMnysCups 692 1.3 124 7.0 presence of foreign metals in the mixed oxides improves
the performances in propylene oxidation, thus indicating
possible interactions between Ce, Mn and/or Cu species or
3.4 Catalytic Activity of Powder Catalysts among different oxide phases on the surfaces (as revealed
in the XRD analysis).
3.4.1 Propylene Oxidation The substitution of Ce species with Mn/Cu atoms may
enhance the oxygen defects in the samples, thus improving
As a whole, Fig. 6 shows the conversion of propylene (sec-  the mobility of lattice oxygen and consequently improving

tions a, ¢ and €) and ethylene (sections b, d and f) as a func-  the reducibility of the samples, as evidenced by the TPR
tion of temperature for the prepared samples. The light-off ~ analysis. For each catalyst group, it was observed that both

100 100 100

= I it 3 90 " Ce0,
e 90 ) o =
< 9:'80 N ceﬁsMns ™ ~ 80 T Ce“Cu!
S 80 =~ £ 4—v—Ce Mn S
9 .. 1 O70 = 70 —
@ 70 ® »—Ce, Mn,, * [] 1
® 60 o © 60 <|—e—Mn0, 9 60 —
850—. Sso_-—Nocat. 850_
o - o —
© 40 — 840 - d:’ 40 -
o i
& 30 — &30 4 £ % -
gzo J 220 - 2 20

- — — - =
& 10 — W - g/mwﬂ/ a 10 -

0 — 0 LI LI L

50 100 150 200 250 300 350 50 100 150 200 250 300 350 50 100 150 200 250 300 350
Temperature (°C) Temperature (°C) Temperature (°C)
100
~9 —J~"—CeO, ®
ESO _‘:7’\'7 ce'scus
g % _..—O—Ceu(:u‘s
Z, J—*—Ce,Cu, d
@ 60 J—e—cuo
£ 50 - — Nocat. /
O 40
e
8% ]
>
220 —
- e
w10 -
0 -

100 150 200 250 300 350 50 100 150 200 250 300 350 50 100 150 200 250 300 350
Temperature (°C) Temperature (°C) Temperature (°C)

w
o

Fig.6 Conversions (%) of propylene (a, c, ) and ethylene (b, d, f) over the prepared catalysts
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Table 7 Catalytic performances

Catalyst Propylene oxidation Ethylene oxidation
of the prepared catalysts
Tio% (°C) Tsp0 (°C) Topq (°C) 1" (pmol Ty (°C) T (°C) Ty (°C) » (pmol
h™'m™?) h™'m™?)
CeO, 261 322 - 0.00 310 - - 0.50
CegsMn; 193 237 283 0.11 210 270 313 0.32
CegsMn, 5 153 204 240 0.76 192 239 286 0.31
CessMnys 130 168 194 3.54 163 216 252 1.21
CeysCus 240 288 342 0.06 260 334 - 0.20
CegsCus 186 243 295 0.34 227 283 337 0.26
CessCuys 199 229 270 0.30 210 256 295 0.30
CegsMn, sCu, 5 203 264 329 0.73 227 290 344 1.19
CegsMn, sCu, 5 178 222 262 0.12 208 270 340 0.29
CessMn,, sCu,, 5 153 181 223 1.55 156 183 225 2.75
Mn,0; 161 210 248 1.26 190 233 283 1.09
CuO 212 257 290 3.04 227 276 330 1.10

#Reaction rates calculated at 150 °C

PReaction rates calculated at 160 °C

catalytic performance and catalyst reducibility increased
with metal loading, thus confirming the beneficial effect of
metal cation substitution. On the other hand, the crystallite
size, as evidenced by XRD analysis, decreased with metal
loading. Interestingly, there is a good correlation between
the performances of the mixed oxide catalysts and their
crystal size: the lower the crystal sizes the better the perfor-
mances (Fig. S7).

In terms of reaction rates (measured at 150 °C), mixed
oxide catalysts generally exhibited better activities than
CeO, and, in some cases, than Mn,05 or CuO. The CessMn,;
sample, is the most intrinsically active catalysts and a com-
plete propylene conversion over this catalyst can be achieved
at 250 °C. Such a high performance is most likely derived
from an interaction between MnO, and CeO, phases that
further contributes to the improvement of redox properties
of the catalyst. Then, a performance trend for the prepared
systems can be drawn: Ce—Cu < Ce-Mn—Cu < Ce—Mn.

For the first time to our knowledge, these results con-
firm that the presence of Mn species into ceria-based cata-
lysts prepared by SCS may promote the total oxidation of
propylene.

Concerning the oxidation mechanism of propylene over
metal oxide catalysts, many researchers argued that VOC
molecules can be first adsorbed on the catalytic surface and
then a symmetric allylic intermediate is formed as a con-
sequence of the H-abstraction. Subsequently, the oxidation
occurs on the catalyst surface by the release of lattice oxide
(0*7) and its consequent insertion in the chemical structure
of the intermediate, thus forming an allyl alkoxide. Further
H-abstraction takes place and the carbonyl bond leads to the
formation of an aldehyde, which is then totally oxidized.
Thus, the VOC oxidation over ceria-based catalysts seems to

occur via a Mars—van Krevelen-type mechanism (Scheme 1)
[19]. However, the presence of catalytic surfaces with abun-
dant weakly-bonded oxygen species is beneficial for the
oxidation process since organic molecules can be adsorbed
and the reaction take place. Similarly, spillover phenomena
may occur on the catalytic surface thus enhancing the whole
reactivity [48-50].

Figure 7 (sections a, ¢ and e) shows the results derived
from the stability tests of the most active catalyst for each set
(i.e. Ces5Cuys, CessMny5 and CessMn,, sCu,, 5) in propylene
oxidation. In all cases, reproducible results were achieved
after three consecutive runs. In the case of CessCuys, an early
increase of CO, at 150 °C can be related to a fast release of
CO, at low temperature conditions. Moreover, the best cata-
lyst (CessMnys) was tested under the presence of humidity
(RH 100%). Although worse catalytic performances were
observed in the present case (Fig. S8), it appears that sta-
ble catalytic results can be observed for consecutive cata-
lytic runs. This suggests that ceria-based catalysts acting in

volatile organic

RH(“compound / * 0% — C-O +H*+2e
Ce* - 0% - M
0.5 0, +2e"— 0% 1
Ce¥ - o - M1

Scheme 1 Redox cycle of ceria-based systems (M” and open square
box represent the foreign metal, and the oxygen vacancy, respec-
tively). Adapted from [19]
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Fig.7 Stability study performed in the oxidation of propylene (a, ¢, ) and ethylene (b, d, f) over the CessMnys, CessCuys and CessMn,, sCuy, 5

catalysts

wet-conditions are less performing. This finding seems due
to different causes, e.g. thermal phenomena localized on the
catalytic particles, lower accessibility of active sites, etc.

Further kinetic experiments for the propylene oxidation
over the CessMn,; catalyst were performed varying the inlet
VOC concentration (200, 400, 600 and 900 ppm) at 150 °C.
As a whole, it was observed a positive (linear) dependence
of the oxidation reaction rate (pmolyoe h™") on the VOC
concentration (Fig. S9.A).

3.4.2 Ethylene Oxidation

Figure 6 (sections b, d and f) shows the catalytic tests with
ethylene oxidation. At 350 °C, the non-catalytic reaction
reached < 1% ethylene conversion. In Table 7, it can be seen
that the catalyzed ethylene oxidation also resulted in higher
reaction temperatures than the catalyzed propylene oxidation
and this demonstrates the lower ability of ethylene to be oxi-
dized due to its higher stability. The catalytic performances
for pure oxide samples (CeO,, Mn,05 and CuO) follow
the same trend of the performances achieved in propylene

@ Springer

oxidation: CeO, < CuO <M,0;. The mixed oxide samples
provided better performances than ceria and their catalytic
activities increased with the foreign metal loadings, as well
as for the propylene oxidation. Possible interactions between
Ce, Mn and/or Cu species in the samples or among different
phases are equally beneficial for ethylene oxidation.

As shown in Table 7, the CessMn,, sCu,, 5 sam-
ple is the most active catalyst for the ethylene oxida-
tion at 160 °C followed by the CessMn,s (2.75 and
1.21 pmol h™! m™2, respectively). Interestingly, the total
conversion of ethylene over the CessMn,, sCu,, s sample
was achieved at about 250 °C. These findings are possibly
due to the interaction between the different active phases,
as revealed on the CessMn,, sCu,, 5 sample (vide supra).
For the first time to our knowledge, these results confirm
that the presence of both Mn and Cu species into ceria-
based catalysts prepared by SCS may promote the total
oxidation of ethylene. Like in propylene oxidation and
in many other VOC oxidations, ethylene oxidation may
also be kinetically modelled via a redox-type cycle (i.e.
Mars—van Krevelen reaction mechanism), which involves
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the participation of surface oxygen species. Particularly
in the case of ethylene, previous studies have shown that
the oxidation mechanism involves a mild oxidation of
the molecule on the surface of ceria and the formation
of intermediate formate species, which are consequently
oxidized to CO and CO, [51, 52].

A series of stability tests were equally performed with
ethylene oxidation over the most active catalyst in each
group (i.e. Ces5Cuys, CessMnys and CessMn,, sCu,, 5) and
the results are shown in Fig. 7 (section b, d and f). After
three consecutive runs, the complete ethylene conversion
was achieved over powder catalysts at 350 °C.

As already mentioned for the propylene oxidation, the
best catalyst (CessMn,, sCu,, 5) was tested under wet-con-
ditions (Fig. S8). Although worse catalytic performances
were observed at RH 100% rather than in dry conditions,
comparable results were achieved for two consecutive
catalytic runs in the presence of humidity. This further
confirm the findings reported for the oxidation of pro-
pylene (vide supra).

Additionally, kinetic studies carried out over the
CessMn,, sCu,, 5 sample with different inlet ethylene
concentrations (200, 400, 600 and 900 ppm) at 160 °C
confirm that the oxidation rate does not depend on VOC
inlet concentration (Fig. S9.B), thus suggesting a zero
order-type mechanism respect to the ethylene.

Ce,Mn,Cu_. SiC

25 225

3.5 Catalytic Activity of the Catalyzed Monoliths

With the aim of evaluating the applicability of the most
active catalysts studied in this work for industrial purposes,
both the CessMnys and CessMn,, sCu,, 5 catalysts were
deposited on SiC monoliths via in-situ synthesis. Figure 8
shows various FESEM images of a cross-sectional cut of
an inner CessMn,, sCu,, s—SiC channel taken at various
magnifications. The images on the right were taken in back-
scattered electron mode to better discriminate the catalytic
washcoat (lighter color) from the SiC grains (darker color).
The micrograph on the center shows the presence of cata-
lytic washcoat on the inner wall of the monolith channel and
confirms the effectiveness of the in situ synthesis in forming
a thin catalytic layer (thickness of 326 nm in average) in the
channel. Figure S3 (Section D) shows an EDS map that was
performed on a representative zone of the sample. The map
shows an even distribution of the elements over the surface.

Figure 9 (sections a and b) shows the stability tests
with either propylene or ethylene oxidation over the
CessMn,s—SiC monolith. In both reactions, the catalytic
monolith is effective for the VOC oxidation. The catalytic
reaction reached a complete propylene and ethylene con-
version at around 500 °C and 600 °C, respectively, while
the non-catalytic (thermal) oxidation is achieved at higher
temperatures (ca. 670 °C). The catalyzed monolith also
demonstrated comparable catalytic performances for three

Fig.8 FESEM images at different magnifications of the CessMn,, sCu,, s—SiC monolith

@ Springer
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catalytic runs, thus confirming a good catalyst stability for
both the oxidation reactions. To further verify the stability of
CessMn,5-SiC, several time-on-stream (TOS) measurements
were performed under two different isothermal conditions:
(1) at higher temperature (470 and 590 °C for propylene and
ethylene oxidation, respectively), at which a nearly complete
VOC conversion was achieved and (2) at lower tempera-
ture (372 and 471 °C for propylene and ethylene oxidation,
respectively), at which ca. 50% conversion can be achieved.

Similarly, Fig. 9 (sections ¢ and d) shows the stability
tests with either propylene or ethylene oxidation over the
CessMn,, sCu,, s—SiC monolith. As a whole, it was observed
that the reaction mediated by CessMn,, sCu,, s—SiC mostly
occurred at lower temperatures than that mediated by
CessMn,5—SiC. The catalyst stability was also appreciable
after three consecutive runs.

A study of CessMnys—SiC and CessMn,, sCu,, s—SiC
was carried out under two different isothermal conditions to
investigate the stability at a nearly complete conversion and
at 50% conversion. As shown in Fig. 10, fairly stable propyl-
ene/ethylene conversions can be observed over a TOS of 4 h,

@ Springer
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thus suggesting promising structural and catalytic stability of
the monoliths. A long term-stability study under isothermal
conditions with the CessMn,, sCu,, s—SiC has confirmed a
stable catalytic behaviour for two catalytic runs over a time-
on-stream of 12 h (Fig. S10).

In order to investigate the catalytic behavior of the mono-
liths under different operating conditions, additional experi-
ments were done at various GHSV (namely, 1000, 4335,
9000 and 19,000 h™!) as reported in Fig. 11. As a whole,
a general trend occurs between the GHSV values and the
catalytic performances for both the propylene and ethylene
oxidation: the higher the GHSV the lower the VOC conver-
sion. Specifically, the performances of the monolith-sup-
ported catalysts are closer to those of powder samples at
1000 h™!, as a consequence of the higher residence time of
the reactants into the channels. In fact, the worst results of
catalyzed monoliths can be obtained at 19,000 hl. Finally,
in order to evaluate the catalytic activity of the monoliths
at the same W/F of powder catalysts, further experiments
were conducted at 4335 h™!. In the latter case, however, the
performances of the monoliths are worse than those achieved
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for powder catalysts (see Fig. 6). This finding suggests that
both the different catalytic set-up and fluid dynamics play a
key role on the whole activity [53, 54]. These findings sug-
gest that it is possible to develop scaled-up catalytic systems
(wash-coated monoliths) via a novel in-situ SCS, taking in
consideration the chemical composition of powder catalysts.

4 Conclusions

In this work, several mixed oxide catalysts were synthesized
via the solution combustion synthesis (SCS): two sets of
binary oxides (Ce—-Mn and Ce—Cu) and one set of ternary
oxides (Ce-Mn—Cu), with various metal contents (5, 15 and

45 at.%). The results confirmed that the CessMn,s was the
most performing catalyst for total oxidation of propylene,
thanks to possible interactions between MnO, and CeO,
species. For total oxidation of ethylene, the ternary oxide
CessMn,, sCu,, s was the most active catalyst, likely due to
the interactions among CeO,, MnCuO, and CuO, species.
In both cases, this catalytic improvement can be due to the
enhanced reducibility of the catalysts.

Finally, two catalyzed monoliths (CessMn,s and
CessMn,, sCu,, 5) were prepared through a novel in-situ
SCS and their performances were tested in a bench-scale
reactor. The catalytic results confirmed stable performances
in terms of VOC oxidation of either propylene or ethylene
for a time-on stream of 4 h.

@ Springer
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