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Abstract

MnOx-CeO, catalysts with different Mn and Ce content were prepared to evaluate the effect of metal content on catalytic
properties and activity in the simultaneous NO reduction and o-DCB oxidation, in order to elucidate the most active
species for the process. Catalytic properties were evaluated by ICP-AES, XRD, skeletal FTIR, STEM-HAADF, XPS,
N,-physisorption, H,-TPR, NH;-TPD and pyridine-FTIR. Catalysts with 85%Mn and 15%Ce molar content have been
found to be the most active. Their excellent catalytic performance is related to the coexistence of Mn in different phases,
i.e., Mn species strongly interacting with Ce and segregated Mn species. The effect of the preparation methods has also
been deeply investigated: Co-precipitation method (CP) leads to Mn segregation as Mn,O;, whereas sol-gel preparation
method (SG) promotes the formation of an amorphous powder. The synergy between segregated Mn,O; species and Mn
species in high interaction with Ce (resulting in a mixed oxide phase) leads to the presence of Mn with different oxidation
states. This effect, together with the high oxygen mobility caused by structural defects, enhances redox, acidic and oxida-
tive properties. The improvement of catalytic properties with Mn content also favors NO reduction side-reactions, with
N,O and NO, being the most important by-products, whereas it limits the production of chlorinated organic by-products
in 0-DCB oxidation.

Highlights

e High Mn content, 85%Mn-15%Ce (molar), leads to the best catalytic activity.

At low Mn content, Mn incorporates into cerium oxide structure (mixed oxide phase).

At high Mn content, Mn gradually segregates as manganese oxide.

Co-precipitation enhances morphological properties compared to sol-gel synthesis.

The synergy between Mn in high interaction with Ce and segregated Mn is key for catalytic activity.

Keywords Mn and Ce content - NO reduction - 0-DCB oxidation - Segregated Mn - Mixed oxides

1 Introduction

Sustainable waste management is one of the most important
challenges our society has to face in the short term. Cur-
rent regulations on this issue establish a hierarchy in which
any way of waste recovery is prioritized over landfilling [1].
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oxides (NOy), chlorinated compounds, etc., which must be
abated to meet the emission limits.

In the latest years, the research on integration of NOy
and dioxins and furans (PCDD/Fs) removal has attracted
extensive attention. NOy are removed by selective reduc-
tion, through either a non-catalytic or a catalytic process.
Selective catalytic reduction (SCR) allows to reach higher
efficiency levels in terms of conversion, selectivity and
reducing agent saving [4, 5]. Consequently, it is the best-
positioned technology in view of the foreseeable tighten-
ing of emission limits for the future. On the other hand,
PCDD/Fs are mostly abated by adsorption, which allows to
meet the emission limits, but it has the disadvantage of not
destroying the pollutants and generating a waste that needs
further treatment [6, 7].

The traditional catalyst for SCR units, based on vana-
dium oxide [4], is reported to be also active to carry out the
catalytic oxidation of PCDD/Fs [8, 9]. This catalyst offers
the possibility of removing two different pollutants in a
single stage. Hence, the advantages of SCR on the removal
of NOy will be added to those of catalytic oxidation, which
would allow to destroy the PCDD/Fs through total oxida-
tion. In fact, the simultaneous removal of both pollutants is
already reported on the Best Available Techniques reference
document for waste incineration by the JRC [10].

Currently, SCR units are located at the end of the gas
cleaning line to avoid the poisoning of the catalyst by some
pollutants, such as SO, [11]. Because of this, the tempera-
ture of the gas feeding stream is below the operating tem-
perature of the SCR unit, so that it must be heated, which
consumes energy resources [12]. For this reason, commer-
cial SCR systems demand to operate at lower temperature
in order to avoid heating costs. This inevitably means the
use of more active catalytic formulations to perform SCR at
lower temperatures.

In this sense, transition metal oxide catalysts have been
widely studied in recent years for low temperature SCR
[13-15]. Among them, Mn-based catalysts are the most
reported ones because of the variability in oxidation states
and crystal phases, which offers the possibility of having a
wide variety of active species. MnO, is considered as the
most active manganese oxide in SCR [16, 17]. Tang and
co-workers [18] evidenced a higher catalytic activity of
amorphous manganese oxide in comparison to crystalline
manganese oxide in the low temperature SCR. Moreover,
Kang and co-workers [19] studied the effect of calcination
temperature and precipitating agent. Catalytic activity of
Mn-based catalysts can be notably enhanced by doping with
other transition metal, such as Cu, Co, Fe, Ce, etc. [20-23].
Among them, Ce doping is the most widely studied, as it
favors the promotion of oxygen vacancies and also allows
Mn incorporation to the CeO, structure leading to a mixed
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oxide phase. Qi and co-workers [24] studied MnOy-CeO,
catalysts prepared by co-precipitation and reported NO con-
version around 95% at 150 °C. In the same way, Shen and
co-workers [25] obtained NO conversion above 90% with
MnOy/CeO, supported catalysts. The positive effect of Mn
content on NO conversion has been also highlighted by Liu
and co-workers [26], although it causes at the same time a
decrease in N, selectivity.

MnOy-CeO, catalytic formulation is also reported in
the literature to be active in oxidation reactions of organic
compounds, such as toluene, ethanol, acetaldehyde [27, 28]
and chlorinated organic compounds, such as chlorinated
benzenes and trichloroethylene [29, 30]. In this sense, Wu
and co-workers [31] reported total conversion of o-xylene
above 250 °C with MnOy-CeO, catalysts. Similarly, Xingyi
and co-workers [32] concluded that the increase in Mn con-
tent favors chlorobenzene conversion. The fact that MnOx-
CeO, catalytic formulation is active for oxidation reactions
suggests that this formulation can be also active on the oxi-
dation of PCDD/Fs, making the simultaneous removal of
NOy and PCDD/Fs feasible.

It is well known that preparation method plays a key role
on the interaction degree between Mn and Ce in MnOy-
CeO, catalysts [33, 34]. Previous research has shown that
co-precipitation and sol-gel favor a high interaction between
Mn and Ce, which means Mn incorporates into CeO, struc-
ture leading to a mixed oxide phase, and oxygen vacancies
are promoted [35]. Those facts allow the formation not only
of Mn and Ce highly active species, but also of active oxy-
gen species to perform the reactions. In addition to the inter-
action degree, metal content also plays an important role on
the active species present in the catalysts, as it can change
the crystallinity of the sample and the ratio Ce/Mn.

This work aims to assess the effect of Mn and Ce con-
tent on MnOy-CeO, catalysts prepared by two methods that
ensure a high interaction degree between these metals, in
order to find which active species is the most active in NO
reduction carried out simultaneously with the oxidation of
0-DCB (this one used as model compound of PCDD/Fs).

2 Experimental
2.1 Catalyst Preparation

In order to assess the Mn and Ce content and to elucidate
which active species favors catalytic activity, three bime-
tallic samples with different compositions have been stud-
ied: one rich in Ce (15%mol Mn and 85%mol Ce, named
15Mn85Ce), a second one with equimolar composition
(50%mol Mn and 50%mol Ce, named 50Mn50Ce) and the
third one rich in Mn (85%mol Mn and 15%mol Ce, named
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85Mn15Ce). For the synthesis of these samples, both co-
precipitation (CP) and sol-gel (SG) methods were used,
since our previous research has proven they provide a high
interaction between Mn and Ce [35].

The procedure followed in each preparation method is
explained in the following.

2.1.1 Co-precipitation

The proper amount of precursor compounds,
Mn(NO;),4H,0 and Ce(NO;);-6H,0, was solved in dis-
tilled water at room temperature. Subsequently, a 1.3 M
solution of ammonium carbamate (H,NCOONH,) was
added drop by drop until reaching a pH value of 9 to precip-
itate the metal cations. The resulting suspension was aged
for 2 h and, then, filtered and washed with distilled water.
The obtained solid was dried for 12 hat 110 °C and calcined
in static air at 500 °C for 3 h with a heating ramp of 1 °C/
min. Finally, the catalyst was sieved to 0.3—0.5 mm to avoid
mass transfer limitations in the catalytic tests. Three bime-
tallic catalysts were prepared with a molar composition of
15%Mn and 85%Ce (15Mn85Ce CP), 50%Mn and 50%Ce
(50Mn50Ce CP) and 85%Mn and 15%Ce (85Mn15Ce CP).
Pure cerium oxide (CeO, CP) and manganese oxide (MnOx
CP) were also prepared following this procedure.

2.1.2 Sol-gel

The proper amount of precursor compounds,
Mn(NO;), 4H,0 and Ce(NO;);-6H,0, was solved in dis-
tilled water at room temperature. As chelating agent, citric
acid was also added to the solution with a molar ratio of
0.3(Mn+ Ce). Subsequently, the temperature of this solu-
tion was progressively increased to 80 °C in continuous
stirring leading to the evaporation of the solvent and the
formation of the gel. The obtained gel was dried for 12 h
at 110 °C and calcined in static air at 500 °C for 3 h with a
heating ramp of 1 °C/min. Finally, the catalyst was sieved to
0.3-0.5 mm to avoid mass transfer limitations. Three bime-
tallic catalysts were prepared with a molar composition of
15%Mn and 85%Ce (15Mn85Ce SG), 50%Mn and 50%Ce
(50Mn50Ce SG) and 85%Mn and 15%Ce (85Mn15Ce SG).
Pure cerium oxide (CeO, SG) and manganese oxide (MnOx
SG) were also prepared following this procedure.

2.2 Catalyst Characterization

Actual metallic content was analyzed by inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES). The
samples were dissolved in HCl: HNO; (3:1 molar ratio),
and the measurements carried out in a Horiba Yobin Activa
equipment.

X-ray diffraction (XRD) was used to identify the differ-
ent crystal phases composing the samples and their crystal-
linity degree. The analysis was performed on a Philips PW
1710 X-ray diffractometer with Cu Ko radiation (A= 1.5406
A) and Ni filter. The measurements were ranged between 20
and 60° (20) with step size of 0.026° and counting time of
528 s. The crystal phases composing the samples were iden-
tified by comparing with JCPDS database cards.

Skeletal FTIR was also used to analyze structural proper-
ties of the samples. The analysis was carried out in Nicolet
380 and Thermo Nicolet Nexus Fourier Transform instru-
ments in the range of 4000400 cm™!' (100 scans with a
resolution of 4 cm™'). For the analysis, all samples were
diluted in KBr and pressed in discs of 0.7 g approximately.

STEM-HAADF images with elemental maps were car-
ried out in a FEI Titan Cubed G2 60-300 electron micro-
scope working at 200 kV and equipped with a Super-X EDX
system, high-brightness X-FEG Schottky field emission
electron gun, monochromator and CEOS GmbH spherical
aberration corrector (Cs). These components operate under
a HAADF detector in STEM mode (camera of 180 mm).
Prior to the analysis, the samples were dispersed in ethanol
using an ultrasonic bath.

XPS measurements were performed in a SPECS spec-
trometer with a Phoibos 150 1D-DLD analyzer and a mono-
chromatic radiation source Al Ka (1486.7 eV). The sample
pelletized in a disc was degassed and introduced in an ultra-
high vacuum chamber (107 Pa). Firstly, the elements pres-
ent in the sample were identified (0.1 s, 80 eV), and then the
detailed analysis of the identified elements was carried out
(0.1 s, 30 eV) with an exit angle of 90°. All spectra were
referenced to C 1s. The results were analyzed with CASA
XPS software, involving Shirley background subtraction
and deconvolution of the spectra using mixed Gaussian-
Lorentzian function.

Textural properties of the samples were evaluated by N,
adsorption-desorption. The analysis was performed on a
Micromeritics TRISTAR II 3020 at —196 °C. Prior to the
analysis, the samples were pre-treated with a flow of N, at
350 °C for 4 h. BET procedure was used to calculate the
specific surface area by using the data obtained from the
adsorption isotherm branch in the relative pressure between
0.03 and 0.3. Average pore size was estimated according to
BJH method using the resulting data from the desorption
isotherm branch.

Redox properties of the samples were evaluated by
temperature programmed reduction with H, (H,-TPR) on
a Micromeritics AutoChem 2920 instrument. Firstly, for
the pretreatment of the samples, each one (15-20 mg) was
exposed to 50 cm*/min of 5% O,/He mixture at 500 °C for
45 min and, then, the temperature was decreased to 100 °C in
helium. After pretreatment, the samples were exposed to 50
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cm®/min of 5% H,/Ar while the temperature increased from
100 to 900 °C at 10 °C/min. A TCD was used to record the
H, consumption in the experiments. In order to avoid inter-
ferences between the water produced and the TCD measure-
ment, water was trapped in a cold trap. H, consumed in the
experiments was calculated by time-integration of TCD sig-
nal. The signals were deconvoluted to Gaussian-type peaks.

Temperature programmed desorption of ammonia (NH;-
TPD) was carried out to study the acidity of the samples
and the strength of acid sites. The analysis was performed
on a Micromeritics AutoChem 2920 instrument. As a pre-
treatment, each sample (15-20 mg) was treated in 50 cm?/
min of 5% O,/He mixture at 500 °C for 45 min and then the
temperature was decreased to 50 °C in helium. After pre-
treatment, the adsorption of ammonia was carried out by
exposing the samples to 130 cm*/min of 1% NHs/He gas
mixture at 50 °C for 60 min. Ammonia weakly adsorbed
was removed by feeding 130 cm®/min of He for 60 min at
the same temperature than the adsorption step. Finally, the
ammonia strongly adsorbed on the catalytic surface was
desorbed by heating the sample from 50 to 500 °C with a
heating ramp of 10 °C/min and using helium as a carrier. A
TCD was used to measure the NH; desorbed. Total acidity
was calculated by time-integration of TCD signal. The sig-
nals were deconvoluted to Gaussian-type peaks.

FTIR spectra of adsorbed pyridine was used to study the
nature of the acid sites. The experiments were carried out on
a ThermoNicolet Nexus FT instrument. Before the analysis,
pure powder samples were pressed into a self-supporting
disc and pretreated at 480 °C in static air for 30 min and
then in vacuum (1.3-10! Pa) for 30 min, in order to avoid
the reduction of the catalyst surface. Subsequently, pyri-
dine adsorption was carried out at a pressure of 263.4 Pa at
room temperature. The spectra of the adsorbed species were
recorded after outgassing.

2.3 Reaction Set-up and Catalytic Tests

The reaction set-up generates a gas feeding stream simi-
lar in components and concentrations to the stream found
at the inlet of a SCR unit with tail-end configuration of an
incineration plant. The feeding of each reagent, either gas or
liquid, is controlled by mass flow controllers (Bronkhorst®
High-Tech F-201CV, for gases, and Bronkhorst® High-Tech
p-Flow LO1-AAA-99-0-20 S, for liquids). To ensure com-
plete evaporation and homogeneous mixture of liquid and
gaseous components, the reaction set-up has a controlled-
evaporator-mixer (Bronkhorst® High-Tech W-102 A-111-K)
and electrical resistances for heating all pipes.

The feeding stream for catalytic activity test is composed
by NO (300 ppm), NH; (300 ppm), O, (10%), o-DCB (100
ppm) and Ar to balance. 0o-DCB was used in oxidation
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reaction instead of PCDD/Fs because PCDD/Fs have a high
toxicity and working with them at lab scale involves opera-
tional problems. The catalytic bed is composed of 1.5 g of
sieved catalyst (particle size between 0.3 and 0.5 mm) and
inert quartz sieved between 0.5 and 0.8 mm, resulting in a
final volume of 3 cm™'. The catalytic activity was assessed
by light-off experiments with a feeding stream of 2 Ly/min
(GHSV 40,000 h™") at a pressure of 1520 kPa while reaction
temperature increased from 100 to 450 °C with a constant
heating rate of 1.5 °C/min. Before each experiment, as a
pretreatment, the catalytic bed was exposed to 2 Ly/min of
pure Ar at 200 °C for 2 h.

Several analyzers were used to measure the concentration
of reaction reagents and products: an ABB Limas 21 for the
measurement of NO, NO, and NH;, an ABB Uras 26 Infra-
red analyzer for the measurement of N,O, CO and CO,, and
a gas chromatograph (Agilent Technologies 7890 A) with
a mass selective detector (Agilent Technologies 5975 C)
to measure the 0-DCB concentration and the chlorinated
organic compounds formed in 0-DCB oxidation. Here, it is
important to note that NH; concentration could not be mea-
sured because of 0-DCB interference on ABB Limas 21.

NO and 0-DCB conversion were calculated from Egs. (1)
and (2), respectively. Selectivity to CO, and CO was calcu-
lated through Egs. (3) and (4), respectively.

_ Cnoin — Cnoout

Xno = Cros - 100 (1)
~ Co_pcB,in — Co—DCB out
XopeB = e - 100 )
0o—DCB,in
Ccoy,out
Sco, = —2 - 100 3
02 6- C{)—DCB,'/JL - C{)—DCB,()’u,fT ( )
C'(7() out
Sco = — - 100 4
6- <CU—DCBJ'n - C()—DCBvut) ( )

3 Results and Discussion
3.1 Catalyst Characterization

Table 1 includes actual metallic contents of the bulk cata-
lysts, as determined by ICP-AES measurements, as well as
the Mn/Ce molar ratio. The obtained compositions are in
good agreement with the nominal contents.

XRD has been firstly used to evaluate the effect of Mn
and Ce content on structural properties. Figure 1 shows
the diffraction patterns of composite oxides prepared by
sol-gel and co-precipitation with different content of active
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Table 1 Actual metallic content and bulk Mn/Ce molar ratio of MnOx-CeO, samples prepared by sol-gel and co-precipitation, derived from ICP-

AES
Sample Sol-gel Co-precipitation

Mn (mol%) Ce (mol%) Mn/Ce Mn (mol%) Ce (mol%) Mn/Ce
CeO, 0.0 100.0 0 0.0 100.0 0
15Mn85Ce 15.0 85.0 0.18 11.8 88.2 0.13
50Mn50Ce 49.4 50.6 0.98 48.1 51.9 0.93
85Mnl5Ce 83.6 16.4 5.10 84.6 15.4 5.49
MnOy 100.0 0.0 - 100.0 0.0 -

metals, together with the diffraction patterns of pure cerium
and manganese oxide. Pure cerium oxide exhibits diffrac-
tion peaks characteristic of fluorite crystal phase, typical of
CeO,, whereas diffraction peaks of pure manganese oxide
correspond to 0-Mn,O; crystal phase. Only one curve is
shown in Fig. 1 for cerium oxide and manganese oxide
because no significant difference has been found with prepa-
ration procedure in the XRD patterns of pure oxides.

As for bimetallic samples, irrespectively of the prepara-
tion method, those with the lowest Mn content (15Mn85Ce)
only show diffraction peaks related to fluorite phase,
although they are broader than those observed for pure
cerium oxide. Moreover, the position of these peaks is
shifted to higher Bragg angles, especially in those samples
prepared by sol-gel. On the other hand, in the samples with
the highest Mn content (85Mn15Ce), different results are
clearly observed depending on the preparation method.
Thus, sol-gel leads to a mostly amorphous solid with weak
diffraction peaks at 28.8 and 37.4° associated to MnO,,
whereas co-precipitation promotes the co-existence of two
different phases, which are clearly evidenced by the diffrac-
tion peaks of Mn,O; crystal phase at 33.3 and 35.5° together
with those already present at lower Mn contents of fluorite
phase.

The broadening of fluorite peaks and their shift towards
higher Bragg angles in samples with different Mn and Ce
contents suggests the incorporation of Mn to fluorite struc-
ture of CeO, forming mixed oxide phase or solid solution
phase [36]. This incorporation is thought to be total in
15Mn85Ce and 50Mn50Ce samples, as their diffraction pat-
terns show no diffraction peaks of manganese oxide. Mixed
oxide phase favors the formation of Mn species strongly
interacting with Ce, which should cause a distortion of
fluorite phase. In order to evaluate this distortion and cor-
roborate the formation of a mixed oxide phase, the lattice
parameter of fluorite phase has been estimated and it is sum-
marized in Table 2.

In the catalysts prepared by sol-gel, increasing Mn con-
tent leads to a significant decrease in the fluorite lattice
parameter, except in the sample with the highest Mn con-
tent, where fluorite phase disappears. The decrease in lattice
parameter is associated to the contraction of fluorite struc-
ture as a consequence of the smaller ionic radius of Mn ions

with respect to Ce ions [29]. Thus, these results corroborate
the formation of mixed oxide phase and evidence that the
contribution of Mn species interacting with Ce increases
with Mn content.

Similarly, increasing Mn content in the catalysts pre-
pared by co-precipitation leads to a decrease in the lattice
parameter. However, the sample with the highest Mn con-
tent (85Mn15Ce CP) has a higher value of lattice parameter
than the 50Mn50Ce CP sample, but lower than pure cerium
oxide. This result denotes the presence of mixed oxide also
in the 85Mn15Ce CP sample, although its contribution is
lower than in catalysts with lower Mn contents. This effect
is associated to such high Mn content causing a saturation
of fluorite phase, which leads to Mn segregation producing
segregated Mn,O; species, as revealed by the appearance
of Mn,O; peaks in the diffraction pattern of 85Mn15Ce CP
sample. A similar saturation of fluorite phase was observed
by Ye and Xu [37], who concluded that the maximum Mn
content being able to enter fluorite structure is limited to a
0.7 molar ratio.

On the other hand, Table 2 also summarizes the crystal
size of fluorite phase, which was estimated according to
Scherrer equation. The increase in Mn content clearly pro-
duces a decrease in fluorite crystal size. This result agrees
with the trend in lattice parameter just discussed, and it is
associated to Mn incorporation into fluorite generating
structural defects, which has a negative effect on the growth
of fluorite crystal domains. The presence of structural
defects plays a fundamental role in the formation of oxygen
vacancies, which favor high mobility and storage capacity
of oxygen throughout catalytic structure.

In order to obtain more structural information, skeletal
FTIR analysis has been performed. Figure 2a and b show
the spectra of samples with different Mn and Ce contents
prepared by sol-gel and co-precipitation, respectively.

Pure cerium oxides exhibit two broad bands around 700
and 500 cm™! characterizing the fluorite structure, the latter
being related to the longitudinal optical mode of fluorite,
whose transverse mode is reported to be located at 360 cm™"
[38]. The weak bands at 1060 and 850 cm™' are associ-
ated to vibrations of Ce-O bonds [39, 40]. Moreover, other
bands at higher wavenumber denote the presence of surface

adsorbed species. For instance, the band at 1625 cm™ is
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~ 85Mn15Ce SG
_'_J\/\ 50Mn50Ce CP
X Y 2 "

50Mn50Ce SG
15Mn85Ce CP
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20 30 40 50 60
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Fig. 1 XRD patterns of MnOx-CeO, samples with different Mn and Ce content. SG, catalysts prepared by sol-gel; CP, catalysts prepared by
co-precipitation
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Table 2 Structural properties of MnOx-CeO, samples with different
Mn and Ce content prepared by sol-gel and co-precipitation

Sample

Fluorite lattice parameter Fluorite crystal size
(nm) (nm)

Sol-gel Co-precipitation Sol-gel  Co-pre-
cipitation
CeO, 54179 5.4135 9 9
15Mn85Ce 5.4027 5.4054 4 5
50Mn50Ce 5.3855 5.4035 3 4
85Mnl15Ce -- 5.4107 -- 4
MnOy - -- -- --

mainly related to vibration modes of molecularly adsorbed
water [39] and the weak bands around 1538 and 1327 cm™!
are associated to surface carbonates. Pure manganese oxides
CP and SG show similar spectra with bands at 670, 600,
570, 500, 525 and 450 cm™!, which are typically related to
vibrational modes of a-Mn,O; [41].

In bimetallic samples, the increase in Mn content leads
to a growth of the shoulder located at 550 cm™'. At lower
wavenumber, the slope of the absorbance profile decreases,
reaching a plateau in the 50Mn50Ce sample. This effect
can be due to the appearance of another contribution in this

wavenumber range related to the increase in Mn content and
the simultaneous decrease in Ce content, which produces a
decrease in Ce-O bonds and the modification of the origi-
nal structure of pure cerium oxide, as a consequence of Mn
incorporation. In agreement with XRD data, this result sup-
ports the formation of a mixed oxide. In fact, the decreasing
of fluorite bands with the increase in Mn content produces
an isosbestic point around 450—435 cm™', also reported by
Escribano and co-workers [38] in Ce-Zr composite oxides.
The increase in Mn content to 85% leads to the appear-
ance of manganese oxide bands in the range of 800-
500 cm™!, although these bands have a higher definition
degree in the sample prepared by co-precipitation, which
supports what was previously concluded by XRD, i.e.,
co-precipitation method favors a higher crystallinity than
sol-gel. On the other hand, despite the high crystallinity of
manganese oxide phase in the 85Mn15Ce CP catalyst, some
differences are observed in comparison to pure manganese
oxide, especially in the 700-450 cm™' region, where, for
example, the band located at 670 cm™" is not as well defined
as in the pure manganese oxide. This fact can be associ-
ated to the modification of vibrational modes of manganese

A

MnO, SG

——85Mn15Ce SG
—— 50Mn50Ce SG
15Mn85Ce SG
CeO, SG

Intensity (a.u.)

B

MnO, CP

——85Mn15Ce CP
—— 50Mn50Ce CP
—— 15Mn85Ce CP
CeO, CP

| | |
1600 1200 800

|
400 1600

| |
1200 800 400

Wavenumber (cm™)

Fig.2 Skeletal FTIR spectra of MnOy-CeO, catalysts with different Mn and Ce content prepared by (a) sol-gel and (b) co-precipitation
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oxide as a consequence of the strong interaction of Mn with
Ce ions. Thus, this result supports those obtained by XRD
for 85Mn15Ce CP sample, where a coexistence of fluorite
substituted with Mn and segregated Mn,O; was evidenced.

To get an in-depth view of the elemental composition at
the catalytic surface, the bimetallic samples with the lowest
and highest Mn content, 15Mn85Ce and 85Mn15Ce, were

85Mn15Ce SG  15Mn85Ce CP  15Mn85Ce SG

85Mn15Ce CP

evaluated by transmission electron microscopy high-angle
annular dark field (STEM-HAADF) coupled to EDX. Fig-
ure 3 shows the HAADF images and the resulting elemental
maps for Mn (red) and Ce (green). The EDX spectrum of
selected surface regions of each sample are also provided.
The 15Mn85Ce catalysts prepared by sol-gel and coprecipi-
tation are characterized by a homogeneous distribution of

—— Spectrum A

Kcounts (Kcps/eV)

8 10

4 6
Energy (eV)

—— Spectrum A

Kcounts (Kcps/eV)
]

0 i [ - . L

0 2 4 6 8 10
Energy (eV)
2
| —— Spectrum A
Spectrum B
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s A“é,A,A; v &
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8 10
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3
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Energy (eV)

Fig.3 STEM-HAADF images and EDX maps of selected MnOy-CeO, samples. Mn in red and Ce in green. SG, catalysts prepared by sol-gel; CP,

catalysts prepared by co-precipitation
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Table 3 XPS results of MnOy-CeO, samples with different Mn and Ce content prepared by sol-gel and co-precipitation

Samples Sol-gel Co-precipitation

Mn oxidation state® Ce*/Cett? Mn/Ce? Mn oxidation state® Cet/Cet*? Mn/Ce?
CeO, - 0.35 0 - 0.32 0
15Mn85Ce 3.47 0.23 0.16 3.47 0.17 0.11
50Mn50Ce 3.54 0.22 0.57 3.48 0.18 0.26
85Mn15Ce 3.56 0.20 3.78 3.47 0.16 2.55
MnOy 3.51 -- -- 3.48 -- -
# Average values at the surface
Table 4 Textural properties of MnOx-CeO, samples with different Mn and Ce content prepared by sol-gel and co-precipitation
Sample Sol-gel Co-precipitation

Sper (m/g) Ve (cm/g) Dyore (1) ) Voo (emg) Dyore (1)

CeO, 60 0.11 6.2 80 0.12 6.3
15Mn85Ce 67 0.14 7.2 84 0.18 7.8
50Mn50Ce 63 0.16 8.5 88 0.21 8.0
85Mnl5Ce 57 0.15 8.0 87 0.25 9.0
MnOy 15 0.10 23.8 34 0.17 16.6

Mn and Ce, as pointed out by EDX spectra, although the
peaks associated to Mn are much less intense than those
of Ce, in agreement with the low Mn content. The good
dispersion of Mn along the catalytic structure is in accor-
dance with the results obtained from the structural analysis,
in which the presence of Mn species interacting with Ce
was evidenced as a consequence of the promotion of mixed
oxide phase.

On the other hand, a phase segregation is clearly observed
in the 85Mn15Ce catalysts. In the case of the sample pre-
pared by sol-gel, there are two different areas in the elemen-
tal map: one (Area A) in which Mn and Ce coexist with high
interaction degree and another one (Area B) only composed
by Mn. The spectrum of Area A indicates the presence of
both metals, although unlike 15Mn85Ce catalysts, Mn is the
major metal component. In Area B, the only presence of Mn
is corroborated by the spectrum, which confirms the segre-
gation of Mn. Interestingly, XRD results showed that segre-
gated manganese oxide phase of the 85Mn15Ce SG catalyst
has hardly any crystallinity, so this segregated phase should
have an amorphous structure.

In the case of the 85Mn15Ce CP sample, the elemental
map clearly shows there are several regions with different
interaction degree between Mn and Ce. The spectrum of
Area A evidences the presence of only Mn due to the seg-
regation of this metal, whereas spectrum B corroborates the
presence of both metals, although the contribution of Ce
becomes more important than that of Mn. Interestingly, an
additional view out of the regions marked in the map (there
are no spectra of this regions) reveals the presence of other
regions with strong interaction between active metals, but in
which the contribution of Mn becomes more important than
that of Ce. Thus, this result reveals the presence of a wide
variety of regions with different interaction degree between

the active metals in the same particle of catalyst, which has
not been observed in the same sample prepared by sol-gel.

Catalysis being a surface process, XPS measurements
were carried out to obtain information on the chemical com-
position and oxidation states at the surface of the prepared
MnOx-CeO, catalysts. The results have been summarized
in Table 3. According to the results, the oxidation state of
Mn at the surface of all the Mn-containing samples remains
similar regardless the preparation procedure (only slightly
higher in sol-gel samples) in all the range of compositions,
with an approximate equal proportion of Mn** and Mn>*
at the surface. Concerning Ce, the results in Table 3 show
that there is a higher proportion of Ce*" than Ce®* at the
surface of all the samples, slightly higher in co-precipitation
than sol-gel samples to equal compositions, and higher in
the mixed oxides compared to the pure CeO,.

Table 3 also shows the molar ratio between Mn and Ce
at the surface of the samples. As expected, Mn/Ce increases
with the Mn content in the samples. Comparing these results
with those in Table 1, derived from ICP-AES measurements,
it becomes evident that the catalytic surface of the catalysts
is enriched in cerium.

N, physisorption was used to evaluate the influence
of Mn and Ce contents on morphological properties. It is
important to note that all samples exhibit type IV isotherms
according to IUPAC classification, so they belong to the
group of mesoporous materials. Table 4 summarizes the
values of specific surface area, mean pore volume and mean
pore diameter.

In general, bimetallic samples have higher surface area
and pore volume than pure manganese and cerium oxides.
This result is explained by the presence of structural defects
resulting from Mn and Ce interaction that promote an
improvement of morphological properties. Comparing the
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results obtained with each preparation method, co-precip-
itation leads to higher surface area and pore volume. The
promotion of morphological properties in catalysts prepared
by co-precipitation compared to other preparation methods,
including sol-gel, was also reported by Martin-Martin and
co-workers [35] and will have indeed an important role in
the improvement of catalytic activity.

Interestingly, mean pore volume and mean pore diameter
follow a similar trend up to the samples with equimolar com-
position (50Mn50Ce). Thus, the larger the Mn content, the
higher the mean pore volume and size. However, different
results are obtained for the 85Mn15Ce catalysts depending
on the preparation method: in the co-precipitation series, the
pore volume and size increase with respect to 50Mn50Ce,
whereas in the catalyst prepared by sol-gel both parameters
decrease. This different trend is to be related to the different
structural properties that each preparation method favors at
such Mn content.

The effect of Mn and Ce content on redox properties was
studied by H,-TPR. Figure 4a and b show the reduction pro-
files of the samples prepared by sol-gel and co-precipitation,
respectively. The reduction profiles of pure cerium oxides
(prepared by both CP and SG) exhibit two wide reduction
peaks, one around 500 °C, related to surface Ce reduction,

and another one around 800 °C, corresponding to the reduc-
tion of bulk Ce [26], the one prepared by co-precipitation
shifted around 50 °C to lower temperature. Deconvolution
of the profiles (see Fig. 4) requires several Gaussian peaks
to adequately fit the low temperature reduction peak, what
indicates that several reduction processes, associated to dif-
ferent surface environments and/or crystal sizes, are taking
place simultaneously.

In the same way, the reduction profiles of pure CP and
SG manganese oxides are quite similar; composed by two
peaks around 330 and 470 °C, which fit very well with the
reduction of Mn,0; [17, 42], in agreement with the results
of XRD. Again, the reduction profile for the CP sample is
significantly shifted to lower temperatures (around 100 °C),
and the peaks are sharper. The peak located at lower temper-
ature is associated to the reduction of Mn,O; to Mn;0,; and
the other one to the reduction of Mn;0, to MnO. Although
the profiles seem simple enough, deconvolution requires
of at least six Gaussian peaks for an adequate description,
which indicates that there is a wide variation of crystallinity
within the samples. The reduction temperature of manga-
nese oxides is known to be a function of crystallinity, so that
different oxide phases cannot be distinguished just by their
reduction temperature [41].

H2 consumption (a.u.)

85Mn15Ce CP

50Mn50Ce CP
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A= vy
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Fig.4 H,-TPR profiles of MnOy-CeO, samples with different Mn and Ce content prepared by (a) sol-gel and (b) co-precipitation
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The bimetallic CP and SG samples with the lowest Mn
content have a reduction profile similar to that of pure cerium
oxide (due to its low Mn content), although shifted towards
lower temperatures. This effect suggests an improvement of
redox properties likely due to the oxygen vacancies gener-
ated by structural defects caused by the Mn and Ce interac-
tion. Moreover, the reduction profile of these samples has
a tiny peak around 100 °C, related to the reduction of Mn
highly dispersed on the surface [43], and another broad one
around 275 °C, associated to the reduction of Mn embed-
ded into CeO, lattice [32]. No clear effect of the preparation
method can be evidenced here, which agrees with the results
of STEM-HAADF-EDX.

The increase in Mn content leads to the appearance of at
least two strong reduction peaks between 200 and 500 °C,
mainly related to Mn reduction, being the contribution of
surface Ce reduction by far smaller. Moreover, the reduction
pattern of 50Mn50Ce CP and 85Mn15Ce CP samples show
at least three components in this range. At higher tempera-
tures, the H, uptake associated to some reduction of bulk
Ce is also present, as evidenced by the broad signal around
800 °C. As in the samples with the lowest Mn content, the
temperature at which Mn reduction occurs in the remaining
bimetallic samples (both CP and SG) is lower than in pure
manganese oxide due to the improvement of redox proper-
ties provided by Mn and Ce interaction. Whereas the tem-
perature range for Mn reduction is similar in 50Mn50Ce SG
and CP samples, reduction of 85Mn15Ce CP is shifted nearly
100 °C to lower temperatures compared to 85Mn15Ce SG.

Thus, the enhancement of redox properties provided by
the interaction of Mn and Ce is not only evidenced by the
shift of reduction peaks to lower temperatures, but also by
their shapes. In fact, the Mn reduction peaks in bimetallic
catalysts exhibit an increased complexity with peaks over-
lapping not observed in the reduction profile of pure man-
ganese oxide. The strong overlap suggests the presence of
different Mn species, which are being reduced at a similar
temperature as a consequence of the high oxygen mobil-
ity and small particle size, as discussed in the following
paragraphs.

In Table 5, the average bulk oxidation states of Mn spe-
cies are reported, as estimated from the H, consumptions.
Some assumptions have been considered for such estima-
tions: (i) the H, consumption of Ce at low temperature is
negligible (which means that the average Mn oxidation
states given in Table 5 will be slightly overestimated, in par-
ticular for the Ce-rich samples), (ii) MnO is the final state
of Mn reduction. From these results, the oxidation state of
Mn in the samples prepared by sol-gel is close to Mn**, so
sol-gel method clearly favors this Mn species. On the con-
trary, the oxidation state of Mn in the samples prepared by
co-precipitation decreases from Mn** to Mn>* at increasing
Mn content. This effect denotes that Mn segregation affects
the oxidation state of Mn and, consequently, Mn species. In
this way, Mn** is promoted at low Mn contents, where Mn
is strongly interacting with Ce; whereas the increase in Mn
content leads to a progressive Mn segregation that favors
Mn** species, because of the formation of a segregated
Mn,0; phase in the samples prepared by co-precipitation,
which was previously evidenced by means of structural
analysis.

Average bulk Mn oxidation states in Table 5 can be
compared with surface Mn oxidation states in Table 3. As
commented above, the average oxidation state of Mn on the
surface seems to be independent of the preparation proce-
dure and Mn content, with about equal proportion of Mn**
and Mn>* at the surface. According to Table 5, surface aver-
age oxidation state of Mn is also independent of the average
oxidation state of Mn in the bulk of the sample.

Although attempts to effectively assign peaks to specific
species by deconvolution has been carried out, it was not
possible, due to the high number of peaks and their com-
plex evolution (see Fig. 4) even in the pure oxides, beyond
the clear assignation of the high temperature peak (around
800 °C) which is proportional to the molar content of Ce.
However, some conclusions could be derived: (1) corre-
sponding peaks are generally located at lower temperatures
in CP than SG samples, which denotes a higher degree of
crystallinity, in agreement with XRD results; (2) crystal-
line phases are less defined in SG compared to CP samples,
which produces a higher overlapping of the peaks; (3) the

Table 5 Results from H,-TPR and NH;-TPD of MnOx-CeO, samples with different Mn and Ce content prepared by sol-gel and co-precipitation

Samples Sol-gel Co-precipitation
Mn oxidation state Acidity® (umol NH;/g) Strong ac. P Mn oxidation state Acidity® (umol NH,/g) Strong ac.P
(umol NH /m?) weak ac. (umol NH /m?) “weak ac.

CeO, -- 129.1 (2.15) 1.1 -- 204.1 (2.55) 1.1
15Mn85Ce 43 214.5 (3.20) 2.9 4.1 241.3 (2.87) 1.7
50Mn50Ce 3.9 200.7 (3.19) 1.6 3.5 304.5 (3.46) 2.0
85Mnl15Ce 3.9 163.8 (2.87) 0.7 3.3 299.4 (3.44) 1.3
MnOy 3.3 81.5(5.43) 1.1 3.1 171.0 (5.03) 1.1

# Acidity normalized to the surface area has been included in italics in brackets
b Ratio. Weak acidity from 50 to 170 °C, and strong acidity from 170 to 450 °C
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lowest temperature peaks (around 100 °C) are associated
with reduction of surface species; (4) the two tiny peaks
around 250-300 °C in the bimetallic samples prepared by
CP are probably related to reduction of surface species;
(5) the big wide peaks centered around 275 and 350 °C are
mostly associated with the two reduction steps of Mn in the
mixed oxide [44, 45].

The influence of Mn and Ce content on acid properties
was studied by NH;-TPD and by adsorption/desorption of
pyridine followed by IR spectroscopy. Total acidity of the
samples, summarized in Table 5, has been estimated from
the integration of NH;-TPD profiles. Mn and Ce interac-
tion produces a significant improvement of acid properties,
because total acidity of bimetallic samples is higher than that
of pure cerium and manganese oxides. There is a maximum
in total acidity corresponding to 15Mn85Ce composition in
the sol-gel catalytic series and to 50Mn50Ce composition
in the co-precipitation series. Moreover, it is important to
note the overall higher acidity of co-precipitated samples
with respect to the samples prepared by sol-gel. This fact,
that has been already reported in the literature [35], is to be
related mostly to the higher surface area provided by co-pre-
cipitation method. Thus, total acidity of the samples per unit
surface area has been also included in Table 5 (in brackets).

The results show differences are much smaller, although the
acidity of the co-precipitated 50Mn50Ce and, more clearly,
85Mn15Ce samples is still higher, which is probably related
to the different crystal phases detected by XRD, together
with the higher crystallinity (compared to the amorphous
85Mn15Ce SG sample).

Figure 5a and b show the NH; desorption profiles of
the samples, together with obtained peak deconvolutions,
which provide useful information about the effect of Mn
and Ce content to the strength of acid sites. Although the
general profiles of corresponding SG and CP samples are
similar (except for the 85Mn15Ce), an additional intermedi-
ate peak was required to adequately fit the CP samples to
Gaussian-type peaks. The desorption at low temperature is
related to NH; adsorbed over weak acid sites, whereas the
desorption at high temperature corresponds to the desorp-
tion of strongly adsorbed NH; [46, 47].

All samples, with little differences, present a common
desorption peak around 100 °C, associated to weak acid
sites. However, the main differences are associated to the
intermediate-high temperature range. The presence of the
mixed oxide in the bimetallic samples appears to increase
the peak around 200 °C, whereas the decrease in crystallin-
ity shifts the peak to lower temperatures and intensity.
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Fig. 5 NH;-TPD profiles of MnOy-CeO, samples with different Mn and Ce content prepared by (a) sol-gel and (b) co-precipitation

@ Springer



Topics in Catalysis

Table 5 also reports the ratio between strong and weak
acidity. For the sake of simplicity, and to favor compari-
son between SG and CP samples, weak acidity was associ-
ated to NH; desorbed below 170 °C, whereas NH; desorbed
above this temperature was associated to strong acidity. The
results indicate that the presence of non-amorphous mixed
oxides leads to the formation of strong acid sites.

Moreover, the nature of acid sites was evaluated by the
analysis of adsorbed pyridine. This analysis was carried
out with the samples prepared by co-precipitation and the
results are shown in Fig. 6. All sample spectra show bands
around 1600 and 1572 cm™! related to vg, vibrational mode,
and also around 1482 and 1440 cm™" that correspond to v,
vibrational mode of coordinated pyridine over Lewis acid
sites [48, 49]. The strong noise between 1500 and 1400 cm™!
of the IR signal in the spectrum of the 85Mn15Ce sample
is due to the presence of a strong band of carbonate species
in the activated sample which leads to almost zero transmit-
tance in this spectral region.

In the high wavenumber region, subtraction spectra of
pure cerium oxide and 15Mn85Ce samples show a negative
band at 3630 cm™'. This band corresponds to the loss of
characteristic hydroxyl group of cerium oxide because of
the interaction with pyridine through H-bonds. In addition,
a broad band at 3350 cm™!, related to surface H-bonds, is
noticeable in all catalysts but it is more intense in the Ce-rich
samples. Although these results suggest the involvement
of surface hydroxyl groups in the adsorption of pyridine,
there is no evidence of bands associated to the formation of

Fig.6 FTIR subtraction spectra 14

pyridinium ion over Bronsted acid sites; hence, these results
conclude the studied samples only present Lewis acid sites
together with weakly acidic OH groups.

The vg, vibrational mode of adsorbed pyridine shows
some differences in position and shape depending on Mn
content. Pure cerium oxide exhibits a well-defined band at
1593 cm™'. Increasing Mn content leads to the formation
of two shoulders around 1600 and 1606 cm™', the former
becoming the main contribution in the 85Mn15Ce sample.
The appearance of new contributions at higher wavenum-
ber with Mn content denotes a different interaction between
pyridine and surface acid sites depending on the composi-
tion of the catalysts, and the increase in Mn content favors
the formation of more electron-withdrawing sites. The dis-
placement of vg, vibrational mode to higher wavenumber is
reported in the literature to be related to an increase in Lewis
acid strength [50, 517, so, Mn ions behave as stronger Lewis
acid sites, which is in agreement with that observed by NH;-
TPD, where strong acid sites were promoted by Mn in high
interaction with Ce.

In sum, Mn and Ce relative content has a significant effect
on catalyst properties. At structural level, low Mn contents
favor Mn incorporation to fluorite structure of cerium oxide
leading to Mn species strongly interacting with Ce. On the
other hand, the progressive increase in Mn content promotes
a saturation of fluorite phase, which involves some segrega-
tion of Mn species.

Moreover, the segregation of Mn occurs differently
depending on the preparation method, since sol-gel method
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promotes an amorphous solid, whereas the phases that com-
pose the samples prepared by co-precipitation exhibit a
notable crystallinity degree. This fact also seems to affect
the oxidation state of Mn species. Thus, Mn*" species are
promoted by sol-gel, whereas co-precipitation leads to
the presence of Mn** and Mn** species, the former being
more abundant at low Mn contents and the latter at high Mn
contents.

The interaction degree between Mn and Ce is high,
irrespective of the content of these metals, and this effect
favors the formation of oxygen vacancies as a consequence
of structural defects. Oxygen vacancies improve the reduc-
ibility of the samples compared to pure oxides. Similarly,
metal content does not greatly affect the morphology and
type of acid sites, mainly Lewis sites, although it has been
corroborated that co-precipitation method leads to better
morphological properties compared to sol-gel method, such
as higher surface area and pore volume.

3.2 Catalytic Activity

After the analysis of the most important features of char-
acterization, this section will assess the effect of Mn and
Ce content on the simultaneous NO reduction and o-DCB
oxidation. The objective here is not to deeply describe the
reactions and their mechanisms, but to determine which of
the prepared catalysts presents the best performance in the
process. Figure 7 shows the NO and 0-DCB conversion pro-
files of the samples. Pure cerium oxides hardly exhibit NO
conversion below 200 °C. Above this temperature, NO con-
version increases up to a maximum at 325 °C, above which
the conversion drops. In the case of pure manganese oxides,
markedly high NO conversion is obtained between 100 and
300 °C. This conversion curve shows an oscillatory profile
that suggests the activation, as a function of temperature,
of a set of multiple reactions that promote the consumption
and formation of NO, and are related to the simultaneous
conversion of 0-DCB.

Bimetallic samples show different NO conversions
depending on the Mn and Ce content, although there are
no remarkable differences between those prepared by sol-
gel and co-precipitation. The sample with the lowest Mn
content, 15Mn85Ce, exhibits similar oscillatory trend to
that of pure manganese oxide below 275 °C. In the case
of the 50Mn50Ce and 85Mn15Ce samples, total NO con-
version is obtained in the same temperature range. These
results reveal that the most active catalysts are those with
the highest Mn contents, which denotes Mn is the active
metal. Nonetheless, the presence of Ce plays an important
role, as there is a notable improvement in the catalytic activ-
ity of, for instance, the 85Mn15Ce samples with respect to

@ Springer

pure manganese oxides, despite the former having a lower
Mn content.

At high temperatures, above 275 °C, NO conversion
strongly drops in all bimetallic samples in a similar way as
for pure oxides. This negative trend is observed for all cata-
lysts, regardless of their composition, thus it is not caused by
Mn and Ce content or preparation methods, but it is related
to the activation of side-reactions leading to NO formation,
such as NH; oxidation. In this sense, a similar drop in NO
conversion at high temperature has been observed with
other catalytic formulations, such as Fe-ZSM5 [52], VOy/
TiO, [53] and Pt/Al,O5 [54]. In the following paragraphs,
the assessment of the reaction by-products coming from NO
reduction will provide more information about that.

It is important to remark that the temperature at which
the drop in NO conversion occurs differs in each catalytic
formulation. The more active the catalyst is, the lower is the
temperature at which NO conversion starts to drop. In this
sense, there is a remarkable difference between 85Mn15Ce
and 50Mn50Ce samples (around 265 °C) and 15Mn85 sam-
ples (around 325 °C). This behavior agrees to the fact that
side-reactions leading to NO formation become active at
lower temperature with the most active catalysts.

As for 0-DCB oxidation, Fig. 7c and d, conversion pro-
files for all samples show a particular S-shape composed by
two steps. In each step, 0-DCB conversion increases with
temperature, and, between them, there is a small conversion
drop. Total 0-DCB conversion is achieved in the second step,
located at high temperature, except for pure cerium oxide,
which does not overcome the value of 80%. In bimetallic
samples, the higher the Mn content, the higher the 0-DCB
conversion over the whole temperature range, both in the
catalysts prepared by sol-gel and co-precipitation. This fact
suggests an improvement of oxidative capability with Mn
content. However, as in NO reduction, the presence of Ce
also plays an important role in the catalytic activity because
bimetallic samples with high Mn content (50Mn50Ce and
85Mn15Ce) lead to higher o-DCB conversion than pure
manganese oxide, despite their lower Mn content.

The enhancement in oxidative capability in bimetallic
samples is also observed in Table 6, as a decrease in Ty,
value (temperature at which 0o-DCB conversion reaches
the value of 90%) with Mn content. This result shows that
mixed oxide phase is not the only parameter that improves
the catalytic activity in 0-DCB oxidation, since the bime-
tallic catalysts with the highest Mn content (85Mn15Ce)
exhibit the lowest values of Ty, even though their struc-
tural analysis showed that mixed oxide phase is not the main
phase. In fact, the structural analysis showed a large con-
tribution at structural level of segregated manganese oxide
either with an amorphous structure, in the sample prepared
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Table 6 T,,in o-DCB oxidation of MnOx-CeO, samples with different
Mn and Ce content. Reaction conditions: feed stream: 300 ppm NO,
300 ppm NH;, 10% O,, 100 ppm 0-DCB, and Ar to balance; GHSV:
40,000 h™; pressure: 1520 kPa

Sample Ty, (°C)
Sol-gel Co-precipitation
CeO, -- --
15Mn85Ce 400 375
50Mn50Ce 325 330
85Mnl15Ce 320 310
MnOy 340 325

with sol-gel, or as Mn,Oj; phase, in the sample prepared by
co-precipitation.

On this basis, the synergistic effect between mixed oxide

phase and segregate manganese oxide, which leads to the
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cipitation. Reaction conditions: feed stream: 300 ppm NO, 300 ppm
NH;, 10% O,, 100 ppm 0-DCB, and Ar to balance; GHSV: 40,000 hl
pressure: 1520 kPa

formation of different Mn species in high oxidation state, is
proposed to be what promotes the best catalytic activity in
the bimetallic catalysts with high Mn content.

On the other hand, when the results of 0-DCB conversion
are compared for each preparation method, the samples pre-
pared by co-precipitation produce higher conversions than
those prepared by sol-gel, especially at low temperature,
coinciding with the first conversion step. This fact could be
related to the higher surface area and total acidity provided
by co-precipitation, as well as the synergy between mixed
oxide phase and segregated Mn,Oj; in the case of the bime-
tallic sample with the highest Mn content.

Therefore, the results above discussed have shown that
bimetallic catalysts with the highest Mn content, 85Mn15Ce,
are those with the best catalytic performance, although the
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85Mn15Ce CP allows to obtain higher conversion in the
oxidation reaction. Since this work studies the simultaneous
removal of NO and 0-DCB, a good catalytic performance
involves obtaining high conversion of both compounds in
the same temperature range. In this sense, the 85Mn15Ce
CP catalyst leads to NO and o-DCB conversions above 80%
in the temperature range between 180 and 250 °C. These
results are significantly better than those obtained with
V-based formulations and Mn-based catalysts in our previ-
ous studies [55].

The excellent catalytic properties of the 85Mn15Ce CP
sample are related to the co-existence of a mixed oxide phase
(with fluorite structure highly modified by the incorporation
of Mn) and a segregated Mn,O; phase. Each phase leads to
the presence of different Mn species, whose oxidation state
depends on the segregation degree of this metal. The vari-
ability of oxidation states allows to improve redox proper-
ties and also acidity. Moreover, structural defects caused by
the interaction of both phases generate oxygen vacancies,
which improves oxygen mobility and, consequently, the cat-
alytic activity in oxidation reaction. Finally, the presence of
both phases also leads to improving morphological proper-
ties, as higher surface area and pore volume were measured.

3.3 Catalytic Selectivity

The main by-products in NO reduction are N,O and NO,.
Their productions are shown in Fig. 8. Regarding N,O,
Fig. 8a and b, its production with pure cerium oxides is very
low, whereas pure manganese oxide produces a significant
amount of N,O over the whole temperature range, its pro-
duction being maximum between 200 and 300 °C.

N,O is formed over the whole temperature range with
bimetallic samples. The production profiles do not show a
clear trend; however, it seems that more than one reaction
participates in the production of N,O, whose reaction rates
change with temperature. Such hypothesis agrees with the
NO conversion drops observed in Fig. 7. The maximum
production of N,O is quite similar regardless Mn content
and significantly higher than that observed on pure cerium
oxides, even for the bimetallic samples with the lowest
Mn content, 15Mn85Ce. These results evidence that Mn
species are strongly related to the formation of this by-
product. In this sense, there are some discrepancies in the
literature about the role of Mn in the production of N,O.
Some authors propose that the highly reactive oxygen of
well-ordered manganese oxide is key for the production of
N,O [21, 56], whereas other researchers relate the produc-
tion of N,O to the Mn content and the reaction temperature
[57]. In this work, increasing Mn content in bimetallic cata-
lysts (related to the higher crystallinity degree of segregated
manganese oxide phase) caused no remarkable differences
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in the production of N,O. Nonetheless, the fact that N,O
production with pure manganese oxide is lower than with
bimetallic samples denotes Mn and Ce interaction is also
important due to the promotion of oxidative capability that
this entails.

NO, production (Fig. 8c and d) takes mostly place above
300 °C and sharply increases with temperature for all sam-
ples. Unlike N,O, this is the typical temperature-dependent
production profile. In the bimetallic catalysts, the increase
in Mn content shifts the production profiles of NO, to lower
temperatures and increases the amount of NO, produced.
Both facts are associated to improvement of oxidative capa-
bility with Mn content.

Based on the results from the analysis of the catalytic
activity in NO reduction, a strong drop in NO conversion
was found around 275-300 °C. This behavior was above
proposed to be related to the appearance of SCR side reac-
tions, which would consume NH; necessary to carry out
SCR. The results obtained in the analysis of SCR by-prod-
ucts agrees with the strong drop in NO conversion above
mentioned, since an important production of both N,O and
NO, was found around 300 °C.

As for 0-DCB oxidation, 0-DCB is mostly completely
oxidized to CO, and H,0, and majority chlorine leaves the
reactor as HCI. However, some 0-DCB undergoes partial
oxidation, producing CO and chlorinated organic com-
pounds (identified as trichlorobenzene, tetrachloromethane
and tetrachloroethylene) as the main by-products detected.
The selectivity towards partial oxidation by-products is
shown in Fig. 9 above 200 °C, i.e., when the 0-DCB con-
version is significant.

Figure 9a and b show that the CO selectivity of DCB
conversion over pure cerium oxides increases progressively
with temperature, not overcoming the value of 20% in the
studied conditions. Bimetallic samples and pure manga-
nese oxides exhibit similar profiles, in which CO selec-
tivity slightly increases with temperature until reaching a
plateau between 250 and 350 °C, temperature above which
it strongly decreases. The maximum value of CO selectiv-
ity reached in the plateau at medium temperatures increases
with Mn content in the catalysts prepared by both sol-gel
and co-precipitation. This result denotes a small negative
effect of Mn content over 0-DCB total oxidation, despite the
clear positive effect of Mn content on the oxidative capa-
bility above discussed. These two facts, which seem to be
opposite, are completely compatible, since the improvement
in the oxidative capability can favor 0-DCB conversion,
but, at the same time, can have a slightly negative effect on
the total oxidation of 0-DCB.

As for chlorinated organic compounds, Fig. 9c and d
show that pure cerium oxides have a higher production
of these compounds than pure manganese oxides. For
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Fig. 8 N,O production of MnOx-CeO, samples with different Mn and
Ce content prepared by (a) sol-gel and (b) co-precipitation. NO, pro-
duction of the same samples prepared by (c¢) sol-gel and (d) co-pre-

bimetallic samples, the increase in Mn content leads to a
decrease in the selectivity towards chlorinated organic com-
pounds, in contrast to that observed for CO selectivity. This
fact denotes that the improvement in oxidative capability
promoted by Mn content also favors the oxidation of the
chlorinated organic compounds involved in the different
oxidation steps that compose the oxidation reaction path-
way of 0-DCB.

Therefore, the results discussed above point out that Mn
and Ce content plays an important role in by-products pro-
duction. This role is associated to the improvement in the
oxidative capability promoted by the interaction between
Mn and Ce and also by the presence of different crystalline
phases at high Mn contents, as a consequence of Mn segre-
gation. Thus, in NO reduction, the increase in Mn content

Temperature (°C)

cipitation. Reaction conditions: feed stream: 300 ppm NO, 300 ppm
NH;, 10% O,, 100 ppm 0-DCB, and Ar to balance; GHSV: 40,000 hl
pressure: 1520 kPa

leads to increased N,O and NO, production. In the case of
oxidation reaction, the enhancement of oxidative capability
decreases the selectivity towards chlorinated organic com-
pounds, although it slightly increases that towards CO.

4 Conclusions

In this work, the effect of Mn and Ce content on MnOy-
CeO, catalytic formulation for carrying out simultaneous
NO reduction and 0-DCB oxidation has been analyzed, with
the objective to choose the best performing catalyst. Mn and
Ce content has a crucial role on the catalytic properties. At
low Mn contents, Mn is incorporated into cerium oxide
structure leading to a mixed oxide phase, which promotes

@ Springer
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Fig. 9 CO selectivity of MnOyx-CeO, samples with different Mn and
Ce content prepared by (a) sol-gel and (b) co-precipitation. Chlori-
nated organic compounds selectivity of the same samples prepared by

Mn species in high interaction with Ce. The further increase
in Mn content favors its segregation as a manganese oxide.
This segregated manganese oxide phase coexists with the
mixed oxide phase. Thus, at high Mn contents, two Mn spe-
cies are detected: Mn in high interaction with Ce and seg-
regated Mn.

The increase in Mn content allows to reach total NO
conversion below 275 °C and shifts the 0-DCB conversion
profile to lower temperatures. Thus, the bimetallic catalysts
with the highest Mn contents, 85Mn15Ce, exhibit the high-
est conversion levels of both NO and 0-DCB, likely due
to the coexistence of Mn in high interaction with Ce and
segregated Mn. Comparing 85Mn15Ce SG and CP samples,
the one prepared by co-precipitation has the best catalytic
performance due to higher catalytic activity in oxidation

@ Springer

200 300 400
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(¢) sol-gel and (d) co-precipitation. Reaction conditions: feed stream:
300 ppm NO, 300 ppm NH3, 10% O,, 100 ppm 0-DCB, and Ar to bal-
ance; GHSV: 40,000 h™; pressure: 1520 kPa

reaction. As a consequence, it has the widest activity tem-
perature range: 180-250 °C, with NO and o-DCB conver-
sions above 80% in the studied conditions.

The better catalytic activity of the 85Mn15Ce CP sample
is related to the fact that this preparation method favors,
on the one hand, better morphological properties (higher
surface area and pore volume), and, on the other hand, the
segregation of manganese oxide phase as Mn,0O;. The pro-
motion of this segregated Mn,0O; together with the mixed
oxide phase favors the presence of Mn species with differ-
ent oxidation states (Mn** or Mn3*). The synergy between
the variability in Mn oxidation state and the oxygen vacan-
cies, promoted by structural defects, is proposed to enhance
redox properties. An increased in number and strength of
acidic sites, mainly Lewis sites due to exposed Mn ions, can
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also have an effect on catalytic activity. For instance, the
coordination of 0-DCB on acidic sites at the catalyst surface
could make this electron-rich molecule more prone to the
oxidation step. Mn and Ce content also affects by-product
formation. Thus, in NO reduction, the presence of Mn leads
to the production of N,O and NO,, although the increase in
the content of this metal affects NO, production to a greater
extent. This fact is associated to the enhancement in the oxi-
dative capability promoted by the increase in Mn content. In
oxidation reaction, the improvement of the oxidative capa-
bility decreases the selectivity towards chlorinated organic
compounds, although it slightly increases that of CO.
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