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MnOg-CeO, formulation has been studied for the catalytic oxidation of 1,2-dichlorobenzene. Among the samples
with different Mn and Ce content, the most active was 85%mol Mn and 15%mol Ce, due to its better morpho-
logical properties and the synergy achieved between the two phases composing it (mixed oxide phase and
segregated Mn oxide). Deactivation was monitored at low temperature and a transient change in the oxidative
capability at high temperature because of active sites with different oxidative capability. Based on in-situ FTIR

NHs results, oxidation reaction pathway is proposed. Active sites with different oxidative capability causes some
reaction steps to occur faster than others as a function of temperature, which modifies the distribution of in-
termediate species. In the reduction of NO, its adsorption leads to nitrate species contributing to a faster re-
oxidation of active sites and the presence of NH3 promotes the removal of adsorbed CI.

1. Introduction

Chlorinated volatile organic compounds (CVOCs) and poly-
chlorinated dibenzodioxins (PCDD) and dibenzofurans (PCDF) are
hazardous pollutants with high toxicity, due to their high persistence in
the environment and strong bioaccumulation risk into the living beings.
Therefore, law regulations establishing emission limits for PCDD/Fs are
strict.

This type of pollutants is mainly generated in industrial processes
involving the combustion of carbon-based compounds with any content
of chorine; for example, incineration plants of municipal or medical
waste, power plants, sinter plants, cement manufacturing plants, etc.
[1]. The conventional technologies for CVOCs and PCDD/Fs abatement
include activated carbon injection followed by bag filter, wet scrubbing,
catalytic filters and thermal decomposition [2]. The thermal oxidation
requires high temperatures, 850-1000 °C, resulting in extra auxiliary
fuel costs. Furthermore, incomplete combustion can cause the formation
of a variety of harmful by-products. For example, the subsequent for-
mation of PCDD/Fs [3] under start-stop conditions via the route known
as novo synthesis is particularly problematic [1,4].

These industrial processes must also afford the destruction of NOy,
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generated at high-temperature combustion. Although the commonly
used method to reduce the emissions of NOx has been the injection of
NH; in the combustion chamber, or even in the flue gas, currently Se-
lective Catalytic Reduction (SCR) technology is the most effective
method of NOx reduction in power generation, waste incinerators and
industrial process applications [5].

Catalytic oxidation is proposed as a promising alternative for the
abatement of CVOCs pollutants, since it destroys them to CO,, HCl and
H30 in a much lower temperature range than thermal combustion, that
is 250-500 °C. This leads to a higher energy efficiency and avoids the
formation of PCDD/Fs by the novo synthesis in the subsequent cooling of
exhaust gases. In addition, catalytic oxidation has a notable removal
efficiency at very low concentrations of the pollutant, which avoids the
use of an additional adsorption stage.

The most studied catalyst compositions for catalytic oxidation and
combustion are those based on supported noble metals and transition
metal oxides [6]. Noble metal catalysts (mainly Pt and Pd) are reported
to have an excellent ability in the oxidation of CVOCs [7-9]. Giraudon
and co-workers [10] concluded TiO, provides the best catalytic activity
after assessing several mesoporous supports. The use of zeolites has also
been investigated due to their excellent acid properties, which provide a
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promotion of oxidative capability and possibly favour desorption of
chlorine species. Taralunga and co-workers [11] evaluated several
metal-free zeolites and their corresponding Pt supported samples on 1,2-
dichlorobenzene (0-DCB) oxidation. They identified H-FAU as the most
active zeolite and concluded that Pt increases notoriously the catalytic
activity, although also leads to the production of polychlorinated com-
pounds as by-products. Similarly, Scire and co-workers [12] reported
higher catalytic activity of supported Pt over H-ZSM5 compared to H-
BETA and Al;O3. However, noble metal-based catalysts are quite
restricted due to their high cost and the deactivation by chlorine
deposition.

On the other hand, within transition metal oxide-based catalysts,
VOx/TiO, catalysts have been widely studied for having a higher cata-
lytic activity and stability in the oxidation of chlorinated benzenes,
which are commonly used as model compounds of PCDD/Fs [13]. In
fact, Corella and co-workers [14] reported to achieve higher o-DCB
conversions with Vo05-WQO3/TiO, than with other catalytic formula-
tions based on noble metals. The excellent catalytic performance of V-
based catalysts has also been corroborated in the catalytic oxidation of
VOCs, i.e. propane, propene, isopropanol, etc. [15-17], and other
CVOCs with oxygenated function, for example chlorophenol and tri-
chlorophenol [18,19].

Vanadium-titanium oxide is the most common composition used by
catalyst manufacturers for SCR units. The fact that the same formulation
is active for both oxidation of CVOC/PFDD/Fs and reduction of NOX,
allows to retrofit the existing incinerators with a catalytic converter unit
as in the case of the IVAGO waste incineration plant (Ghent, Belgium)
[20] and a sinter plant in Taiwan [21].

The feasibility of eliminating CVOCs and NOx in the same catalytic
unit simultaneously, as opposed to the traditional situation of having
two separate processes, implies an increase in the efficiency and sus-
tainability for the gas cleaning lines. That is why this option is included
in the current document on Best Available Techniques for waste incin-
eration [5]. At lab-level, high levels of simultaneous removal of NO and
0-DCB has been also reported in our previous works [22-24] with VOyx/
TiO5 and metal-loaded ZSM5 zeolites.

Recently, Mn-based catalytic formulation has been largely encour-
aged for carrying out catalytic oxidation reaction, since it is a more
environmentally friendly material and has an excellent oxidation ability
due to its efficiency in oxidation/reduction cycles [ 25]. Nonetheless, this
type of catalysts is reported to be considerably deactivated by chlorine
deposition. Catalytic activity and stability of Mn-based catalysts is
improved by the addition of other metals. Among dopant metals, Ce is
the most reported in the literature, as it provides high storage and
mobility of oxygen into the catalyst structure [26,27]. Then, the
behaviour of MnOy-CeO,, catalysts has been studied for the oxidation of
VOCs, i.e. hexane, phenol and toluene [28-30], and CVOCs, i.e. poly-
chlorinated benzenes and trichloroethylene [31], and in the selective
catalytic reduction (SCR) of NOy at low temperature, with relevant ef-
ficiency results [32]. However, the number of papers dealing with
simultaneous abatement of CVOCs and NOx over MnOx-CeO5, catalyst, is
considerably low [33].

To the best of the authors’ knowledge, based on an extensive liter-
ature review, there are hardly any studies analysing the reaction
mechanism of 0-DCB (commonly used as a model compound of PFDDs at
laboratory research) oxidation on MnOx-CeO by in-situ FTIR experi-
ments and, even less in the situation where 0-DCB oxidation takes place
in the presence of NO and NH3 on MnOx-CeOs, as an alternative to the
current technology in some incineration processes.

Then, the objective of this work is to advance in the knowledge of the
reaction pathway of o-DCB oxidation over MnOx-CeOx catalysts spe-
cifically, both in the absence of NOx and in the presence of NOx. Five
samples of catalysts with different Mn/Ce proportions have been pre-
pared, characterized and tested in the oxidation of 0-DCB, with the aim
to determine what type of catalyst properties are relevant, in terms of
activity and durability. In-situ FTIR experiments have been carried out
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with the aim to determine the reaction mechanism of the oxidation of o-
DCB, in the absence and in the presence of NOx selectively reduced with
NH;.

2. Experimental
2.1. Catalyst preparation

MnOgx-CeO, catalysts were prepared by co-precipitation method. The
right amount of precursor compounds, Mn(NOs3);-4H,O and Ce
(NO3)3-6H50, was added to distilled water at room temperature. Then,
the precipitation of active metals, Mn and Ce, was carried out by pouring
drop by drop a solution of HONCOONH,4 1.3 M until reaching a pH value
of 9. After aging the resulting suspension for 2 h, it was filtered and
washed with distillate water. Finally, the solid was dried overnight and
calcined in static air at 500 °C for 3 h with a heating ramp of 1 °C/min.
Three bimetallic samples were prepared with 15, 50 and 85 % mol Mn,
named 15Mn85Ce, 50Mn50Ce and 85Mn15Ce, respectively. In order to
avoid mass transfer limitations, all the samples were sieved to 0.3-0.5
mm.

2.2. Catalyst characterization

X-ray diffraction (XRD) analysis was carried out on a Philips PW
1710 X-ray diffractometer with Cu Ka radiation (A = 1.5406 A) and Ni
filter. The measurements were done with a step size of 0.026° and a
counting time of 528 s in the 20 range of 20 and 60°. The diffraction
peaks were associated to the corresponding crystal phases by comparing
with JCPDS database cards.

Raman spectroscopy was carried out in a Renishaw System 1000
Raman spectrometer. As excitation source, a 706 nm solid-state laser
was used, with a power of 1 mW. The measurements were made at room
temperature.

N, adsorption—desorption was performed on a Micromeritics TRIS-
TARII 3020 at —196 °C. The specific surface area and pore volume were
calculated by using BET procedure. Before the analysis, the samples
were pre-treated at 350 °C for 4 h with a flow of nitrogen.

FT-IR skeletal spectra were recorded by means of a Nicolet Nexus
instrument on disk of catalytic powders diluted in KBr (around 1 % in
weight). Additionally, the spectra of the catalyst pure powders were
recorded by self-supporting disks of catalytic powders placed in the IR
cell, and connected to a gas manipulation apparatus. The disks were
previously activated at 500 °C in vacuum (107 torr). The spectra were
collected by 100 scans with a resolution of 4 cm ™! resolution.

Temperature programmed reduction with Hy (Hy-TPR) was carried
out on a Micromeritics AutoChem 2920 instrument. The analysis was
done by heating the sample (15-20 mg) from 100 to 900 °C with a
heating ramp of 10 °C/min in a continuous flow of 5 % Ha/Ar (50 cm?/
min). The Hy consumption was monitored with a TCD. A cold trap was
used to capture water and avoid its interference on TCD. Before the
analysis, the samples were pre-treated at 500 °C for 45 min with a
continuous flow of 5 % Oy/He (50 cm®/min).

Thermogravimetric analysis (TGA) analysys was used to analyse the
deactivating species adsorbed on the used catalysts. The experiments
were performed in a Setaram Setsys Evolution thermobalance with a
cylindrical graphite furnace and an alumina crucible. This equipment
was coupled with a mass spectrometer Pfeitffer Vacuum DUO 2.5 in
order to identify the gaseous products of the experiment. To avoid the
desorption of deactivating species and only remove ambient adsorbed
molecules, the sample was subjected to a low temperature pre-
treatment, 120 °C, with a 50 mL/min of 5 % O,/He stream for 30
min. Then, the experiment was carried out with the same stream and
increasing temperature with a heating rate of 5 °C/min up to 500 °C,
temperature which was kept constant for 3 h.

SEM-EDS was used to obtain information about surface concentra-
tion of deactivated catalysts. It was performed on a Carl Zeiss EVO-40
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scanning electron microscope coupled with X-Max EDS from Oxford
Instruments. The operating conditions during the measurements were
30 kV and 180 pA.

2.3. Reaction set-up and catalytic tests

Fig. 1 shows a flow diagram of the reaction set-up. Oxidation reac-
tion of 0-DCB (used as a model compound of PCDD/Fs) was carried out
on a quartz reactor with an inner diameter of 14 mm located inside a
convective oven. The catalytic bed, with a total volume of 3 cm?®, was
composed by 1.5 g of sieved catalyst between 0.3-0.5 mm and inert
quartz sieved between 0.5-0.8 mm. All the catalytic tests were carried
out with a feeding flow rate of 2 Ly/min (GHSV 40000 h™!) and at a
pressure of 1.5 atm. Before each experiment, the catalytic bed was
exposed to 2 Ly/min of Ar at 200 °C for 2 h as a pretreatment.

Catalytic activity tests for the selection of the most active MnOx-
CeO;, catalyst in 0-DCB oxidation were carried out by light-off experi-
ments increasing reaction temperature from 100 to 450 °C (heating
ramp of 1.5 °C/min) and with a feeding stream composed by o-DCB
(100 ppm), O3 (10 %) and Ar to balance. Stability tests were carried out
with Time-on-Stream (TOS) experiments at 200 and 300 °C, keeping
constant these temperatures for 24 h. The effect of reactants involved in
NO reduction on o-DCB oxidation was evaluated by two types of ex-
periments. On the one hand, with a light-off experiment similar to that
above described, but with a feeding stream composed by o-DCB (100
ppm), Oz (10 %), NO (300 ppm), NH3 (300 ppm) and Ar to balance. On
the other hand, with transient experiments in which o0-DCB oxidation
was performed in the presence of NO or NHjs. In this latter, the NO or
NH; concentration ranged from 0 to 600 ppm.

0-DCB was the only reactant fed as liquid and its flow was regulated
by a mass flow controller (Bronkhorst® High-Tech p-Flow L01-AAA-99-
0-20S). The feeding of the remaining gaseous reactants was also
controlled by mass flow controllers (Bronkhorst® High-Tech F-201CV).
The feeding system has a controlled-evaporator-mixer (Bronkhorst®
High-Tech W-102A-111-K) and electrical resistances for heating all
pipes to ensure the complete evaporation of 0-DCB. The gaseous stream
before and during the catalytic activity tests was analysed by using, on
the one hand, a gas chromatograph (Agilent Technologies 7890A) with a
mass selective detector (Agilent Technologies 5975C) for o-DCB and
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chlorinated organic compounds. A sample of the gas stream is trapped in
aloop (0,25 cm®) connected a single 6-port valve, through which the gas
carrier (He) brings the sample, every time the valve changes position,
into GC equipped with a HP-VOC capillary column. On the other hand,
an ABB Uras 26 Infrared analyser measures continuously the concen-
tration of CO and CO; and subsequently an ABB Limas 21 Ultraviolet
analyser measures continuously the concentration of NHs and NO. o-
DCB conversion was calculated according to Equation (1) and CO, and
CO selectivity through Equations (2) and (3), respectively.

C'o—DCB,in — Co—DCB,out

Xonce = 100 (€D)
CofDCB.in
Ceop out
Sco, = 2 100 2
€02 6- (CO—DCB,in - Co—DCB,out)
C
Sco = coout -100 3

6- (Co—DCB‘in - o—DCB‘out)

Analysis of both HCI and other chlorinated inorganics, such us Cly,
ClO4 and chloramines was performed by bubbling the flow at the reactor
exit through a 0.0125 M NaOH solution. Then Cly, Cl1O5 and chloramines
concentration was determined by titration with ferrous ammonium
sulphate (FAS) using N,N-diethyl-p-phenylenediamine (DPD) as indi-
cator [7]. For the quantification of each chlorinated inorganics, three
samples have been titrated, so that the contribution of each chlorine
species can obtained by using a suitable pH (6.2-6.5), additive (KI) and a
masking agent (glycine). Chloride ions from HCI(g) in the bubbled so-
lution were measured by Ion Chromatography technique, because the
potentiometric method (ion selective electrode), that was suggested
initially, showed high experimental error.

Absence of diffusion resistances has been checked by Mears criterion
for external mass transfer (1.3~1O'2 < 0.15 at 300 °C) and by Weisz-
Prater criterion for internal mass transfer (0.79 < 1 at 250 °C). Plug
flow conditions have been also cheeked by criterion D/dp (40) > 10 and
criterion L/dp (27.2) > 20n/Bo-In(1/(1-x)) (4-10'3), were D is reactor
inner diameter, L is bed’s length, d, is catalyst particle size, n is reaction
order (1) and Bo is Bodenstein number. Reproducibility of the reaction
tests in the experimental setup was measured by regularly repeating the
same reaction light-off test over a control catalyst sample. Fig. 2 shows
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Fig. 1. Experimental set-up for the catalytic tests.



J.A. Martin-Martin et al.

100

£ 80
[ e -
S

® 60
[}

> )
o=

S 404
oM J
Q 204
o i

0 L] l L) I L} [ L I L}

150 200 250 300 350 400
Temperature (°C)

Fig. 2. 0-DCB conversion profile with error bars resulting from repeatability
tests in the experimental set-up. Reaction conditions: 2ly/min, 1.5 atm, 1.5 °C/
min, 0-DCB (100 ppm), O» (10 %) and Ar to balance.

the mean and the standard error of 0o-DCB measured at selected tem-
peratures. It is important to note that, in all the temperature range, the
experimental error is within +5 %.

2.4. In-situ FTIR analysis

In-situ FTIR experiments were conducted in a Cary 600 Series FTIR
spectrometer (Agilent) coupled with a high temperature high pressure
(Specac) cell with ZnSe windows. The sample, approximately 50 mg, is
pressed into a self-supported disk and placed on a holder inside the cell.
Moreover, the experimental set-up is coupled to a vacuum system that
allows to generate vacuum in the cell. All the spectra were collected by
48 scans with a resolution of 4 cm™!. Prior to the experiments, the
sample is pretreated with a feeding stream of 5 % O/Ar (600 mL/min)
at 500 °C for 30 min. After that, this stream is by-passed, and the gas cell
is subjected to vacuum conditions for 30 min. Then, the gas cell is cooled
down to the temperature at which the experiment is to be performed in
vacuum conditions. At this point, a spectrum of the clean surface is
recorded and will be subtracted of the following spectra recorded during
the adsorption experiment.

The adsorption experiments start by flowing the feeding stream into
the gas cell. Spectra are recorded as a function of exposure time. After
30 min of exposure time, the weakly adsorbed species are removed by
passing 600 mL/min of Ar to the cell. For the analysis of 0-DCB adsorbed
species, two different feeding streams of 600 mL/min were used in the
absence of oxygen (1000 ppm o-DCB and Ar to balance) and in the
presence of oxygen (1000 ppm 0-DCB, 5 % O5 and Ar to balance).

On the other hand, the influence of NO and NH3 adsorbed species on
0-DCB oxidation was evaluated by transient experiments. For that pur-
pose, after pre-treatment, the catalyst was firstly exposed to a feeding
stream (600 mL/min) composed by 1000 ppm NO and Ar to balance, or
1000 ppm NHs and Ar to balance. Then, the NO and NHj3 weakly
adsorbed species were removed by flowing Ar. Finally, the catalyst was
exposed again to a feeding stream (600 mL/min) composed by 1000
ppm 0-DCB and Ar to balance.

Chemical Engineering Journal 498 (2024) 155570

3. Results and discussion
3.1. Catalyst characterization

In this section, characterization results of five samples having
different Mn/Ce proportions are shown and analysed, with the aim to
determine what type of catalyst properties are relevant in the oxidation
of o-DCB.

Fig. 3 allows comparing the XRD patterns of samples with different
Mn and Ce and the patterns of pure cerium and manganese oxides. Pure
cerium oxide exhibits intense diffraction peaks at 28.7, 33.3, 47.7 and
56.6°, characteristic CeOy with fluorite crystal phase, whereas the most
intense peaks of pure manganese oxide at 33.2, 38.4, 45.4, 49.5 and
55.4° point out that a-MnyOs is the only crystal phase present in this
sample.

Regarding bimetallic samples, the diffraction pattern of the catalyst
with the lowest Mn content (15Mn85Ce) shows the presence of
diffraction peaks related to fluorite-like structured phase, although they
are less intense and broader compared to pure cerium oxide. This trend
becomes more noticeable with the further increase in Mn content
(50Mn50Ce) and denotes a change of fluorite type crystal domains. This
result agrees to the fact that the increase in Mn content causes a decrease
in the fluorite crystal size (Table 1), which was estimated by Scherrer
equation applied to (111) plane. This plane corresponds to the most
intense XRD peak of MnyOs3 phase (at 34° in Fig. 3).

Table 1 also reports the lattice parameter of the crystalline phase.
The decrease in the value of the lattice parameter with Mn content
suggests that the deterioration in the crystallinity of fluorite phase is due
to distortion as a consequence of Mn incorporation into CeO; structure,
which leads to a solid solution or a mixed oxide phase. In fact, the
absence of the diffraction peaks corresponding to other crystalline phase
of manganese oxide in the 15Mn85Ce and 50Mn50Ce samples denotes
that a great amount of Mn is incorporated to fluorite and, consequently,
highly interacting with Ce.

On the other hand, the diffraction pattern of the sample with the

= * 85Mn15Ce
= M
Py
g) 50Mn50Ce
9
=
15Mn85Ce
CeO2

NN

— Tt ' 1_ ' 1 °
20 30 40 50 60
26(°)

Fig. 3. XRD patterns of MnOx-CeO, samples, measured a step size of 0.026°
and a counting time of 528 s in the 20 range of 20 and 60°.
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Table 1
Structural, textural and redox properties of MnOX-CeO2 samples.
Sample Fluorite Fluorite lattice SgET Vioro Mn
Crystal size parameter (nm) (m?%/ (em®/ oxidation
(nm) g) g) state
CeO, 9 5.4135 80 0.12 —
15Mn85Ce 5 5.4054 84 0.18 4.1
50Mn50Ce 4 5.4035 88 0.21 3.5
85Mn15Ce 4 5.4107 87 0.25 3.3
MnOx - - 34 0.17 3.1

highest Mn content (85Mn15Ce) evidences the coexistence of two main
crystal phases, fluorite-type and MnyOs, although a small peak at 37.2°
also denotes the presence of some MnO; phase. The lattice parameter of
this sample is lower than that of pure cerium oxide, but higher than
those estimated for 15Mn85Ce and 50Mn50Ce catalysts. This corrobo-
rates the coexistence of fluorite-type structure partially substituted with
Mn and segregated Mn oxide.

Spectroscopies were also used to characterize structural properties.
Fig. 4A shows the Raman spectra of bimetallic samples and pure cerium
and manganese oxides. The spectrum of pure cerium oxide is charac-
terized by a strong band at 460 cm™! associated to oxygen lattice vi-
brations, namely F»; mode of the fluorite-type phase. Pure manganese
oxide has three broad bands around 695, 640 and 305 cm ™! related to
V7, Ve and v- lattice vibrational modes of a-Mn5Os.

Fy¢ band is found in the spectra of 15Mn85Ce and 50Mn50Ce cata-
lysts, although it is less intense, broader and shifted towards lower
wavelengths compared to pure cerium oxide. It is well known that Fag
band is very sensitive to the structural environment of Ce atoms, so this
result corroborates the deterioration of fluorite phase above evidenced
by XRD as a consequence of Mn incorporation into the CeOj structure. In
addition, the spectra of those samples exhibit a broad band around 600
em ™. This band is reported in the literature to be related to oxygen
vacancies in the ceria lattice, which are generated as a compensation of
the negative charge produced by the incorporation of a doping cation
with different nature and oxidation state. Oxygen vacancies promote a
faster oxygen mobility and storage along the lattice structure of the
catalyst, so their presence plays a key role on the catalytic activity.

On the other hand, the maximum deterioration degree of fluorite
phase at high Mn content is observed in the spectrum of 85Mn15Ce
catalyst, in which Fa4 band practically vanishes. For this sample, the
most intense band is located at 645 cm ™! and is associated to segregated
manganese oxide. This result supports the Mn segregation due to the
saturation of fluorite phase above observed in XRD. FT-IR skeletal
spectra (Fig. 4B) also confirm the smooth transition of the mixed sam-
ples structure from the pure ceria lattice, characterized by a main band
centered below 500 cm™! (fluorite-type structure) and tailing to 700
cm_l, to the MnyOs lattice, characterized by a complex Mn-O absorption
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with three maxima at 669, 575 and 520 cm™!. The spectrum of the
15Mn85Ce sample is close to the spectrum of pure ceria, whose structure
is not significantly affected by Mn addition. The spectrum of the
85Mn15Ce sample clearly shows vibrational modes assigned to pure
MnOy, supporting the presence of segregated MnOyx phase also evi-
denced by XRD. Moreover, the comparison with the spectrum of pure
manganese oxide evidences some differences such as the slight shift of
the band at 660 cm ™! and the disappearance of the shoulder at 500 cm ™!
that could be related to the modification of Mn-O by the presence of
solid solution phase too.

Morphological properties were assessed by Na-physisorption. Ac-
cording to IUPAC classification, the samples have a mesoporous
morphology corresponding to type IV isotherms, as reported elsewhere
[34]. The values of surface area and mean pore volume are reported in
Table 1. The higher surface area and pore volume of bimetallic samples
compared to pure oxides denotes that structural defects caused by Mn
incorporation to CeO, structure improve the morphology of the cata-
lysts. It is well known that the higher the surface area, the higher the
number of exposed active sites leading to a positive impact on catalytic
activity. FT-IR analysis of the pure powdered activated surfaces (Fig. 5)
evidences that addition of Mn leads to relevant changes of surface hy-
droxy groups. Pure ceria activated at such mild temperatures is char-
acterized by isolated OHs and bridging OHs showing a quite complex IR
pattern with a shoulder at 3700 cm ™}, assigned to monocoordinated OH
species, and maxima at 3640 cm ™" (split, assigned to bridging OH spe-
cies) and 3500 cm ™! (assigned to residual oxo-hydroxide species) [35].
Addition of Mn leads to a decrease in intensity of these bands
(15Mn85Ce) and, finally, to a complete change of features in this

MnO,

85Mn15Ce

50Mn50Ce
15Mn85Ce

CeO,

Absorbance (a.u.)

1 1 1 U N i N
3500 3400 3300 3200 3100
Wavenumbers (cm-1)

1 1 1
3800 3700 3600

Fig. 5. FT-IR spectra of powder catalysts on a disk diluted in KBr (around 1 %
in weight), with data by 100 scans with a resolution of 4 cm™! resolution.

vinO

A S 4
A s Y
N 8sMn1sce|
3 3
S S
= =
@ M
2 <]
2 2
15Mn85C
2 e 2 85Mn15Ce
jL 50Mn50Ce
CeO, 15Mn85Ce Ce0,
————————T — T 7
750 600 450 300 1200 1100 1000 900 800 700 600 500

Wavenumber (cm™)

Wavenumber (cm™)

Fig. 4. Raman spectra (A) and FT-IR skeletal spectra (B) of MnOX-CeO2 samples and pure cerium and manganese oxides. Conditions: a 706 nm solid-state laser was

used, with a power of 1 mW, measured at room temperature.
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spectral region for samples 85Mn15Ce and 50Mn50Ce. In the 85Mn15Ce
sample, no isolated species are detected. The surface of this sample is
characterized by a weak and broad absorption centred at 3650 cm ™ and
tailing towards lower frequencies, similar to the band detected in the
pure MnOyx spectrum, indicating an extended network of H-bonds.
Clearly, Mn addition affects surface hydroxyl groups and, at the highest
content, isolated ceria OHs disappear.

Redox properties were studied by Ho-TPR, and the reduction profiles
of the samples are shown in Fig. 6. Pure cerium oxide has a reduction
profile characterized by two broad peaks around 450 and 800 °C asso-
ciated to the reduction of surface and bulk Ce, respectively. The quan-
titative measuring shows that in the sample of pure CeO,, that Hy
consumption occurs mostly at high temperature, which is associated
with the CeOg bulk The reduction profile of pure manganese oxide, with
two notable peaks around 295 and 425 °C, matches with the reduction of
Mny03. This fact agrees with XRD results where a-MnyO3 was the only
crystal phase identified. The reduction peak at lower temperature is
related to the reduction of MnyO3 to Mn3O4 and the other reduction
peak above 400 °C is related to the reduction of Mn3O4 to MnO.

Compared to pure oxides, the reduction profiles of bimetallic cata-
lysts are shifted towards lower temperatures. This result indicates that
Mn incorporation into Ce structure improves the reducibility of these
samples by means of the promotion of oxygen mobility. The sample with
the lowest Mn content, 15Mn85Ce, has a similar reduction profile to that
of pure cerium oxide, but with two additional reduction peaks. The
former, at 100 °C, is associated to the reduction of Mn highly dispersed
on the catalytic surface. The latter, around 300 °C, is associated to
reduction of both Mn incorporated into CeO lattice and surface Ce.

The increase in Mn content leads to the appearance of two strong
reduction peaks around 280 and 400 °C in the 50Mn50Ce and
15Mn85Ce catalysts. These peaks are mainly associated to the reduction
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Fig. 6. H,-TPR profiles of MnOx-CeO, samples (20 mg) heated at 10 °C/min in
a continuous flow of 5 % Hy/Ar (50 cm®/min). Samples were pre-treated at
500 °C for 45 min with a continuous flow of 5 % O,/He (50 cm®/min).
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of different Mn species. Interestingly, the reduction peak at lower tem-
perature is itself composed by two contributions that are proposed to be
associated to the reduction of Mn in different phases. Those phases
would correspond to Mn embedded into CeO, lattice and segregated Mn,
which were clearly identified by XRD. The contribution at lower tem-
perature is proposed to be associated to the reduction of Mn embedded
into CeO, lattice, because Mn in high interaction with Ce leads to oxygen
vacancies that improve reducibility, whereas the other contribution is
related to the reduction of segregated Mn.

The average oxidation state of Mn, reported in Table 1, has been
estimated from total Hy consumption and considering some assump-
tions: MnO is the final Mn reduction state and the Hy consumption of
surface Ce is negligible. As it can be seen, the oxidation state of Mn
decreases from Mn** to Mn®* with Mn content. This result shows that
the different phases composing the samples lead to different oxidation
state of Mn corresponding to two different contributions in the reduction
peaks located at lower temperature. The fact that the contribution of
Mn** species is larger at low Mn content, where all Mn is practically
incorporated into CeO, structure, indicates that Mn** species are pro-
moted when Mn is in high interaction with Ce. On the contrary, Mn>*
species are promoted at high Mn content due to Mn segregation as
Mn203.

All these characterization results suggest that high Mn content pro-
motes, on the one hand, appealing morphological properties, such us
high surface area and pore volume, and, on the other hand, the coex-
istence of two structural phases (mixed oxide phase and segregated
manganese oxide), whose synergy provides high variability of Mn spe-
cies with different oxidation state and oxygen mobility.

3.2. Catalytic oxidation of o-DCB

3.2.1. Activity test

Fig. 7 shows the o-DCB conversion profiles of the samples with
different Mn and Ce contents. All of them exhibit a regular sigmoid S-
shape, composed by two steps in which the conversion increases with
temperature. Between these two steps, there is a small drop in the
conversion. In the first step conversion increases with temperature
above 100 °C up to a maximum between 200 and 250 °C, depending of
the catalyst sample. The second step occurs above 260 (85Mn15Ce) by
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Fig. 7. 0-DCB conversion over MnOx-CeO, samples, prepared by co-
precipitation and submitted to a flow of 2Ly/min composed of o-DCB (100
ppm), O, (10 %) and Ar to balance, at 1.5 atm, and a temperature rate of
1.5 °C/min.
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conversion increase up to near total conversion. This particular shape of
the light-off curves have been attributed in the literature to self-
inhibition effect, competitive adsorption of other compounds in the
mixture, or partial deactivation of some active sites [36-38]. Further
experiments in steady condition were made to assess this particular
behaviour in transient conditions, which are discussed below in section
3.2.2.

Pure manganese oxide has a higher catalytic activity than pure
cerium oxide over the whole temperature range. Similarly, in the
bimetallic samples, the increase in Mn content shifts the o-DCB con-
version profiles towards lower temperatures. These results point out that
Mn is the most active metal in 0-DCB oxidation.

However, Ce also plays an important role on catalytic activity, since
bimetallic 50Mn50Ce and 85Mn15Ce catalysts lead to higher o-DCB
conversions than pure manganese oxide, despite their lower Mn con-
tents. This fact means that the enhancement in oxygen mobility and
storage provided by Mn incorporation into CeO, structure improves the
oxidative capability and, consequently, o-DCB oxidation can occur at
lower temperatures.

The most active sample was 85Mn15Ce sample in the whole range of
temperature, which leads to total conversion of 0-DCB around 330 °C.
These results show that the MnOx-CeO, catalysts tested here have
significantly better activity compared to the catalysts based on vana-
dium and zeolites the authors have been reported formerly under the
same conditions [2,22,23,39].

The excellent catalytic activity of 85Mn15Ce sample cannot be
related only to the improvement of the catalytic properties arising from
the incorporation of Mn into CeO; structure, because XRD results
corroborated this catalyst is also composed of another segregated
manganese oxide phase, resulting from the saturation of mixed oxide
phase at such Mn content. A similar result was reported by Ye and co-
workers [40], who established that the limit of Mn/(Mn + Ce) ratio
allowing Mn incorporation into CeOx structure is between 0.6 and 0.75.
On this basis, the synergy between the two phases composing the
catalyst, that is mixed oxide phase with high interaction between Mn
and Ce and segregated manganese oxide phase, will favour the high
catalytic activity in o-DCB oxidation.

3.2.2. Stability tests

In CVOCs oxidations, catalyst stability is an important feature to
consider because these types of reactions are reported to cause a catalyst
deactivation [41,42]. Inhibition of the active sites can not only affect the
reaction rate, but also can change the reaction pathway, resulting in a
loss of activity and/or selectivity towards the desired products. Catalyst
deactivation of the most active catalyst, 85Mn15Ce, was assessed by
TOS experiments at two different temperatures. The two selected tem-
peratures were 200 and 300 °C, in order to consider the stability at each
of the steps where o-DCB conversion increased with temperature
(Fig. 7). The feeding stream for TOS experiments was the same as the
one used in the light-off experiments, in which catalytic activity of
samples with different Mn and Ce content was evaluated.

Fig. 8 shows the results of TOS experiments. At 200 °C, 0-DCB con-
version strongly decreases from 95 % (at the first few minutes of oper-
ation) to almost zero after three hours as a consequence of an important
catalyst deactivation. The main product of oxidation reaction is COj,
although its concentration decreases over time as 0-DCB conversion
drops. CO is hardly produced, and no chlorinated organic by-products
were detected. According to literature, this deactivation of MnOx-
CeO; formulation in the oxidation of chlorinated compounds is mainly
associated to Cl adsorption at the catalyst surface [3,41,43].

At 300 °C, 0-DCB conversion is rather stable within the first hour of
operation. Then, conversion decreases steadily down to 65 %, but it
stabilizes after 18 h of operation, and does not deactivate further This
value is very similar to the one obtained in the light-off experiments
(Fig. 7). According to Fig. 8B, CO4 is the main product of oxidation re-
action, although there is some production of CO and chlorinated organic
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Fig. 8. Time on stream (TOS) experiment for o-DCB oxidation over 85Mn15C
at a constant temperature (200 or 300 °C), flow (2Ly/min), composition (2Ly/
min, 100 ppm 0-DCB, 10 % O and Ar to balance) and pressure (1.5 atm). A) o-
DCB conversion profiles and B) CO, CO2 and tetrachloroethylene production.

by products. Chlorinated organic compounds, identified by GC-MS,
were tetrachloromethane, tetrachloroethylene and trichlorobenzene.
Fig. 8B only shows the tetrachloroethylene signal trend, as it is the most
produced chlorinated organic compound. CO5 concentration follows the
same trend as 0-DCB conversion, that is, decreasing at the beginning and
stabilising at the end of the experiment. In contrast, CO concentration
and tetrachloroethylene signals increase simultaneously with the drop
in CO,, and they stabilise at the end of the experiment.

The trends followed by oxidation products at 300 °C show a loss in
the oxidative capability of the catalyst as the experiment proceeds,
which negatively affects the total oxidation of o-DCB. This fact is
particularly remarkable because it was not observed at 200 °C (only CO,
was produced) despite the decrease in 0-DCB conversion caused by
catalyst deactivation.

On the other hand, thermodynamics proves the possibility of for-
mation of chlorinated species different to HCI in the operating studied
conditions, such as Cl,, from the Deacon reaction (4HCI 4 O5 < 2Cly +
2H50), and even ClO, and chloramines. However, Cl; has not been
detected, which means that Deacon reaction and ClO, formation does
not take place, probably because reaction conditions are kinetically
unfavourable. HCl is the only inorganic chlorinated compound detected
under o-DCB oxidation. That is why selectivity HCl/Cl; it is not shown in
Fig. 8.

The different o-DCB oxidation in terms of both conversion and
products formation, as a function of temperature, is proposed to be
related to the presence of active sites with different oxidative capability.
This was confirmed with an additional light-off experiment over
85Mn15Ce catalyst, in which the temperature was increased by steps
and was kept constant in each step until conversion was stabilized down
to experimental error (Fig. 1). Fig. 9 shows the comparison between the
two lights-offs measured by steady heating ramp of 1.5 °C/min (Ramp)
and measured by temperature increase by steps (Step). The new light-off
is significantly different below 270 °C with a standard shape of only one
step, with a light-off section around 265 °C and conversion lower than
10 % below 225 °C. Then, results shown in Figs. 7 and 8 confirm that
MnOx-CeO; catalysts are composed of two type of active sites, some with
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Fig. 9. Comparison between light-off experiments measured by steady heating
ramp of 1.5 °C/min (Ramp) and measured by temperature increase by steps
(Step). Catalyst sample 85Mn15Ce, prepared by co-precipitation and submitted
to a flow of 2Ly/min composed of o-DCB (100 ppm), O, (10 %) and Ar to
balance, at 1.5 atm.

high oxidative capacity, very active at low temperatures, but easily
deactivated, and others with low oxidative capacity resistant to deacti-
vation. This also explains the particular shape of conversion profiles
obtained in the evaluation of the catalytic activity as a function of Mn
content (Fig. 7). Thus, in bimetallic catalysts, the increase in 0o-DCB
conversion at low temperature (first step) is promoted by the active sites
with higher oxidative capability. After that, the drop in 0-DCB conver-
sion is caused by the progressive deactivation of these active sites.
Finally, the activation of the active sites with lower oxidative capability
with the further increase in temperature leads to increase the o-DCB
conversion again (second step).

According to characterization results, Ho-TPR technique concluded
that Mn incorporated into CeO; structure (mixed oxide phase) is more
susceptible to be reduced than Mn segregated as oxide, due to the better
oxygen mobility resulting from the higher interaction degree between
Mn and Ce. Indeed, the promotion of oxygen mobility favours oxidative
capability and active sites with higher oxidative capability would be
mostly promoted by mixed oxide phase. On this basis, the active sites
with higher oxidative capability mainly contribute to the catalytic ac-
tivity at low temperatures, leading to total oxidation of o-DCB. However,
they are strongly deactivated, causing the drop in 0-DCB conversion
observed in TOS experiment at 200 °C. At higher temperatures, other
active sites, associated to segregated as Mn,O3, with lower oxidative
capability and more resistant to deactivation become active enough to
perform o0-DCB oxidation. As a consequence, CO and chlorinated organic
compounds are produced, which is in agreement with TOS experiment at
300 °C. The contribution of these active sites with lower oxidative
capability is low at the beginning of the operation, but it increases as the
active sites with higher oxidative capability are deactivated. This is
deduced from the drop in 0-DCB conversion and the only production of
CO4, at the beginning of TOS experiment at 300 °C.

The 85Mn15Ce samples used in the TOS experiments at 200 and 300
° C (Fig. 7) were characterized by TG/MS, SEM-EDX, XRD, Ny-fisi-
sorption, and H,-TPR in order to get an image of what might be the cause
of deactivation, especially of the active centres with high oxidative
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capacity. dTG profiles exhibit two peaks around 225 and 485 °C. The
larger area under the dTG profile of the used catalyst from TOS exper-
iment at 200 °C denotes the removal of a larger amount of deactivating
species (around 4 %), in comparison to the catalyst from TOS experi-
ment at 300 °C (around 2 %). The obtained m/z = 44 (CO,) profiles
matched well with dTG profiles, evidencing that deactivating matter is
composed by carbon-based compounds. However, no m/z associated to
chlorine was detected. However, the EDX revealed the presence of a
remarkable amount of surface chlorine in both samples as shown as in
Table 2. Carbon composition was also estimated by EDX, in a similar
proportions by TG.

Table 2 also shows the crystal size of the two main phases (fluorite
and Mny03) obtained from XRD and, the specific surface area, mean
pore volume and mean pore diameter obtained from Ny-physisoprtion.
The crystal size of both, fluorite and Mny03 phases, increases in the used
catalysts, which denotes a phase segregation, and thus, a negative effect
on the oxygen mobility, due to the lower interaction degree between Mn
and Ce. This fact could be related to a sintering crystal phases, promoted
by the deposition of non-removable deactivating matter. The lower
interaction between Mn and Ce in the used 85Mn15Ce catalysts con-
tributes to the loss of structural defects, which decreases the specific
surface area and makes higher the pore size in comparison to the fresh
85Mn15Ce catalyst. In addition, the deposition of deactivating matter
also contributes to deteriorate the morphology of the catalyst through
the blocking of pores, as it is denoted by the slightly decrease in the pore
volume in the used samples.

Fig. 10 shows the TPR profiles of fresh and used catalysts in TOS
experiments. The shift of reduction profile of used catalysts towards high
temperature in comparison to fresh catalyst denotes a decrease in redox
properties. The loss of reducibility is clearly associated to phase segre-
gation evidenced by XRD, which reduces oxygen mobility. Moreover,
there is a remarkable difference in the Hy consumption associated to Mn
in high oxidation state (Hy uptake at low temperature), because it is
composed by two well-differentiated subpeaks (at 270 and 300 °C) in
the fresh sample, whereas it is composed by a tiny peak and a shoulder
strongly overlapped with the Hy uptake at high temperature in the used
samples. On the other hand, Fig. 10 also reports a higher Hy consump-
tion in the used 85Mn15Ce catalysts, which could be associated to an
additional Hy consumption of deactivating matter. This explanation is in
accordance with the slight higher Hy consumption of used catalyst in
TOS experiment at 200 °C in comparison to that of used catalyst in TOS
experiment at 300 °C, because of the higher amount of deactivating
species observed by TG and EDX. Therefore, the noticeable difference in
the Hy consumption at low temperature between fresh and used samples
suggests that deactivating matter affects Mn in high oxidation state,
either Mn** (in high interaction with Ce) or Mn®* (in Mn,Oj3 oxide). As
concluded in section 3.1, the co-existence of these two Mn species is
essential to provide an effective oxygen mobility, so their deficit affects
the reducibility of the sample, which leads to a reduction of used cata-
lysts at higher temperatures than the fresh catalyst. Furthermore, the Hy-
TPR results agree with those obtained in TOS experiment, where it was
evidenced the influence of catalytic deactivation in the 0-DCB oxidation
at low temperature. In this sense, at low temperature, oxygen mobility is
a key factor for the activity of surface oxygen. Thus, the negative effects
of deactivating species in the metal species that provides an effective
oxygen mobility [44], is the cause that leads the decrease of o-DCB
conversion at low temperature.

3.2.3. In-situ FTIR experiments of o-DCB adsorption

In-situ FTIR spectra of surface species resulting from o-DCB adsorp-
tion over the 85Mn15Ce sample, at 100 and 250 °C, are shown in Fig. 11.
Resulting spectra are quite complex, and the assignment of the main IR
bands is summarized in Table 3.

The adsorption of 0-DCB at 100 °C, Fig. 11A, leads to the appearance
of several sharp bands at 1570, 1455 and 1435 cm ™! related to the
stretching modes (8a, 19a and 19b, respectively) of the aromatic ring
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Table 2
Surface Cl and C composition from EDX analysis and structural and textural properties of used 85Mn15Ce catalysts in TOS experiments.
Catalyst Cl content (%wt) C content (%wt) Fluorite crystal size (nm) Mn,03 crystal size (nm) SgeT Vp dp
(m*/g) (cm®/g) (nm)
85Mn15Ce (200) 1.9 5.9 6 25 58 0.23 13.3
85Mn15Ce (300) 1.7 4.9 6 27 41 0.24 19.6
85Mn15Ce 0.1 - 4 17 87 0.25 9.0
Table 3
L Assignment of the IR bands identified in the adsorption of o-DCB.
35
© 85Mn15Ce (300) Band (cm™}) Assignment Reference
‘C’ 5.6 mmolH_/g 1570, 1455, 1423 Aromatic stretching [48,50]
S z 1255 C—H in plane bending [48,501]
— 1170, 1125, 1030 C—Cl stretching [48,50]
Q 1190 Phenate (C—O stretching) [48,50]
g 85Mn15Ce (200) 1505 Maleate (C—O stretching) [48,50]
1540, 1360 Formate (C—O stretching) [48,50,52]
g 57 mmoIHz/g 1555, 1415 Acetate (C—O stretching) [47,55,56]
Q 1370 CH, stretching [56]
ON 85Mn15Ce 1304 Enolic [51,57]
1610 Hydroxyl [52]
T 5.3 mmolH,/g 2350 €O, gas [52,54]
2930, 2860 C—H stretching [55,58]
| | 3070 Aromatic C—H stretching [45]

| | |
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Fig. 10. TPR profiles of used 85Mn15Ce catalysts in TOS experiment and fresh
85Mn15Ce catalysts.
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Fig. 11. FTIR spectra after exposing the 85Mn15Ce catalyst to 1000 ppm o-
DCB/Ar and followed by a purge with Ar at A) 100 °C and B) 250 °C.

[43,45-48]. In addition, the band at 1255 cm ! evidences C—H bonds of
aromatic ring [49,50], whereas the bands at 1170, 1125, and 1030 cm!
are associated to C—Cl stretching [45,46]. Additionally, the weak band
at 3070 cm ! is due to stretching of aromatic C—H bonds [45].

Increasing the exposure time favours a gain in the intensity of the
bands above described and leads to the appearance of other bands
related to intermediate species resulting from the reaction between
adsorbed o-DCB and surface oxygen of the catalyst. In detail: the band at
1190 cm™! is associated to C—O vibrational mode of phenate species
[45], which is considered as the first intermediated species in 0o-DCB
oxidation. On the other hand, the bands at 1505 and 1360 em ™! have
been previously assigned to COO— stretching modes of maleate [47,50]
and formate [51,52] species, respectively. In the high wavenumber re-
gion, there is a negative band at 3670 cm ™' along with a broad band
with maximum around 3585 cm™!. This result suggests the disappear-
ance of surface hydroxyl groups as a consequence of their interaction
with 0-DCB both through H-bonds and through o-DCB chemisorption
[53], as discussed in the following.

The presence of typical bands of molecularly adsorbed 0-DCB sug-
gests that, at 100 °C 0-DCB is hardly oxidised on the catalytic surface due
to the low activity of oxygen species. 0-DCB adsorption can occur
through the coordination of chlorine atoms with exposed metal ions
acting as a Lewis acid site, or through the interaction with a surface
hydroxyl group by means of the formation of weak H-bonds. The
electron-rich benzene ring can also be involved in this first-step inter-
action. To ascertain this point, in another set of experiments, DCB has
been adsorbed at the catalyst surface at room temperature and upon
heating in static conditions. In the 1700-2000 cm™! frequency region
(Fig. S1), weak bands due to combination and overtones of the aromatic
ring are detected at 1918, 1950, 1795 cm ™}, that is, very close to those
reported for pure liquid 0-DCB, and stable also following prolonged
outgassing. These findings have been previously explained by consid-
ering the aromatic ring adsorption at the surface to be perpendicular,
thus 0-DCB interacts mainly through its Cl substituents with the catalyst
surface [46].

On the other side, the detection of adsorbed oxygenated fragments
such as carboxylate species suggests that a fraction of 0-DBC already
undergoes deep oxidation, in spite of the low reaction temperature. This
is confirmed by the appearance of a roto-vibrational band contour be-
tween 2360 and 2340 cm ™! after 30 min of exposure time. These fea-
tures are related to CO- in the gas phase [52,54] and show that at least
part of adsorbed 0-DCB is completely oxidized.

The intensity of the bands associated to molecularly adsorbed o-DCB
decreases after purging with Ar. Conversely, the intensity of bands
associated to phenate species and CO; increases, which looks rather
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unusual since it could be expected that their intensity should remain
stable or decrease slightly. But it is also possible that the adsorbed o-DCB
or part of it is still reacting with surface oxygen during the purge time,
thus increasing the amount of reaction intermediates adsorbed on the
catalyst. It is probable that at low temperature, as the opening of the
aromatic ring is difficult, so that after the adsorption period prior to
purging with Ar, the surface oxygen has not been completely consumed.
Hence, it can react with the adsorbed 0-DCB or part of it giving reaction
intermediates even in the purging stage. This result confirms the
chemisorption of o-DCB through Cl substitution by surface oxygen,
leading to strongly adsorbed species, the likely intermediates of o-DCB
total oxidation.

On the other hand, Fig. 11B shows the resulting spectra after o-DCB
adsorption at 250 °C. The spectra are completely different to those ob-
tained at lower temperature. The bands at 1555 and 1415 cm~! (COO—
asymmetric and symmetric stretching mode) denote the presence of
acetate species [47,55,56], and those at 1540 and 1360 cm ™! (COO—
asymmetric and symmetric stretching mode) are associated to formate
species [49,50,52]. The bands ascribed to phenate (1190 cm_l) and
maleate (1505 cm ™) species, which were the main oxygen-containing
species at 100 °C, are also present at 250 °C but their intensities are
lowered. Another band at 1304 cm ™! has been assigned to enolic species
[51,57]. The presence of enolic species, together with adsorbed acetates,
could also be supported by the new bands at 2930 and 2860 cm ™!, which
are related in the literature to different types of C—H stretching [55,58].

In the high wavenumber region, there is a lesser contribution of o-
DCB H-bonded to surface hydroxyl groups, as denoted residual weak
negative bands near 3660 cm~!. The absence of broad a band around
3585 cm™! also evidences this. This result could be associated to the
interaction between a larger amount of chlorides generated in the re-
action and hydroxyl groups, leading to the removal of Cl adsorbed as
HCJ; a similar hypothesis has been already proposed by Gao et al. [53]
after studying o-DCB adsorption over Fe-based catalysts.

On this basis, the absence of the bands due to molecularly adsorbed
0-DCB (bands of aromatic ring and C—Cl bonds) suggests that, at 250 °C,
0-DCB is adsorbed and, then, rapidly oxidized by lattice oxygen leading
to the intermediate species mentioned above. Actually, the band asso-
ciated to stretching of aromatic C—H (3070 cm™!) does not appear
anymore in the spectra. However, the further total oxidation of the in-
termediate species is not fast, since the bands of CO; in the gas phase do
not appear until 30 min of exposure time. This could be related to the
absence of oxygen in the gas phase.

In order to assess the impact of the presence of oxygen on the species
formed during o-DCB oxidation, co-adsorption of 0-DCB and O, was
carried out at 100 and 250 °C. The resulting spectra are shown in Fig. 12
and Table 3 summarizes the assignment of the obtained bands.

The adsorption of 0-DCB in the presence of oxygen at 100 °C,
Fig. 12A, leads to similar spectra than those obtained in the absence of
oxygen. There are bands associated to C—C bonds in the aromatic ring
(1570, 1455 and 1435 cm’l), C—Cl bonds (1170, 1125 and 1030 em ™)
and C—H bonds (1255 and 3070 cm 1) of adsorbed o-DCB. In addition,
the bands of maleate, formate and phenate intermediate species are
present in the spectra at 1505, 1360 and 1190 cm %, respectively. These
bands of intermediate species appear just after exposing the feeding
stream to the catalyst, whereas in the absence of oxygen (Fig. 11A) they
appeared later, after 30 min of exposure time. Thus, the presence of
oxygen in the gas phase favours a faster oxidation of 0o-DCB.

On the other hand, the main bands obtained in the adsorption of o-
DCB in the presence of oxygen at 250 °C, Fig. 12B, are associated to
—COO— stretching modes of acetate (1555 and 1415 cm™ 1) and formate
(1540 and 1360 cm™ 1) species. Additionally, two broad shoulders
appear between 1650 and 1500 cm L. The one located at 1505 cm ™! is
likely due to asymmetric stretching mode of maleate species (whose
corresponding symmetric mode could be masked by stronger absorp-
tions), whereas the other located at 1610 cm™* has been assigned to the
bending vibration of hydroxyl groups of water produced in the oxidation
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Fig. 12. FTIR spectra after exposing the 85Mn15Ce catalyst to 1000 ppm o-
DCB+5% 0O2/Ar and followed by a purge with Ar at A) 100 °C and B) 250 °C.

of 0-DCB [59]. The small band at 1304 cm ™! also evidences the presence
of enolic species. Moreover, the presence of C—H bonds in the different
intermediate species identified at 250 °C is evidenced by the bands at
2930, 2860 and 1255 cm ™.

Comparison between the obtained results points out a notable dif-
ference in the distribution of intermediate species as a function of
temperature. At 100 °C, 0-DCB coordination and reactive adsorption
occurs, leading to the formation of phenate species. The predominance
of phenate and maleate species indicates the low activity of the catalyst
in the breaking of the aromatic ring at such low temperature. Acetate,
enolic and formate species were the most important at 250 °C, charac-
terized by a complex pattern of carboxylate bands in the 1600-1200
cm™! region and by different types of G—H stretching modes in the
2930-2860 cm ™! region, that do not appear in the spectra at 100 °C.
Thus, increasing temperature favours the ring-breaking to give small
adsorbed oxidized fragments. The appearance of CO; in the gas phase
(bands at 2360 and 2340 cm™!) at 100 °C and 250 °C suggests that a
small amount of adsorbed 0-DCB is completely oxidized too.

3.2.4. Reaction pathway

In-situ FTIR results shows that the reaction between adsorbed o-DCB
and lattice oxygen of the catalyst results in the formation of oxidized
intermediate species also in the absence of oxygen in the gas phase.

Scheme 1 summarizes the main steps that compose the reaction
pathway, which has been proposed on the basis of the intermediate
species identified by in-situ FTIR. 0-DCB oxidation starts with a chlorine
abstraction of at least one of the chlorine atoms of 0o-DCB by a nucleo-
philic substitution, leading to the formation of phenate species (A). FTIR
results also suggest that o-DCB can interact with surface hydroxyl
groups, mainly at low temperature.

Phenate species can undergo a further chlorine abstraction by a
nucleophilic substitution, in which the second chlorine atom of 0-DCB is
substituted by an oxygen belonging to a close active site, likely leading
to the formation of catecholate and benzoquinone-type species as re-
ported in the literature (B) [59,60]. Subsequently, the aromatic ring
cleavage will occur through the reaction of catecholate and/or
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Scheme 1. Reaction pathway proposed for o-DCB oxidation over MnOX-
CeO2 catalysts.

benzoquinone-type species with surface oxygen of the catalyst, pro-
ducing acetate (C) and maleate species (D). Actually, in our reaction
conditions no evidence of the presence of catecholate species was found
by FTIR. However, this type of intermediates is widely reported to be
formed as a consequence of the oxidation of phenate species, so its
absence in FTIR spectra could be associated to a fast oxidation towards
maleate species.

Maleate species are then oxidized to other intermediates, such as
acetate, formate and enolic species (E), which are eventually oxidized
towards CO, CO, and Hy0. However, these intermediates can react to a
minor extent with adsorbed chlorine, leading to the desorption of
chlorinated organic by-products (F and G). In fact, the formation of
tetrachloromethane and tetrachloroethylene was already identified by
GC-MS in the stability test. In this respect, it should be noted that tri-
chlorobenzene was also identified, although in a lower amount than the
other oxidation by-products, so chlorination reaction of adsorbed in-
termediates can also occur before the cleavage of the aromatic ring.

Finally, active sites involved in 0-DCB oxidation are re-oxidized with
the oxygen from the gas phase in a typical Mars-Van Krevelen mecha-
nism. In addition, adsorbed chlorine can be also removed through the
reaction with water or even with a surface hydroxyl group producing
HCl. This hypothesis has been proposed based on the progressive
disappearance of bands related to 0-DCB H-bonded to surface hydroxyl
groups as temperature increases.

The different distribution of IR bands between Fig. 11A and B and
Fig. 12A and B, is related to the presence of two types of active sites: One
the one hand, active sites with higher oxidising capacity, corresponding
to the mixed oxide phase, due to their higher oxygen mobility, but lower
resistance to deactivation. On the other hand, active sites have a lower
oxidising capacity, corresponding to the segregated manganese oxide
phase, which are more resistant to deactivation, as concluded in section
3.1 and section 3.2.2.

The active sites with higher oxidative capability promote faster
oxidation of the intermediate species produced after aromatic ring
cleavage (absence of acetate, formate and enolic species), then pheno-
late species oxidation should be the rate limiting step at low tempera-
ture. However, at higher temperatures, the contribution of the active
centres with lower oxidative capacity becomes greater due to
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deactivation of sites with high oxidative capacity. Over segregated
manganese oxide phase, and at high temperature, chlorine abstraction
and the opening of aromatic ring is relatively faster (no phenate and
maleate species were observed). Conversely, the rate of decomposition
acetates, formates and enoliates is relatively lower (presence of acetate,
formate and enolic intermediate species in the spectra). Additionally,
their higher resistance to deactivation, means the interaction between
these active sites and deactivating species (mainly Cl) may favours the
chlorination of acetates, formats and enolic, which is in line with the
production of chlorinated organic compounds at high temperature in the
stability test. In fact, the number of carbons of these chlorinated organic
compounds, mostly tetrachloroethylene and tetrachloromethane, is
similar to that of acetate and formate species.

So, it is found that results in the characterization (section 3.1), in
catalyst stability (section 3.2.2) and in FTIR spectra (section 3.2.3), are
in line and allow to explain the differences of catalyst behaviour at low
and high temperature.

3.3. Catalytic oxidation of 0-DCB in the presence of selective reduction of
NO by NH. 3

3.3.1. Activity tests

This section addresses the effect that NO reduction has on o-DCB
oxidation. For this purpose, 0-DCB oxidation was carried out simulta-
neously with NO reduction in a light-off experiment with a feeding
stream composed of 0-DCB (100 ppm), O3 (10 %), NO (300 ppm), NH3
(300 ppm) and Ar to balance. The results (Fig. 13), conversion of 0-DCB
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Fig. 13. Comparison of 0-DCB oxidation (2Ly/min, 1.5 atm, 1.5 °C/min, 0-DCB
(100 ppm), O5 (10 %) and Ar to balance) in the presence and the absence of NO
(300 ppm) reduction over 85Mnl15Ce. A) 0-DCB conversion profiles and B)
selectivity towards CO and chlorinated organic compounds (COCC).
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and selectivity to CO and chlorinated hydrocarbons (COCC), have been
compared with those obtained in section 3.2.1,

Similar conversion profiles are obtained in the presence and in the
absence of NO reduction (Fig. 13A). Nonetheless, NO reduction favours
oxidation reaction, since 0-DCB conversion profile shifts to lower tem-
peratures when both reactions occur simultaneously. CO is the main
oxidation product, whereas a small amount of CO and chlorinated
organic compounds (COCC) are produced. Fig. 13B shows that NO
reduction slightly increases the selectivity towards CO, i.e. from 15 % to
20 % at 300 °C, and decreases the selectivity towards chlorinated
organic compounds, i.e. from 5 % to 1 % at the same temperature. In
addition, the temperature range at which chlorinated organic com-
pounds are produced narrows when o-DCB oxidation is performed
simultaneously with NO reduction.

Therefore, NO reduction has a positive effect on the oxidation of both
0-DCB and chlorinated organic compounds produced in the different
stages of the oxidation pathway. NO reduction is also reported in the
literature to enhance the oxidation of chlorinated benzenes with
vanadium-based catalysts [13,61]. However, this issue leads to some
conflicting results when oxidation reaction is performed with MnOgx-
based catalysts, as several authors report that the presence of both NO
and NHj has a negative effect on 0-DCB oxidation [33].

In order to shed light on these aspects, 0-DCB oxidation was per-
formed over 85Mnl5Ce sample separately in the presence of NO
(Fig. 14) and NHg (Fig. 15). Several reaction runs were performed by
increasing the NO concentration in the range 0 — 600 ppm while the
concentration of the rest of components (0-DCB, O5) was kept constant,
as shown in Fig. 14. Another set of reaction runs were performed by
increasing the NH3 concentration in the range of 0 — 600 ppm, while the
concentration of the rest of components (0-DCB, O5) was kept constant,
as shown in Fig. 15. All these tests were performed under stationary
conditions at 300 °C, temperature at which the catalyst is not deacti-
vated. Firstly, catalyst was exposed to a stream of 0-DCB and oxygen for
22 h hours, until it reached steady state 0-DCB conversion, as in Fig. 7.
Then, NO or NH3 was added in concentration increments, once the
steady state conversion of 0-DCB was reached after each increment.
Fig. 14 shows that a low concentration of NO (50 ppm) increases o-DCB
conversion (from 70 % to 80 %) and also favours total oxidation, since
the production of CO and CO; increases while the production of chlo-
rinated organic compounds (tetrachloroethylene) decreases. However,
0-DCB conversion as well as oxidation products return to the same
values recorded in the absence of NO with the further increase in NO
concentration.

Regarding to the selectivity to chlorinated inorganics, no Cly, Cl50,
chloramines were detected. Even HCl was not detected most probably
due to the reaction between NH3 and HCI or even surface chlorine to
form NH4Cl, which was detected on the particle filter located down-
stream the reactor [24]. It furtherly make the flormation of Cl; ther-
modinamically unfavourable.

The positive effect of NO at low concentrations is probably
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associated to the fact that its adsorption over the catalytic surface leads
to adsorbed species with a higher oxidising power than that of oxygen,
which facilitates the re-oxidation of the active sites involved in oxidation
reaction. This hypothesis has been further analysed in section 3.3.2, by
in-situ FTIR analysis. However, the positive effect of NO vanishes at high
concentrations, because the concentration of adsorbed NO species in-
creases to such an extent that the positive contribution arising from the
re-oxidation of the active sites is balanced by the negative contribution
of the competitive adsorption with o-DCB.

On the other hand, Fig. 15A shows that increasing NH3 concentration
leads to a gradual increase in 0-DCB conversion from 69 %, in the
absence of NH3, to 78 %, when NH3 concentration is 600 ppm. As for
oxidation products, Fig. 15B shows a notable drop in chlorinated organic
compounds (tetrachloroethylene) as NHj3 concentration increases.
Simultaneously, CO and CO5 production increase as well.

Therefore, NH3 also has a positive effect on the selectivity of the
oxidation reaction to, mainly, COx. The key to understand this effect lies
on the behaviour followed by chlorinated organic compounds. Chlori-
nated organic compounds are produced by chlorination of intermediate
species, thus their lower production denotes the presence of NHj
inhibiting chlorination reactions. This inhibition is to be related to re-
action between NH3 and adsorbed Cl on the catalyst, since NH4Cl has
been obtained at the reactor outlet. The removal of adsorbed Cl releases
the active sites and facilitates their re-oxidation, which promotes the
slight increase in 0-DCB conversion.

The positive effect that NH3 has on 0-DCB oxidation contrasts with
some conclusions reported by several authors, who state that the pres-
ence of NHz negatively affects the oxidation of chlorinated benzenes due
to the competitive adsorption for the active sites [33,62]. According to
literature, NH3 adsorption plays an important role in the reduction of
NOx over MnOx-CeOz, catalysts [32,63], so the adsorption of NH3 is very
likely to occur on the studied catalyst. However, the negative effect
resulting from the competitive adsorption with 0-DCB is not appreciable
in our reaction system, because the positive effect arising from the
removal of adsorbed Cl plays a dominant role.

3.3.2. In-situ FTIR experiments on the effect of NO and NHs adsorbed
species on 0-DCB adsorption

This section will address the effect that species resulting from NO and
NHj adsorption have on the species produced after o-DCB adsorption.
This study will allow to evaluate the involvement of NO and NHs in the
reaction pathway of 0-DCB oxidation above proposed and to comple-
ment the conclusions obtained after analysing the effect that NO and
NH;j had in the catalytic activity of o-DCB oxidation.

Fig. 16 shows the spectra obtained from o-DCB adsorption over
85Mn15Ce catalyst previously exposed to a NO-containing stream at
100 and 250 °C. At 100 °C, Fig. 16A, NO reacts at the surface giving rise
to adsorbed species characterized by a broad band at 1185 cm™! (NO
vibrational mode) [32,64-68]. In the high wavenumber region, the
negative band at 3680 cm ™! is associated to the consumption of surface
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Fig. 14. Effect of NO on 0-DCB oxidation over 85Mn15Ce at 300 °C (2Ly/min, 1.5 atm, 300 °C, 0-DCB (100 ppm), O, (10 %) and Ar to balance). A) o-DCB conversion

and B) CO, CO2 and tetrachloroethylene production.
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Fig. 16. FTIR spectra of 85Mn15Ce catalyst pre-treated with 1000 ppm NO/Ar
and, then, exposed to 1000 ppm o-DCB/Ar followed by a purge with Ar at A)
100 °C and B) 250 °C.

hydroxyl groups as a consequence of their interaction with NO [66,69].
In parallel, it is possible to detect a broad absorption in the range
3600-3000 cm ! due to H-bonds formation [66]. As discussed in the
previous paragraphs, the adsorption of 0-DCB leads to the appearance of
additional bands related to molecularly adsorbed o-DCB, i.e., those
related to the aromatic ring (1570, 1455, 1435 cm’l), C—H stretching
(1255 em™!) and C—Cl bonds (1125 and 1030 cm ™) [66,70-72]. The
intensity of the band at 1190 cm ™}, due to NO adsorbed species,
apparently increases, likely due to the overlapping with the band related
to growing phenate species, which also appears around 1190 cm™!
[32,73-75]. The absence of consumption of NO species after 0-DCB
adsorption suggests that these species are not involved in the oxidation
of 0-DCB [76].
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At 250 °C, Fig. 16B shows a change in the resulting species from NO
adsorption, since the appearance of several bands at 1530, 1215 and
1020 em ™! also suggest the formation of nitrate species [77,78]. How-
ever, after o-DCB adsorption, a different behaviour is observed
compared to lower temperature, since the bands associated to nitrate
species progressively disappear with longer exposure times to 0o-DCB
feeding. In fact, the absence of nitrate bands is appreciable after feeding
0-DCB for 10 min. Simultaneously, o-DCB adsorption leads to the
appearance of acetate (1555 and 1415 cm’l), formate (1540 and 1360
em™) and enolic (2930, 2860 and 1304 cm™!) species. The disappear-
ance of nitrate bands denotes the involvement of NO adsorbed species as
surface nitrates in 0-DCB oxidation. Similar intermediate species have
been identified by comparing in-situ FTIR results obtained after o-DCB
adsorption in the absence (Fig. 12B) and presence (Fig. 16B) of NO. This
fact suggests that nitrate species do not alter the reaction pathway
previously proposed for 0-DCB oxidation and, thus, their involvement is
probably related to a promotion of the re-oxidation of the active sites.
This re-oxidation of the active sites is faster than that carried out by
oxygen from the gas phase, explaining the positive effect that low con-
centrations of NO had on 0-DCB oxidation (Fig. 13) [61,79,80].

Fig. 17 shows the spectra obtained from o-DCB adsorption over
85Mn15Ce catalyst previously exposed to a NHs-containing stream at
100 and 250 °C. At 100 °C (Fig. 17A), the strong band at 1175 em™!
denote NH3 coordinated on Lewis acid sites. In the high wavenumber
region, the bands at 3360, 3225 and 3130 cm ™! are related to NH
stretching vibration. The negative band at 3660 cm ™" is assigned to the
consumption of surface hydroxyl groups due to the formation of H-bonds
with adsorbed ammonia. The molecular adsorption of 0-DCB, revealed
by the same bands discussed above, does not alter the bands associated
to NHs-adsorbed species.

The presence of adsorbed NHj species at 250 °C (Fig. 17B) is also
evidenced by the band at 1175 cm ™. Moreover, the low intensity of the
bands located in the high wavenumber range 3360-3100 cm ™" suggests
anotable proton abstraction of adsorbed NHj at this temperature. o-DCB
adsorption leads to typical bands related to intermediate species of o-
DCB oxidation (1415, 1360 and 1304 cm’l), although the most char-
acteristic bands of formate and acetate species around 1555 and 1140
em ™! are perturbed by the broad negative bands, which seem to be
associated to NHj3 adsorption at high temperature as they were not
observed at lower temperature. The appearance of bands related to o-
DCB adsorbed species increases the intensity of the only band related to
adsorbed NH3 (1175 cm_l). However, the intensity of this band return
to its previous value before o-DCB adsorption after the purge with Ar,
which evidences that NH3 keeps adsorbed after o-DCB adsorption.

The fact that the bands associated to adsorbed NHj species are still
detected in the spectra after o-DCB adsorption at both 100 and 250 °C
denotes that, probably, NH3 adsorbed species are not involved in 0-DCB
oxidation and do not modify the oxidation pathway of o-DCB above
proposed. Moreover, 0o-DCB is not such a strong base as to be able to
replace ammonia coordinated over acidic sites. However, the results of
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Fig. 17. FTIR spectra of 85Mn15Ce catalyst pre-treated with 1000 ppm NH3/Ar
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catalytic activity indicate that the presence of NHg has a positive effect
on o-DCB oxidation (Fig. 15). At high temperature, NH3 is able to
remove Cl from segregated manganese oxide phase, which oxidising
capacity is lower, preventing from catalyst deactivation and from highly
chlorinated hydrocarbons formation. However, at low temperature, NHg
is not able to remove strongly adsorbed Cl from mixed oxide phase,
leading to a rapid deactivation, even though these centres have a high
oxidation capacity.

4. Conclusions

In this work, 0-DCB oxidation has been studied with MnOx-CeO5
catalytic formulation. Mn and Ce content plays an important role in the
catalytic activity, since high Mn contents favour o-DCB oxidation at
lower temperatures. The better activity of the catalyst with high Mn
content is associated to, on the one hand, the promotion of morpho-
logical properties (higher surface area and pore volume), and, on the
other hand, the coexistence of two structural phases (mixed oxide phase
and segregated manganese oxide) whose synergy provides high vari-
ability of Mn species with different oxidation state and oxygen mobility.

TOS experiments for the assessment of the catalyst stability allowed
to elucidate two important features of 0-DCB oxidation with MnOx-CeO5
catalytic formulation. First, the catalyst is deactivated in the low tem-
perature range (below 300 °C). Second, there is a transient change in
oxidative capability of the catalyst at high temperature. Both features
have been proposed to be related to the presence of active sites with
higher and lower oxidative capability. In this way, the active sites with
higher oxidative capability greatly contribute at low temperature to o-
DCB oxidation, but they are strongly deactivated. Conversely, active
sites with lower oxidative capacity are resistant to deactivation but need
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high temperatures to actively contribute to the oxidation of 0-DCB. The
variability in the oxidative capability of active sites has been proposed to
be associated to the presence of the different phases composing the
catalyst and the different interaction between Mn and Ce that they
promote.

The analysis of reaction pathway by means of in-situ FTIR points out
that o-DCB oxidation follows a Mars-Van Krevelen type pathway. The
first step of the proposed reaction mechanism is a nucleophilic substi-
tution that leads to phenate species. Subsequently, a second nucleophilic
substitution and the cleavage of aromatic ring generates maleate spe-
cies. Maleate species are further oxidised to formate, acetate and enolic
species, which are eventually oxidised to CO, CO2, H20 and HCl
Nonetheless, they can also react to a lower extent with adsorbed chlorine
leading to chlorinated organic compounds.

The presence of active sites with different oxidative capability does
not modify the proposed reaction pathway, although it favours some
steps to occur faster than others, which modifies the distribution of in-
termediate species. Thus, the oxidation of intermediate species pro-
duced after the aromatic ring is broken is slower in the active sites with
lower oxidative capability. This fact favours the chlorination of inter-
mediate species in the operational conditions where these active sites
with lower oxidative capability greatly contribute to 0-DCB oxidation.

Performing 0-DCB oxidation and NO reduction simultaneously fa-
vours the shift of o-DCB conversion profile to lower temperatures.
Moreover, it decreases the production of chlorinated organic com-
pounds. The presence of NO results in its adsorption through nitrate
species at high temperature, which contributes to a faster re-oxidation of
the active sites. Also, at high temperature, the presence of NH3 promotes
Cl removal from segregated manganese oxide phase, which oxidising
capacity is lower, preventing from catalyst deactivation and from highly
chlorinated hydrocarbons formation.

According to the results obtained in this work, further research is
needed on reaction kinetics modelling consistent with the reaction
mechanism proposed in this work, and to determine to what extent the
conclusions obtained for the oxidation of o-DCB are valid for the
oxidation of real PCDDs.
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