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Highlights 

Better catalytic performance of co-precipitation than impregnation catalysts. 

NO and o-DCB conversion above 80% are reached with high Mn content 

catalysts. 

There is surface Mn-CeO2 interaction in impregnation catalysts, but without 

formation of a solid solution. 

Low Ce content improves physicochemical properties and catalytic 

performance. 

CO2 selectivity above 80% was obtained with all MnOX-CeO2 co-precipitation 

catalysts. 



*Graphical Abstract



ABSTRACT 

Two series of catalysts based on Mn and Ce oxides were prepared by co-

precipitation and impregnation, in order to study their physicochemical 

properties and catalytic performance in the simultaneous reduction of NO and 

oxidation of o-DCB. Co-precipitation catalysts showed better activity than those 

prepared by impregnation because of the formation of a MnOX-CeO2 solid 

solution, which improves redox and acid properties. Moreover, the catalysts with 

MnOX content between 80 and 90 mol.%, in which a coexistence between solid 

solution phase and Mn2O3 crystal was found, presented NO conversion above 

90% at temperatures below 250 ºC and o-DCB conversion above 80% at 

temperatures above 200 ºC. The main by-products of SCR were N2O, produced 

in the whole range of temperature, and NO2, formed at temperatures above 

300 ºC. Selectivity to CO2 above 80% was obtained using co-precipitation 

catalysts in all temperature range. Deactivation experiments showed that 

oxidation reaction strongly contributes to deactivate impregnation catalysts, 

whereas the effect of deactivation is lower in co-precipitation catalysts at high 

Mn contents. 
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1. INTRODUCTION

Simultaneous catalytic abatement of nitrogen oxides (NOX) and polychlorinated 

dibenzo dioxins and furans (PCDD/Fs) is an alternative to the present 

techniques for elimination of both pollutants in municipal solid waste (MSW) 

incineration plants, in line with the continuous development of more efficient 

technologies due to the tightening of environment laws. In this process, both 

pollutants are removed in the same catalytic reactor [1,2]. The elimination of 

NOX occurs through Selective Catalytic Reduction (SCR) with NH3, while 

PCDD/Fs are removed by catalytic oxidation, according to: 

4NO + 4NH3 + O2 → 4N2 + 6H2O (1) 

C12HnCl8−nO2 + (9+0.5n)O2 → (n−4)H2O + 12CO2 + (8−n)HCl (2) 

This is a highly interesting process, since it combines the advantages of SCR, 

such as high efficiency and low cost, with those of catalytic oxidation, in which 

the pollutants are completely oxidized. This way, the use of other techniques, 

such as adsorption or absorption, which generate a waste that needs further 

treatment or disposal [2], is avoided. 

Commercial catalysts for SCR are VOX/TiO2 promoted by WOX or MoOX [3,4]. 

The same catalysts are the main option for catalytic oxidation of PCDD/Fs and 

chlorinated benzenes [2], the latter commonly used as model compounds of 

PCDD/Fs for laboratory experiments, because they are safer to handle and 

have a similar structure. The fact that the same formulation is used for the 

removal of both types of pollutants is the key for this application in which NOX 

and PCDD/Fs are removed simultaneously. Recently, Gallastegi-Villa et al. 

reported that the simultaneous abatement of NO and o-dichlorobenzene (o-

DCB, model compound of PCDD/Fs) with VOX/TiO2 is possible [5]. However, 



these catalysts are not efficient enough, because NO reduction occurs at lower 

temperatures than o-DCB oxidation, whereas NO conversion decreases at 

temperatures where o-DCB conversion is high [5]. 

Currently, SCR commercial systems are demanding to work at lower 

temperatures because they are located at the end of the cleaning gas line in 

order to avoid catalyst poisoning by SO2 [6]. As a consequence, a reheat of the 

flue gas is needed up to the operating temperature of SCR reactor [7,8], which 

involves high costs. The development of alternative catalytic formulations is of 

great interest for decreasing operation temperature of SCR systems and 

obtaining oxidation of PCDD/Fs at lower temperatures. 

In this sense, transition metals oxides (CuOX, FeOX, MnOX, NiOX, ZrOX) as 

catalysts for low-temperature SCR have been widely researched [9-11]. MnOX-

based catalysts are specifically gaining much attention in recent years because 

of the high oxidation states and characteristic crystal structure [4]. Kang et al. 

reported NO conversions above 95% between 75 and 175 ºC with MnOX 

supported over Al2O3 and CeO2 [12], while Li et al. achieved total NO 

conversion between 150 and 200 ºC using TiO2 as support [13]. The same way, 

their high efficiency in reduction/oxidation cycles and excellent oxygen migration 

ability are positive for the application of this type of catalysts in the oxidation of 

chlorinated organic compounds [14]. 

CeO2 has been widely studied for its great redox properties and high oxygen 

mobility related to oxygen vacancies [3,7,15]. These are properties that benefit 

the faster oxidation of NO to NO2 and chlorinated organic compound, involved 

in fast SCR and catalytic oxidation, respectively. Therefore, the addition of 

CeO2 to MnOX-based catalysts may improve the catalytic performance in the 



simultaneous abatement of NOX and PCDD/Fs. The enhancement of catalytic 

activity in NO reduction has been corroborated by several works. Qi et al. 

reported NO conversion of 95% at 150 ºC with MnOX-CeO2 mixed oxide 

catalysts [16]. Similar results where showed by Shen et al. in MnOX/CeO2 

supported catalyst between 120 and 220 ºC [17]. The same way, the MnOX-

CeO2 formulation leads to the catalytic oxidation of chlorobenzene above 

250 ºC [18,19] and o-xylene above 220 ºC [20]. 

It has been reported that physicochemical properties and catalytic performance 

depend on preparation methods [21,22]. Regarding to literature, several routes 

have been used for the preparation of MnOX-CeO2 catalysts, such as co-

precipitation [23-25], sol-gel [26,27], impregnation [17], modified co-precipitation 

[28] and redox precipitation [8,20]. Unfortunately, no agreement about what 

preparation method is the most suitable for the simultaneous abatement of NOX 

and PCDD/Fs is found in the literature. This is due to the small number of works 

focused on the elimination of both pollutants simultaneously, rather than 

independently. 

In this work, catalysts based on Mn and Ce oxides were prepared by two 

methods, characterized by different techniques and tested in the simultaneous 

abatement of NO and o-DCB, through NH3-SCR and catalytic oxidation, 

respectively. The catalytic test was carried out in conditions close to those used 

in MSW incineration plants. Therefore, the goal of this work is to evaluate the 

influence of preparation method in physicochemical properties and catalytic 

performance of the catalysts, in order to conclude the optimum preparation 

method and composition. 

  



2. EXPERIMENTAL 

2.1. Catalysts preparation 

Two series of catalysts based on Mn and Ce oxides were prepared to different 

metal contents by co-precipitation and impregnation, in order to obtain solids 

with different properties. The experimental procedure followed in each 

preparation method is explained in detail in the following. 

2.1.1. Co-precipitation method 

The necessary amount of a solution of Mn(NO3)2·4H2O in distilled water (0.55 M 

Mn) and/or a solution of Ce(NO3)3·6H2O in distilled water (0.35 M Ce) were 

mixed at room temperature under magnetic stirring and co-precipitated by 

dropwise addition of a 1.3 M solution of NH2COONH4 until the solution reached 

pH = 9. The resulting suspension was aged during 2 h, then filtered and washed 

with distilled water. The obtained solid was dried at 110 ºC for 12 h and calcined 

at 500 ºC for 3 h. 

With this procedure, solids with a bulk homogeneous composition of the oxides 

are obtained, in which Mn and Ce can belong to a common oxide structure, 

and/or be segregated in structures characteristic of their typical oxides. In order 

to carry out the catalytic reactions in the absence of mass transfer limitations 

and with low pressure drop, the catalysts were pelletized, crushed and sieved 

to 0.3-0.5 mm. 

Seven catalysts were prepared by this procedure, from pure CeO2 to pure 

MnOX, with five intermediate compositions, and named: 0Mn-100Ce (pure 

CeO2), 15Mn-85Ce, 50Mn-50Ce, 80Mn-20Ce, 85Mn-15Ce, 90Mn-10Ce and 

100Mn-0Ce (pure MnOX); where the numbers indicate the molar percentage of 

each oxide in the samples. 



2.1.2. Impregnation method 

CeO2 support was prepared by thermal decomposition of Ce(NO3)3·6H2O at 

550 ºC for 3 h. Then, an aqueous solution with the proper amount of 

Mn(NO3)2·4H2O was used to impregnate this support. The precursor solution 

and the support (2 mL/g) were mixed in a rotary evaporator, where the resulting 

slurry was kept in contact in continuous stirring for 1 h to improve homogeneity. 

Then, the solvent was evaporated by increasing the temperature to 40 ºC in 

vacuum conditions. Finally, the solid was dried at 110 ºC for 12 h, calcined at 

500 ºC for 3 h and pelletized, crushed and sieved to 0.3-0.5 mm. 

With this procedure, supported catalysts are obtained, in which the active 

phase, MnOX, is located on the surface of the CeO2 support to different surface 

coverage. Six catalysts were prepared by this procedure, with Mn content 

ranging from 0 to 8 wt.%, and named: 0Mn/CeO2 (the support, pure CeO2), 

1Mn/CeO2, 2Mn/CeO2, 3Mn/CeO2, 5Mn/CeO2 and 8Mn/CeO2. In order to 

complete the series, an additional sample of pure manganese oxide (named as 

MnOX) was prepared by thermal decomposition of Mn(NO3)2·4H2O at 500 ºC for 

3 h. 

2.1.3. Comparison between preparation methods 

Taking into account both preparation methods, global composition of both 

catalyst series is very different. However, comparison can be made in terms of 

surface coverage of MnOX, taking into account that catalysis is a surface 

phenomenon. Both series of catalysts have been prepared with the idea to 

cover the whole range of surface coverage, from 0 (pure CeO2) to 1 (pure 

MnOX). 



In co-precipitation catalysts, molar composition gives a direct estimation of 

theoretical relative surface coverage, and that is the reason why composition of 

these catalysts is given as molar percentage of the oxides all over the paper. 

In impregnation catalysts, MnOX is only located at the surface. Thus, Mn 

content remains much smaller for similar surface coverage. In these catalysts, 

compositions are usually given as weight percentage of the active metal, and 

that is the reason why composition of these catalysts is given as wt.% Mn all 

over the paper. Taking into account the cross sectional area of MnOX [29], the 

specific surface area of the support (CeO2) and the probable multilayer 

deposition at high coverage, the 8Mn/CeO2 sample should very nearly 

approach total MnOX surface coverage. 

 

2.2. Catalyst characterization 

2.2.1. XRD analysis 

X-ray diffraction (XRD) was conducted on a Philips PW 1710 X-ray 

diffractometer with Cu Kα radiation (λ = 1.5406 Å) and Ni filter. The finely 

ground samples were scanned between 10° and 100° (2θ) with a 2θ step size of 

0.026° and counting time of 528 s. Crystal phases were identified by 

comparison with JCPDS (Joint Committee on Powder Diffraction Standards) 

database cards. 

2.2.2. Textural properties 

Textural properties were evaluated by N2 adsorption–desorption isotherms at 

−196 ºC, in a Micromeritics TRISTAR II 3020. Specific surface areas of the 

catalysts were calculated by the standard BET procedure, using adsorption 

branch data in the relative equilibrium pressure range of 0.03-0.3. Pore average 



size and distribution were calculated using the BJH method from the desorption 

branch. The samples (15-20 mg) were previously degassed under nitrogen flow 

at 350 ºC for 4 h. 

2.2.3. Raman spectroscopy 

Raman spectroscopy was performed in a Renishaw System 1000 Raman 

spectrometer. A 514 nm solid-state laser was used as excitation line with a 

power on the sample of 1 mW. All measurements were carried out at room 

temperature. 

2.2.4. H2-TPR analysis 

Temperature programmed reduction with H2 (H2-TPR) was used to evaluate the 

redox properties of the catalysts. The experiments were performed on a 

Micromeritics AutoChem 2920 instrument. First of all, the samples (15-20 mg) 

were pre-treated under 50 cm3/min of 5% O2/He mixture at 500 ºC for 45 min 

and cooled down to 40 ºC in helium. Then, the samples were heated from 40 to 

950 ºC with a rate of 10 ºC/min under 50 cm3/min of 5% H2/Ar. The water 

produced by reduction was trapped in a cold trap, and the consumption of H2 

was continuously monitored with a TCD. Total H2 consumption was calculated 

from time-integration of TCD signal. 

2.2.5. XPS characterization 

X-ray Photoelectron Spectroscopy (XPS) was performed on an Al Kα 

(1486.6 eV) SPECS system (Berlin, Germany) equipped with 1D-150 Phoibos 

DLD analyzer and monochromatic radiation source. Detailed analysis of the 

elements (energy step 0.1 eV, dwell time 0.1 s, pass energy 30 eV) was 

performed with an electron exit angle of 90°. The spectra were fitted by 



CasaXPS 2.3.16 software, modeling the Gauss-Lorentzian contributions after 

background subtraction (Shirley). 

2.2.6. NH3-TPD analysis 

Catalysts surface acidity was measured by temperature programmed 

desorption of ammonia (NH3-TPD) carried out on a Micromeritics AutoChem 

2920 instrument. Before adsorption, all samples (15-20 mg) were pretreated 

under 50 cm3/min of 5% O2/He mixture at 500 ºC for 45 min and cooled down to 

40 ºC in helium. The adsorption step was performed by 130 cm3/min of 1% 

NH3/He mixture gas at 40 ºC during 60 min. Then, the samples were exposed to 

130 cm3/min of helium for 60 min in order to remove physisorbed NH3 from the 

surface. TPD experiments started from 40 to 450 ºC with a heating rate of 

10 ºC/min and helium as carrier. NH3 desorbed from the catalysts was 

continuously monitored with a TCD. Total acidity was calculated by time-

integration of TCD signal. 

2.2.7. Elemental analysis 

Elemental analyses of deactivated catalysts (after stability tests) were 

conducted by XRF and EDS, in the case of chlorine, and EDS for carbon. XRF 

analysis was conducted in a wavelength dispersive X-ray fluorescence 

sequential spectrometer (WDXRF, PANalytical, AXIOS model) with Rh tube. 

EDS analysis was performed in a Carl Zeiss EVO 40 equipped with an EDS 

detector (Oxford Instrument X-Max). The measurements were made at 20 kV of 

voltage, 100-400 pA of current and at 10 nm approximately. 

 

2.3. Experimental reaction set-up and catalytic tests 



The experimental reaction set-up is shown in Fig. 1. The gas mixture was 

prepared to simulate the actual MSW incinerator combustion gases. Due to the 

high toxicity and operational problems arising from working with PCDD/Fs, most 

researchers usually use model compounds, less toxic and with similar structure. 

Thus, in this work, o-DCB has been used as the alternative to PCDD/Fs [30,31]. 

The composition of catalytic reactor feed was: O2 (10%), NO (300 ppm), NH3 

(300 ppm), o-DCB (100 ppm) and Ar to balance. Gas flows were regulated by 

gas mass flow controllers (Bronkhorst® High-Tech F-201CV), whereas o-DCB 

and water liquid stream was dosed by a Bronkhorst® High-Tech μ-Flow L01-

AAA-99-0-20S mass flow controller. In order to avoid the complete evaporation 

of the liquid component and favor the homogenous mixture with the gas stream, 

a controlled-evaporator-mixed (Bronkhorst® High-Tech W-102A-111-K) was 

used. Moreover, all pipes were hot, avoiding gas adsorption and condensation. 

The catalytic bed was formed by 1.5 g of particulate catalyst (0.3-0.5 mm) 

mixed with inert quartz (0.5-0.8 mm) in order to fill a bed volume of 3 cm3, 

resulting in a GHSV value of 40,000 h−1. The fixed catalytic bed was inside a U-

shaped tubular quartz reactor (13.6 mm internal diameter), which was heated 

into a convective-flow oven. 

Fig. 1 

An on-line gas chromatograph (Agilent Technologies 7890A) equipped with a 

HP-VOC capillary column and a 5975C mass selective detector was used to 

quantify o-DCB concentration in the reactor inlet and outlet streams and also to 

detect possible chlorinated byproduct compounds. Furthermore, NO, NO2 and 

NH3 were continuously measured by ultra-violet (ABB, Limas 21), whereas CO2, 

CO and N2O were analyzed by infrared (ABB, Uras 26). During reaction, NH3 is 



not measured due to the interference between o-DCB and the Limas 21 

analyzer. Because of this, NH3 was only measured before reaction, in order to 

verify its inlet concentration. 

Before each experiment, the catalyst was pretreated with pure argon flow 

(2 LN/min) at 200 ºC for 2 h in order to remove the compounds adsorbed on the 

surface. The catalytic activity was measured by light-off curves at a pressure of 

1.5 atm by feeding a constant total flow of 2 LN/min and increasing the 

temperature from 100 to 450 ºC with a constant heating rate of 1.5 ºC/min. 

Stability tests were carried out at 300 ºC, keeping this temperature constant 

during 24 hours. 

NO and o-DCB conversions were calculated from Ec. (1) and (2), respectively, 

as: 
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and selectivity to CO2 and CO with: 
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3. RESULTS 

3.1. Catalysts characterization 

3.1.1. XRD analysis 

Fig. 2A and 2B show the XRD patterns of the catalysts prepared by co-

precipitation and impregnation, respectively. CeO2 in co-precipitation and 

impregnation series, 0Mn-100Ce and 0Mn/CeO2, show the same diffraction 

peaks of cerionite, characteristic of cubic fluorite structure (JCPDS, 00-004-

0593). On the other hand, manganese oxide of co-precipitation and 

impregnation series, 100Mn-0Ce and MnOX, present clearly different diffraction 

patterns. Diffraction peaks of 100Mn-0Ce are associated to α-Mn2O3 phase 

(JCPDS, 01-078-030), whereas those of MnOX are related to both α-Mn2O3 and 

β-MnO2 (JCPDS, 00-050-0866) phases. 

In the co-precipitation series, peaks associated to fluorite structure show a shift 

to higher Bragg angles with increasing Mn content, which is associated to the 

contraction and distortion of the fluorite structure caused by Mn insertion 

forming a solid solution. Ionic radii of Mn4+ (0.53 Å), Mn3+ (0.65 Å) and Mn2+ 

(0.83 Å) are smaller than that of Ce4+ (1.01 Å), which produces the lattice 

parameter modification (decrease) with increasing Mn content shown in Table 1 

[32]. Additional evidence for the formation of a solid solution is the observed 

broadening of the diffraction peaks of fluorite phase, associated to the decrease 

of fluorite crystal size, with increasing Mn content (Table 1), which indicates a 

loss of crystallinity due to the structural defects caused by Mn insertion. Above 

80 mol.% MnOX, additional sharp diffraction peaks associated to Mn2O3 can be 

observed in Fig. 2A, caused by segregation from the fluorite structure because 



of saturation [33], in agreement with the increase in Mn2O3 crystal size with Mn 

content (Table 1). 

In the impregnation series, only peaks associated to fluorite structure can be 

found up to 5 wt.% Mn. The absence of diffraction peaks associated to MnOX 

indicates that Mn species are highly dispersed on the CeO2 surface. However, a 

diffraction peak associated to MnO2 appears at 37.6 in the 8Mn/CeO2 sample, 

supported catalyst with the highest Mn content, which indicates that Mn tends to 

form crystal aggregates of MnO2 over the support at high coverage. In this 

case, no insertion of Mn on CeO2 lattice is observed, as lattice parameter in 

Table 1 remains constant with increasing Mn content. 

Thus, co-precipitation catalysts above 80 mol.% MnOX consist of a MnOX-CeO2 

solid solution and Mn2O3 crystals, so that Mn in high oxidation states coexist in 

different phases at high Mn content. In impregnation catalysts, on the other 

hand, no solid solution is observed and Mn in the form of MnO2 is only in 

contact with surface CeO2. 

Table 1 

Fig. 2 

3.1.2. Textural properties 

BET surface area and pore volume of catalysts were measured by N2 

physisorption and the results are listed in Table 1. In general, surface area and 

pore volume of co-precipitation catalysts are higher than those of impregnation 

catalysts. 

In the co-precipitation catalysts, surface area of the intermediate compositions 

is higher than that of the pure oxides (0Mn-100Ce and 100Mn-0Ce) and pore 

volume notably increases with Mn content. In impregnation catalysts, on the 



other hand, increasing Mn content produces a decrease in surface area, and a 

maximum pore volume around 2Mn/CeO2. The decrease in pore volume above 

3 wt.% Mn is probably associated to the formation of larger particles of MnOX 

blocking the CeO2 porous structure. 

These results indicate that interaction of MnOX and CeO2 in co-precipitation 

catalysts, observed in XRD, generates structural defects in the bulk leading to 

higher exposure of catalyst surface and pores compared to impregnation 

catalysts. This feature probably contributes to the enhancement of catalytic 

performance by the increase of reaction sites. 

3.1.3. Raman spectroscopy 

Raman spectroscopy is useful to obtain information about alterations into the 

structure of the catalysts through the investigation of metal-oxygen vibrations. 

Fig. 3A and 3B show Raman spectra of catalysts prepared by co-precipitation 

and impregnation, respectively. 

Spectra of pure CeO2 samples, 0Mn-100Ce and 0Mn/CeO2, exhibit an intense 

band at 460 cm1, associated to F2g vibration mode [34,35]. This band is related 

to symmetrical stretching vibration of the atoms belonging to the structure 

around Ce4+ [36]; so, it will be affected by alteration in the environment of 

sublattice oxygen. The F2g vibration mode is also detected in all catalysts 

containing both MnOX and CeO2. 

In the co-precipitation series, increasing Mn content produces a shift of F2g band 

to lower wavenumber, from 460 cm1 in 0Mn-100Ce down to 446 cm1 in 80Mn-

20Ce catalyst. This result proves the modification of the CeO2 structure by the 

incorporation of Mn, and corroborates the solid solution formation. Together 

with F2g displacement, the increase of Mn content promotes the appearance of 



a band at 597 cm1, associated to oxygen vacancies [36]. Oxygen vacancies 

appear to compensate the negative charges generated by the incorporation of a 

doping cation with different nature and oxidation state [25]. Thus, the band at 

597 cm1 is another evidence of the formation of a solid solution in this series. 

Above 80 mol.% MnOX, an additional band appears at 635 cm1 overlapping 

with the band associated to oxygen vacancies. This band is associated to MnOX 

and increases its intensity with Mn content, whereas F2g gradually decreases, 

which confirms the change of lattice parameter observed by XRD [37]. Pure 

MnOX (100Mn-0Ce) shows bands at 693, 640 and 306 cm1 associated to 

vibrational modes ν7, ν6 and ν2 of α-Mn2O3 [38] in agreement with the results of 

XRD. 

In the impregnation series, the position of F2g band does not change with 

increasing Mn content. Besides, no clear evidence of Mn-O stretching modes is 

observed in the spectra of the supported samples, not even in 8Mn/CeO2, which 

denotes the good dispersion of Mn on the support surface in this series. 

Concerning pure MnOX, bands at 760, 662, 553 and 317 cm1 associated to 

vibrational modes v8, v6, v5 and v2 of -MnO2 can be observed, in accordance 

with the results of XRD. 

Fig. 3 

3.1.4. H2-TPR analysis 

Redox properties were investigated by H2-TPR. Fig. 4A and 4B show the H2 

consumption curves of catalysts prepared by co-precipitation and impregnation, 

respectively. TPR profiles of CeO2 in both series, 0Mn-100Ce and 0Mn/CeO2 

samples, are very similar. They show two broad peaks located around 430 and 

830 ºC, related to surface and bulk CeO2 reduction, respectively [15]. Redox 



properties are enhanced to different extent by the presence of Mn in the 

catalysts with respect to those of CeO2. This enhancement can be associated to 

structural defects generated by surface interaction in impregnation catalysts. 

In the co-precipitation series, a reduction peak around 100 ºC can be observed 

in the catalysts up to 50 mol.% MnOX, associated to surface isolated Mn ions 

“embedded” into CeO2 lattice [19,39]. Increasing Mn content, two strongly 

overlapped peaks at 266 and 300 ºC and an additional peak at 400 ºC appear. 

Pure manganese oxide, 100Mn-0Ce, presents two reduction peaks at 293 and 

435 ºC, which fit very well with pure Mn2O3 reduction profile in the literature 

[40,41], in accordance with XRD results, as time-integration of the TPR profile 

reveals that H2 consumed in the first peak is half that in the second, which 

agrees with the stoichiometry of two reduction steps: the first peak related to the 

reduction of Mn2O3 to Mn3O4 and the second to the reduction of Mn3O4 to MnO. 

In the impregnation series, two clear reduction peaks around 320 and 410 ºC 

associated to MnOX reduction can be observed. In addition, surface CeO2 

reduction is also present in the range 200-400 ºC, although it is difficult to 

distinguish. Pure manganese oxide sample, MnOX, also shows two reduction 

peaks, but shifted to higher temperatures and strongly overlapped (compared to 

100Mn-0Ce), at 406 and 532 ºC. Similar TPR profile is reported by Shen et al., 

who associated the first reduction peak to the reduction or MnO2 and Mn2O3 to 

Mn3O4 and the second to the reduction of Mn3O4 to MnO [24]. 

Several works in the literature agree that MnO2 reduction in catalysts is 

practically indistinguishable from that of Mn2O3. Thus, many authors associate 

H2 consumption at low temperature (around 300 ºC) to the reduction of 

MnO2/Mn2O3 to Mn3O4, and H2 consumption at intermediate temperature 



(around 400 ºC) to the reduction of Mn3O4 to MnO and surface CeO2 [24,32,42], 

when explaining TPR profiles. However, the appearance of two overlapped 

peaks at low temperature in co-precipitation catalysts brings to light the 

reduction of different phases in high oxidation state: the reduction of Mn ions 

embedded into cerium oxide lattice and the reduction of MnOX crystals well-

dispersed over the catalysts. The high interaction between both phases is 

responsible for the strong overlapping or these two peaks in the TPR profile. It 

should be noted that the first reduction peak, located at 266 ºC, increases with 

Mn content. The same way, XRD results above showed that high Mn content 

favored the presence of bigger Mn2O3 crystals in the catalysts. As a result, we 

propose that the first reduction peak is associated to reduction of MnOX 

crystals, which would have better accessibility to H2 because they are 

segregated from the solid solution. On the other hand, the peak around 300 ºC 

is related to reduction of Mn incorporated to the CeO2 structure. Therefore, the 

results obtained in TPR are in accordance with those obtained through other 

techniques, supporting the formation of the solid solution in the co-precipitation 

series. 

In these catalysts, several species are observed depending on Mn content. Low 

Mn contents favor the presence of isolated Mn located into the CeO2 structure, 

whereas high Mn content promotes its segregation from the solid solution, 

creating crystalline aggregates. 

H2 consumption in TPR has been summarized in Table 2. In the co-precipitation 

series, H2 consumption increases with Mn content. In the impregnation series, 

this is also truth in general, but H2 consumption of the support (0Mn/CeO2) is 

somewhat higher than that of the lowest Mn content sample (1Mn/CeO2). The 



results of H2 consumption have been used to estimate average oxidation state 

of Mn in the catalysts, assuming MnO as the final reduction state of Mn (and 

similar reduction of CeO2), and these results have been also added to Table 2, 

together with the proportion of Mn3+ and Mn4+. 

In the co-precipitation series, increasing Mn content produces a decrease in 

average oxidation state of Mn in the catalyst. Thus, at low Mn content, 15Mn-

85Ce sample, the calculated average Mn oxidation state is 4. For this catalyst, 

the results of characterization above showed that all Mn was incorporated to 

CeO2 structure; consequently, Mn4+ is the main species promoted when Mn is 

inside CeO2 structure. At high Mn content, above 80 mol.% MnOX, average Mn 

oxidation state decreases to 3.2-3.3, which suggests a coexistence of Mn4+ and 

Mn3+ species. The appearance of Mn3+ is favoured by the formation of Mn2O3 

crystals. Pure manganese oxide, 100Mn-0Ce sample, in fact, shows an average 

Mn oxidation state around 3 in good agreement with XRD results, where only 

peaks associated to Mn2O3 were observed. 

In the impregnation series, error in the estimation can be important below 

3 wt.% Mn. However, average Mn oxidation state is above 3.5 in 5Mn/CeO2 and 

8Mn/CeO2 samples. This fact suggests that higher Mn coverage leads to 

agglomeration in bigger crystals (as concluded by XRD) in which Mn4+, in the 

form of MnO2, is the main oxidation state. MnOX sample in this series shows an 

average Mn oxidation state around 3.1, in line with the mixture of Mn2O3 and 

MnO2 observed in XRD. 

Table 2 

Fig. 4 

3.1.5. XPS characterization 



Surface composition and surface oxidation states of the elements in the 

catalysts were studied by XPS. Fig. 5 shows Ce 3d, Mn 2p and O 1s spectra of 

co-precipitation (Fig. 5A, 5C and 5E) and impregnation (Fig. 5B, 5D and 5F) 

catalysts. All binding energies are referenced to elemental carbon (C 1s) 

spectrum at 284.5 eV. 

Ce 3d spectra (Fig. 5A and 5B) have only been analyzed by their 5/2 spin orbit 

doublet, because of the overlapping of Ce and Auger Mn line at high Mn 

content. Ce 3d 5/2 is deconvolved in 5 peaks with V notation for the assignment 

to Ce3+ and Ce4+. Thus, V, VII and VIII peaks are associated to Ce4+, and V0 and 

VI peaks to Ce3+ [43,44]. A clear presence of surface Ce4+ and Ce3+ is observed 

in all samples. In this way, surface proportion of both species in the catalysts 

was calculated by XPS integration, and the values are summarized in Table 3. 

Similar values are observed for both co-precipitation and impregnation 

catalysts, although with slightly higher proportion of Ce3+ surface species in the 

impregnation series. Ce3+ species are commonly associated to surface oxygen 

vacancies [34,45]. 

Mn 2p spectra of the catalysts (Fig. 5C and 5D) show a spin-orbit doublet 

Mn 2p 3/2 and Mn 2p 1/2, which were deconvolved in three components related 

to Mn3+, Mn4+ and a satellite [46,47], located around 641.0, 642.5 and 646.7 eV, 

respectively. The satellite peak intensity was weak in all samples compared to 

Mn3+ and Mn4+. The presence of Mn3+ and Mn4+ is in accordance with the 

results obtained by XRD and TPR, in which both types of Mn species were 

detected. Surface proportion of both Mn species in the samples was calculated 

by XPS integration, and the values are also summarized in Table 3. 



In co-precipitation catalysts, all samples show similar oxidation state of Mn in 

the surface, around 3.5, which suggests that proportion of surface Mn3+ and 

Mn4+ is similar in all samples, and different from that in the bulk (obtained by 

TPR, Table 2.). Apparently, surface and bulk proportion of Mn3+ and Mn4+ would 

be similar in 50Mn-50Ce sample, the surface would be enriched in Mn3+ below 

50 mol.% MnOX, and the surface would be enriched in Mn4+ above 50 mol.% 

MnOX. 

On the other hand, surface proportion of Mn3+ and Mn4+ in impregnation 

catalysts is also the same in all samples, and similar to that of the co-

precipitation series, the proportion of Mn3+ being higher in the surface than the 

bulk, in general. 

The differences between surface and bulk proportions of Mn3+ and Mn4+ with 

preparation method at high Mn content are probably related to different MnOX 

crystals promoted by each preparation method. 

Fig. 5E and 5F show the O 1s spectra of catalyst samples. In the impregnation 

series, the high Ce content produces a decrease in conductivity of the samples, 

which causes unsuitable spectra for deconvolution. For this reason, only O 1s of 

co-precipitated catalysts was deconvolved in three peaks. Each peak is 

associated to different surface oxygen species. 

In the co-precipitation series, pure CeO2, 0Mn-100Ce sample, the peak at 

529.5 eV (OI) is associated to lattice oxygen. This peak is shifted to lower 

binding energy in Mn-containing catalysts, due to the formation of the solid 

solution. Although O 1s profile was not deconvolved in impregnation catalysts, a 

clear shift to lower binding energies is also observed in the peak located around 



529.8 eV in the Mn-containing catalysts with respect to 0Mn/CeO2, as a 

consequence of the interaction between Mn and the support. 

The intermediate binding energy peak, located around 531.2 eV (OII), is related 

to adsorbed oxygen on the surface, whereas the high binding energy peak, at 

533.2 eV (OIII), is associated to molecular water and carbonate species 

adsorbed on the catalysts [24,48]. Yao et al. proposed a process of oxygen 

storage/release in which adsorbed oxygen is involved in the reduction of CeO2 

to Ce2O3 to form oxygen vacancies [21]. In this way, relative OII concentration 

may give an approximation of the amount of oxygen vacancies present in the 

surface of the catalysts. Thus, OII/(OI + OII + OIII) ratio has been calculated for 

the co-precipitation catalysts and summarized in Table 3. We can see that 

increasing Mn content promotes higher relative OII concentration, which 

evidences an increase of the amount of oxygen active species involved in the 

formation of oxygen vacancies, useful for the activation of reactants of SCR and 

oxidation reactions. 

Table 3 

Fig. 5 

3.1.6. NH3-TPD analysis 

Acid properties were studied by NH3-TPD experiments. NH3 desorption profiles 

of the catalysts prepared by co-precipitation and impregnation are shown in Fig. 

6A and 6B, respectively. Acid properties are involved in the adsorption and 

activation of the compounds used in both SCR and oxidation reactions. The 

position of the NH3 desorption peaks is associated to the strength of the acid 

sites. Thus, peaks located at low temperature will be related to NH3 desorbed 

from weak acid sites, while the peaks located at high temperature are attributed 



to NH3 desorption from strong acid sites [21,49]. The amount of the acid sites is 

related to the integrated area of the peaks. 

NH3 desorption profiles of pure CeO2 in both series, 0Mn-100Ce and 

0Mn/CeO2, show a peak around 110 ºC, associated to weak acidity, and a 

shoulder at 220 ºC, related to strong acidity. 

In the co-precipitation series, low Mn content promotes strong acidity with 

respect to 0Mn-100Ce (an increase of the intensity of the peak at 220 ºC). 

Moreover, an increase of NH3 desorption at temperatures around 160 ºC, 

broadening the low-temperature desorption peak, is observed above 80 mol.% 

MnOX. This fact evidences that high Mn content produces an increase of weak 

acidity, probably associated to the Mn2O3 phase. Pure manganese oxide, 

100Mn-0Ce sample, presents two desorption peaks at 100 and 187 ºC. 

Compared to the mixed oxides, peaks in 100Mn-0Ce are shifted to lower 

temperature, which indicates that the presence of Ce promotes stronger 

interaction between NH3 and the catalysts and, thus, stronger acid sites, which 

may be caused by the enhancement of redox properties observed by TPR. 

In the impregnation series, the presence of Mn contributes to increase the 

strong acidity because of the appearance of a peak at 220 ºC. No clear 

desorption peaks were observed for MnOX sample, probably because of the low 

surface area of that sample (see Table 1). 

Quantitative results for acidity, calculated by time-integration of the TCD signal, 

are summarized in Table 2. Comparison between the two catalyst series 

reveals that co-precipitation catalysts show higher acidity than impregnation 

catalysts, which may be associated to the higher interaction between Mn and 

Ce through the solid solution, taking into account that acidity is also higher per 



unit surface area (see Table 2). Moreover, different correlation between weak 

and strong acidity has been found depending on preparation method and 

composition. 

In the impregnation series, higher Mn content promotes strong acidity in 

detriment of weak acidity. However, above 5 wt.% Mn (composition from which 

MnOX crystals were detected by XRD) a decrease of both types of acidity is 

observed. Although this effect could partially be associated to lower surface 

area (see Table 1), the calculated acidity per unit area in Table 2 remains lower. 

Therefore, these results suggest that highly-disperse Mn is the species 

promoting catalyst acidity, and MnO2 is detrimental for both weak and strong 

acidity. 

Fig. 6 

 

3.2. Catalytic performance 

3.2.1. Catalytic activity 

Fig. 7 shows simultaneous NO SCR and o-DCB oxidation catalytic activity of 

co-precipitation (Fig. 7A and 7B) and impregnation (Fig. 7C and 7D) catalysts. 

Co-precipitation catalysts are clearly more active than impregnation catalysts. 

Concerning NO SCR, pure CeO2 samples, 0Mn-100Ce and 0Mn/CeO2, are 

active in SCR from 250 ºC, reaching the maximum NO conversion of 85% at 

350 ºC, approximately. 

The incorporation of Mn in co-precipitation catalysts (Fig. 7A) improves catalytic 

activity in SCR. At low Mn content (15Mn-85Ce catalyst) NO conversion profile 

is similar to that obtained with impregnation catalysts (Fig. 7C), although it does 

not enhance the one obtained with 100Mn-0Ce. Mn content above 50 mol.% 



MnOX leads to NO conversion above 95% in the 100-200 ºC temperature range. 

NO conversion decays in the high-temperature range because of the 

appearance of side reactions (NH3 oxidation), which consume the reactants 

involved in SCR. 

In the impregnation catalysts (Fig. 7C), incorporation of Mn promotes an 

increase of NO conversion up to 70% at temperatures above 150 ºC. However, 

the further increase of temperature produces a decay of NO conversion, which 

increases again from 50 to 75% in the medium temperature range. 

Temperatures above 350 ºC produce a drastic drop of NO conversion in all 

catalysts. No great differences of NO conversion profiles have been observed 

among catalysts with MnOX and CeO2 in their composition, although the 

catalyst with the lowest Mn content favors slightly higher NO conversion at low 

temperature. 

Comparing between both series, the temperature at which NO conversion starts 

to decrease is higher in impregnation catalysts and pure CeO2 samples than in 

co-precipitation catalysts. This result suggests that Mn improves the oxidation 

properties of the catalysts, shifting NH3 oxidation to lower temperatures. 

Fig. 7 

Regarding oxidation reaction, Fig. 7B and 7D, addition of MnOX to CeO2 

promotes catalytic activity in both series of catalysts. o-DCB conversion profiles 

are similar in all catalysts: they show a maximum at low temperatures from 

which o-DCB conversion decays, and then strongly increases with temperature. 

o-DCB conversion values at low and high temperature depend on Mn content 

and preparation method. 



In the co-precipitation series, 15Mn-85Ce sample showed similar results than 

impregnation catalysts (Fig. 7D), although with higher o-DCB conversion values 

(85 and 99% at 280 and 450 ºC, respectively). The increase of Mn content 

shifts o-DCB conversion profiles to lower temperatures. Thus, catalysts above 

80 mol.% MnOX present the best activity, with o-DCB conversions above 85% 

at 200 ºC, and total conversion at temperatures above 325ºC. 

In the impregnation series, higher Mn loading increases catalytic activity, 

5Mn/CeO2 and 8Mn/CeO2 being the best impregnation catalysts, with o-DCB 

conversion of 60 and 90% at 280 and 450 ºC, respectively. The similar decay of 

o-DCB conversion at medium temperature in both co-precipitation and 

impregnation catalysts should be noted, which could be attributed to oxidation 

occurring through different pathways depending on temperature. 

Summarizing, catalysts with both MnOX and CeO2 in their composition, 

especially those with high Mn content, showed better catalytic performance than 

pure oxides in the simultaneous removal of NO and o-DCB. These results 

reveal that, although Mn species are the main contribution to catalytic activity, a 

little amount of Ce becomes important to reach higher conversion of o-DCB and 

total conversion of NO at low temperature. Moreover, catalysts prepared by co-

precipitation showed the best catalytic activity, with higher NO and o-DCB 

conversion at lower temperatures than impregnation catalysts. According to 

characterization, higher interaction between Mn and Ce was evidenced in co-

precipitation catalysts, which bring to the light the relevance of the interaction 

between both metals as the key factor to improve catalytic activity in NO 

reduction and o-DCB oxidation. 



Regarding to catalytic composition, co-precipitation catalysts above 80 mol.% 

MnOX were found to present the best catalytic activity, leading to conversions 

above 80% of both NO and o-DCB in the temperature range of 180-300 ºC. In 

these catalysts, XRD results showed that they were not only composed by the 

solid solution of the oxides, but also by segregated Mn2O3 crystal aggregates. 

Moreover, TPR results showed that Mn tends to be as Mn4+ when inside CeO2 

structure, while as Mn3+ in Mn2O3 crystal aggregates. As a consequence, the 

synergy of both crystal phases provides Mn in different oxidation states, which 

is responsible for the great catalytic performances of high Mn content co-

precipitation catalysts. This conclusion is in accordance with Dai et al., who 

proposed that Mn species in the interface between MnOX and the solid solution 

and their neighbor lattice oxygen are the best active sites [48]. 

3.2.2. Analysis of by-products 

In SCR, N2O and NO2 were found to be the main by-products. The production 

profiles of both compounds are shown in Fig. 8 for co-precipitation (Fig. 8A and 

8B) and impregnation (Fig. 8C and 8D) catalysts, respectively. In pure CeO2 

samples of both series, 0Mn-100Ce and 0Mn/CeO2, N2O production is below 

30 ppm in all temperature range. However, the addition of Mn, even in samples 

with the lowest Mn content, causes a remarkable increase of N2O concentration 

in both co-precipitation and impregnation catalysts. Some works propose that 

N2O formation is related to well-ordered MnOX due to the presence of highly-

reactive oxygen [28,50], while other authors propose that N2O is associated to 

Mn content in the catalysts (independently of structure and order) at high 

temperature [51]. In this work, N2O was found in all Mn-containing catalysts, 

with or without MnOX crystals, and at temperatures above 150 ºC. Therefore, 



these results suggest that N2O formation is largely associated to catalytic 

properties provided by Mn and not by its content or structure. In this regard, 

TPD experiments showed that the incorporation of Mn greatly increased the 

acid properties of the catalysts. Acid properties are strongly related to reactants 

oxidation on the catalyst surface; so, they could also be related to N2O 

formation through the promotion of NH3 oxidation. 

Fig. 8 

Regarding to N2O production, similar N2O profiles with two characteristic 

maxima are observed in co-precipitation and impregnation catalysts. In the case 

of impregnation catalysts, the two N2O peaks are located at the same 

temperatures, 235 and 420 ºC, and the production is very similar, 140 and 

123 ppm, respectively. For co-precipitation catalysts, N2O production is higher 

than in impregnation catalysts in all temperature range. MnOx content above 

50 mol.% produces a shift of N2O production peaks from 245 and 421 ºC to 200 

and 340 ºC, respectively. The fact that N2O profiles are composed by two 

maxima may be associated to two chemical reactions, such as NH3 oxidation 

and the non-selective reduction of NO, being involved in the formation of N2O. 

The contribution of each reaction would depend on temperature. 

Regarding to NO2, this compound is formed at temperatures above 300 ºC, and 

its concentration continuously increases with temperature, which is in line with 

the results of Want et al. [52]. Pure CeO2 in both series, 0Mn-100Ce and 

0Mn/CeO2, are the catalysts with the lowest NO2 production. Mn-containing 

catalysts show a remarkable increase of NO2 production, which slightly 

increases with Mn content in co-precipitation catalysts (around 300 ppm of NO2 

at 450 ºC, for catalysts above 80 mol.% MnOX). Higher NO2 production may be 



associated to the more oxidizing properties of co-precipitation catalysts due to 

better oxygen mobility and higher acidity. It should be noted the NO2 production 

at temperatures below 300 ºC in impregnation catalysts. The same result is 

observed with co-precipitation 15Mn-85Ce catalyst. These facts reveal that Mn 

highly dispersed on CeO2 promoted the formation of low amounts of NO2 at low 

temperatures. 

CO2 and CO selectivity was calculated in order to carry out the by-products 

analysis in oxidation reaction. Fig. 9 shows the selectivity towards CO2 of co-

precipitation (Fig. 8A and 8B) and impregnation (Fig. 8C and 8D) catalysts from 

200 ºC (below this temperature, some catalysts presented very low o-DCB 

conversion). CO2 selectivity fits very well with o-DCB conversion results (Fig. 7). 

An increase of CO2 selectivity is observed with Mn content in both, co-

precipitation and impregnation catalysts. Comparison between quantitative 

results obtained by the different preparation methods reveals that co-

precipitation catalysts above 50 mol.% MnOX promote, to a great extent, total 

oxidation of o-DCB, leading to CO2 selectivity of 85 and 95% in the temperature 

ranges of 200-350 ºC and 350-450 ºC, respectively. 

Fig. 9A and 9C show a drop in CO2 selectivity at intermediate temperature. This 

drop is common in all samples containing both MnOX and CeO2, and coincides 

with the drop in o-DCB conversion (Fig. 7B and 7D). This fact may be 

associated to a promotion of partial oxidation, which would favor the 

appearance of oxidation products other than CO2. CO was the main by-product 

from oxidation reaction and its selectivity is show in Fig. 9B and 9D. In 

impregnation catalysts, except for 1Mn/CeO2, all catalysts containing both 

MnOX and CeO2 show selectivity to CO below 15% in all temperature range. On 



the other hand, co-precipitation catalysts promote selectivity to CO with Mn 

content at temperatures below 300 ºC. However, a drastic drop of selectivity to 

CO occurs at high temperature because of promotion of total oxidation of o-

DCB. A slight increase in CO selectivity at intermediate temperatures, where 

CO2 selectivity drops in both co-precipitation and impregnation catalysts with 

both MnOX and CeO2, should be noted. Moreover, the increase in CO selectivity 

is accompanied by the appearance of chlorinated by-products (Fig. 10). This 

fact corroborates that, under these conditions, o-DCB oxidation is promoted 

through partial oxidation, which has a negative effect in total oxidation. 

Tetrachloroethylene and trichlorobenzene were the main chlorinated by-

products identified in the temperature range of 275-420 ºC. The production of 

these compounds depends on Mn content. Thus, Fig. 10 shows that the 

formation of tetrachloroethylene in co-precipitation catalysts increases with Mn 

content, whereas trichlorobencene is promoted by high Ce contents. In the case 

of impregnation catalysts, trichlorobencene is the main by-product detected, 

because of the high Ce content, although traces of tetrachloroethylene are also 

detected in the impregnation catalysts with both MnOX and CeO2. 

Fig. 10 

Therefore, by-products formation and the slight increase of CO selectivity at 

intermediate temperature are in accordance with CO2 selectivity decrease. This 

fact, and the decrease of o-DCB conversion in the same temperature range, 

suggests a change in o-DCB oxidation pathway through partial oxidation 

reactions. According to literature, nucleophilic and electrophilic substitution 

through C-Cl bond is usually considered as the initial step of o-DCB oxidation, 

because of the weakness of this bond [53]. However, at intermediate and high 



temperature, C-H bond in o-DCB becomes weaker because of the oxidizing 

power provided by Mn. So o-DCB could be also broken through other bonds of 

the molecule. This fact would evidence the coexistence of two pathways at 

medium-high temperature. In the first pathway, o-DCB would be oxidized 

through C-Cl bond, whereas in the second pathway o-DCB would be oxidized 

through C-H bond, promoting the appearance of chlorinated by products. 

The appearance of the second pathway occurs at different temperature 

depending on oxidizing power of the catalysts. In this sense, Fig. 10 shows that 

chlorinated by-products are formed at lower temperature in co-precipitation 

catalysts. Characterization experiments showed that these catalysts presented 

better redox and acid properties, which improve their oxidizing performance. 

These results would be the reason why the high-temperature mechanism, 

evidenced by the appearance of chlorinated by-products, appears at lower 

temperature in co-precipitation catalysts. 

3.2.3. Stability tests 

Deactivation is an important aspect in the reactions involving catalytic oxidation 

of VOCs. In order to analyze the influence of Mn content and preparation 

method in deactivation, co-precipitation and impregnation catalysts with 

different Mn contents were tested during 24 h in the simultaneous NO SCR and 

o-DCB oxidation at 300 ºC. 

SCR results (Fig. 11A) show that NO conversion stabilized after 100 minutes in 

all catalysts. In co-precipitation catalysts, the trend in NO conversion differs 

depending on Mn content. In this way, the catalysts above 50 mol.% MnOX 

show a decrease of NO conversion, so a clear deactivation of these catalysts 

occurs for SCR reaction. However, for 15Mn-85Ce, NO conversion increases 



initially. Stationary NO conversion is slightly higher in the catalysts with lower 

Mn content, and NO conversions of 88, 85 and 81% were obtained for 15Mn-

85Ce, 50Mn-50Ce and 85Mn-15Ce, respectively. On the other hand, 

impregnation catalysts show similar results with final NO conversions of 88, 86 

and 86% for 2Mn/CeO2, 5Mn/CeO2 and 8Mn/CeO2, respectively. In this case, 

no initial deactivation of the catalysts was observed, NO conversion increasing 

up to the final values, as in the lowest-Mn-content co-precipitation catalyst. 

Stability results are in accordance with those from light-off experiments. 

Fig. 11C shows the evolution of by-products in SCR stability tests. NO2 and N2O 

concentration decreases in 85Mn-15Ce and 8Mn/CeO2 catalysts in the first 

100 minutes of reaction. The fact that by-products concentration decreases in 

both catalysts in spite of the different trend observed in NO conversion refutes 

that Mn content affects SCR pathway and the side reactions involved in this 

process. 

Fig. 11 

Regarding to o-DCB oxidation (Fig. 11B), a clear deactivation is observed in the 

first 5 hours both in co-precipitation and impregnation catalysts. After this time, 

o-DCB conversion remains constant around 13% in impregnation catalysts, 

whereas a smooth continuous decrease can be observed in co-precipitation 

catalysts, and o-DCB conversions of 70, 47 and 20% are obtained with 85Mn-

15Ce, 50Mn-50Ce and 15Mn-85Ce, respectively, after 24 hours. 

Concerning CO and CO2 concentrations, Fig. 11D shows the evolution for 

85Mn-15Ce and 8Mn/CeO2 catalysts. The evolution of CO2 is similar to that o-

DCB conversion, with a strong initial decrease in both series. However, CO 

concentration increases, which indicates that deactivation affects not only o-



DCB conversion, but also selectivity. The increase of CO concentration is 

accompanied by the appearance of chlorinated by-products (not shown) in the 

co-precipitation series. In the impregnation series, however, chlorinated by-

products are not observed, probably because of the small o-DCB conversion. 

Summarizing, both co-precipitation and impregnation catalysts undergo 

significant deactivation in o-DCB oxidation. In SCR, co-precipitation catalysts 

above 50 mol.% MnOX are slightly deactivated as well. According to literature, 

no evidences of deactivation have been reported in SCR in the absence of o-

DCB [21,37]; thus, deactivation of the catalysts is probably strongly related to o-

DCB oxidation. It is well known that oxidation of chlorinated compounds 

promotes deactivation effects in different types of catalysts at low temperature. 

Kan et al. associated the low-temperature deactivation of MnOX-CeO2 catalysts 

in the oxidation of chlorobenzene to the adsorption of Cl on the active sites [54]. 

On the other hand, Hetrick et al. evidenced a strong contribution of surface 

carbonaceous deposits in deactivation of VOX/TiO2 catalysts in m-DCB 

oxidation [55]. 

Table 4 summarizes chlorine and carbon content of used catalysts after stability 

tests. All catalysts show the presence of a high amount of chlorine and carbon 

on the surface, which corroborates the presence of the deactivating species 

proposed in the literature. Wang et al. proposed that deactivation by chlorine 

occurs mainly in the CeO2 surface, and the temperature from which Cl2 is 

formed as a by-product depends on Mn content, decreasing with increasing Mn 

content [19]. These results are in line with the lower surface chlorine detected at 

higher Mn content in both co-precipitation and impregnation catalysts in Table 

4, which reveals that this deactivating species is eliminated more easily from the 



surface when the amount of surface Mn is higher. However, no evidence of Cl2 

formation was observed in our experiments. This fact may be associated to the 

appearance of a white solid in the solid filter after the reactor, identified as 

ammonium chloride, which suggests that chlorine is removed by reaction with 

NH3, one of the reactants in SCR. Easier removal of Cl at higher Mn content 

could be associated to weaker interaction of chlorine due to higher acidity and 

redox properties of the catalysts, taking into account the results of 

characterization. 

Concerning carbon, co-precipitation catalysts present a surface carbon content 

decreasing with increasing Mn content. This result is probably associated to the 

improvement of oxygen species observed in XPS results, which favour removal 

of carbonaceous species through oxidation, generating carbon oxides. 

Impregnation catalysts present similar surface carbon content, which agrees 

with their observed similar performance in the process. 

  



4. CONCLUSIONS 

In this work, catalysts based in Mn and Ce were prepared by two methods, co-

precipitation and impregnation, in order to study the effect of physicochemical 

properties and catalytic performance on the simultaneous reduction of NO and 

o-DCB oxidation. Characterization results showed that each preparation method 

favors different interaction between Mn and Ce. Thus, Mn is loaded on CeO2 in 

impregnation catalysts, whereas Mn incorporates to the CeO2 structure in co-

precipitation catalysts, creating a solid solution. The formation of the solid 

solution plays an important role, because it enhances the redox properties 

through the generation of oxygen vacancies, which improve oxygen mobility. 

Moreover, an increase of acid properties is also provided by the high interaction 

between both metals. 

The catalytic tests have corroborated the better activity of catalysts prepared by 

co-precipitation, with increased NO and o-DCB conversion at low temperature 

compared to impregnation catalysts. In this way, catalysts above 80 mol.% 

MnOX showed the best catalytic activity, with NO conversions above 90% at 

temperatures below 250 ºC and o-DCB conversions above 80% at 

temperatures above 200 ºC. In these catalysts, XRD and TPR evidenced 

coexistence of Mn2O3 crystals and the solid solution, which could be 

responsible for the great catalytic performance. Regarding to selectivity, N2O 

and NO2 were the main by-products of SCR reaction in both impregnation and 

co-precipitation catalysts. N2O is produced in all temperature range, whereas 

NO2 is observed above 300 ºC. The formation of these compounds is favored 

by the improvement of oxidation properties, which are clearly related to Mn 

species. In oxidation reaction, co-precipitation catalysts present slightly higher 



selectivity to CO2, above 80%. However, an increase of selectivity to CO and 

chlorinated by-products production at medium temperature evidenced a 

possible change in the oxidation pathway, in which higher amount of oxidation 

intermediates is involved. Stability tests evidenced deactivation in all catalysts, 

mainly in the oxidation reaction. Deactivation is affected by preparation method 

and Mn content in co-precipitation catalysts and is associated to Cl adsorption, 

which is also detrimental for total oxidation of o-DCB. 
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Fig. 6: NH3-TPD profiles of A) Co-precipitation catalysts and B) impregnation 
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Fig. 7:  Catalytic activity of co-precipitation catalysts: A) NO conversion and C) 

o-DCB conversion; and impregnation catalysts B) NO conversion and 

D) o-DCB conversion. Gas composition: 100 ppm o-DCB, 300 ppm 

NO, 300 ppm NH3 and 10% O2 at 1.5 atm 2 LN min-1 and 60 LN (h·g)-1. 

Fig. 8:  N2O concentration of A) co-precipitation catalysts C) impregnation 

catalysts; NO2 concentration B) co-precipitation catalysts D) 

impregnation catalysts. 



Fig. 9: CO2 selectivity of A) co-precipitation catalysts C) impregnation 

catalysts; CO selectivity B) co-precipitation catalysts D) impregnation 

catalysts. 

Fig. 10: Chlorinated by-products produced in o-DCB oxidation reaction by co-

precipitation catalysts A) Tetrachloroethylene B) Trichlorobenzene; 

and impregnation catalysts C) Tetrachloroethylene D) 

Trichlorobenzene. 

Fig. 11: Stability test of co-precipitation and impregnation Mn-contain catalysts 
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ABSTRACT 

Two series of catalysts based on Mn and Ce oxides were prepared by co-

precipitation and impregnation, in order to study their physicochemical 

properties and catalytic performance in the simultaneous reduction of NO and 

oxidation of o-DCB. Co-precipitation catalysts showed better activity than those 

prepared by impregnation because of the formation of a MnOX-CeO2 solid 

solution, which improves redox and acid properties. Moreover, the catalysts with 

MnOX content between 80 and 90 mol.%, in which a coexistence between solid 

solution phase and Mn2O3 crystal was found, presented NO conversion above 

90% at temperatures below 250 ºC and o-DCB conversion above 80% at 

temperatures above 200 ºC. The main by-products of SCR were N2O, produced 

in the whole range of temperature, and NO2, formed at temperatures above 

300 ºC. Selectivity to CO2 above 80% was obtained using co-precipitation 

catalysts in all temperature range. Deactivation experiments showed that 

oxidation reaction strongly contributes to deactivate impregnation catalysts, 

whereas the effect of deactivation is lower in co-precipitation catalysts at high 

Mn contents. 
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1. INTRODUCTION 

Simultaneous catalytic abatement of nitrogen oxides (NOX) and polychlorinated 

dibenzo dioxins and furans (PCDD/Fs) is an alternative to the present 

techniques for elimination of both pollutants in municipal solid waste (MSW) 

incineration plants, in line with the continuous development of more efficient 

technologies due to the tightening of environment laws. In this process, both 

pollutants are removed in the same catalytic reactor [1,2]. The elimination of 

NOX occurs through Selective Catalytic Reduction (SCR) with NH3, while 

PCDD/Fs are removed by catalytic oxidation, according to: 

4NO + 4NH3 + O2 → 4N2 + 6H2O (1) 

C12HnCl8−nO2 + (9+0.5n)O2 → (n−4)H2O + 12CO2 + (8−n)HCl (2) 

This is a highly interesting process, since it combines the advantages of SCR, 

such as high efficiency and low cost, with those of catalytic oxidation, in which 

the pollutants are completely oxidized. This way, the use of other techniques, 

such as adsorption or absorption, which generate a waste that needs further 

treatment or disposal [2], is avoided. 

Commercial catalysts for SCR are VOX/TiO2 promoted by WOX or MoOX [3,4]. 

The same catalysts are the main option for catalytic oxidation of PCDD/Fs and 

chlorinated benzenes [2], the latter commonly used as model compounds of 

PCDD/Fs for laboratory experiments, because they are safer to handle and 

have a similar structure. The fact that the same formulation is used for the 

removal of both types of pollutants is the key for this application in which NOX 

and PCDD/Fs are removed simultaneously. Recently, Gallastegi-Villa et al. 

reported that the simultaneous abatement of NO and o-dichlorobenzene (o-

DCB, model compound of PCDD/Fs) with VOX/TiO2 is possible [5]. However, 



these catalysts are not efficient enough, because NO reduction occurs at lower 

temperatures than o-DCB oxidation, whereas NO conversion decreases at 

temperatures where o-DCB conversion is high [5]. 

Currently, SCR commercial systems are demanding to work at lower 

temperatures because they are located at the end of the cleaning gas line in 

order to avoid catalyst poisoning by SO2 [6]. As a consequence, a reheat of the 

flue gas is needed up to the operating temperature of SCR reactor [7,8], which 

involves high costs. The development of alternative catalytic formulations is of 

great interest for decreasing operation temperature of SCR systems and 

obtaining oxidation of PCDD/Fs at lower temperatures. 

In this sense, transition metals oxides (CuOX, FeOX, MnOX, NiOX, ZrOX) as 

catalysts for low-temperature SCR have been widely researched [9-11]. MnOX-

based catalysts are specifically gaining much attention in recent years because 

of the high oxidation states and characteristic crystal structure [4]. Kang et al. 

reported NO conversions above 95% between 75 and 175 ºC with MnOX 

supported over Al2O3 and CeO2 [12], while Li et al. achieved total NO 

conversion between 150 and 200 ºC using TiO2 as support [13]. The same way, 

their high efficiency in reduction/oxidation cycles and excellent oxygen migration 

ability are positive for the application of this type of catalysts in the oxidation of 

chlorinated organic compounds [14]. 

CeO2 has been widely studied for its great redox properties and high oxygen 

mobility related to oxygen vacancies [3,7,15]. These are properties that benefit 

the faster oxidation of NO to NO2 and chlorinated organic compound, involved 

in fast SCR and catalytic oxidation, respectively. Therefore, the addition of 

CeO2 to MnOX-based catalysts may improve the catalytic performance in the 



simultaneous abatement of NOX and PCDD/Fs. The enhancement of catalytic 

activity in NO reduction has been corroborated by several works. Qi et al. 

reported NO conversion of 95% at 150 ºC with MnOX-CeO2 mixed oxide 

catalysts [16]. Similar results where showed by Shen et al. in MnOX/CeO2 

supported catalyst between 120 and 220 ºC [17]. The same way, the MnOX-

CeO2 formulation leads to the catalytic oxidation of chlorobenzene above 

250 ºC [18,19] and o-xylene above 220 ºC [20]. 

It has been reported that physicochemical properties and catalytic performance 

depend on preparation methods [21,22]. Regarding to literature, several routes 

have been used for the preparation of MnOX-CeO2 catalysts, such as co-

precipitation [23-25], sol-gel [26,27], impregnation [17], modified co-precipitation 

[28] and redox precipitation [8,20]. Unfortunately, no agreement about what 

preparation method is the most suitable for the simultaneous abatement of NOX 

and PCDD/Fs is found in the literature. This is due to the small number of works 

focused on the elimination of both pollutants simultaneously, rather than 

independently. 

In this work, catalysts based on Mn and Ce oxides were prepared by two 

methods, characterized by different techniques and tested in the simultaneous 

abatement of NO and o-DCB, through NH3-SCR and catalytic oxidation, 

respectively. The catalytic test was carried out in conditions close to those used 

in MSW incineration plants. Therefore, the goal of this work is to evaluate the 

influence of preparation method in physicochemical properties and catalytic 

performance of the catalysts, in order to conclude the optimum preparation 

method and composition. 

  



2. EXPERIMENTAL 

2.1. Catalysts preparation 

Two series of catalysts based on Mn and Ce oxides were prepared to different 

metal contents by co-precipitation and impregnation, in order to obtain solids 

with different properties. The experimental procedure followed in each 

preparation method is explained in detail in the following. 

2.1.1. Co-precipitation method 

The necessary amount of a solution of Mn(NO3)2·4H2O in distilled water (0.55 M 

Mn) and/or a solution of Ce(NO3)3·6H2O in distilled water (0.35 M Ce) were 

mixed at room temperature under magnetic stirring and co-precipitated by 

dropwise addition of a 1.3 M solution of NH2COONH4 until the solution reached 

pH = 9. The resulting suspension was aged during 2 h, then filtered and washed 

with distilled water. The obtained solid was dried at 110 ºC for 12 h and calcined 

at 500 ºC for 3 h. 

With this procedure, solids with a bulk homogeneous composition of the oxides 

are obtained, in which Mn and Ce can belong to a common oxide structure, 

and/or be segregated in structures characteristic of their typical oxides. In order 

to carry out the catalytic reactions in the absence of mass transfer limitations 

and with low pressure drop, the catalysts were pelletized, crushed and sieved 

to 0.3-0.5 mm. 

Seven catalysts were prepared by this procedure, from pure CeO2 to pure 

MnOX, with five intermediate compositions, and named: 0Mn-100Ce (pure 

CeO2), 15Mn-85Ce, 50Mn-50Ce, 80Mn-20Ce, 85Mn-15Ce, 90Mn-10Ce and 

100Mn-0Ce (pure MnOX); where the numbers indicate the molar percentage of 

each oxide in the samples. 



2.1.2. Impregnation method 

CeO2 support was prepared by thermal decomposition of Ce(NO3)3·6H2O at 

550 ºC for 3 h. Then, an aqueous solution with the proper amount of 

Mn(NO3)2·4H2O was used to impregnate this support. The precursor solution 

and the support (2 mL/g) were mixed in a rotary evaporator, where the resulting 

slurry was kept in contact in continuous stirring for 1 h to improve homogeneity. 

Then, the solvent was evaporated by increasing the temperature to 40 ºC in 

vacuum conditions. Finally, the solid was dried at 110 ºC for 12 h, calcined at 

500 ºC for 3 h and pelletized, crushed and sieved to 0.3-0.5 mm. 

With this procedure, supported catalysts are obtained, in which the active 

phase, MnOX, is located on the surface of the CeO2 support to different surface 

coverage. Six catalysts were prepared by this procedure, with Mn content 

ranging from 0 to 8 wt.%, and named: 0Mn/CeO2 (the support, pure CeO2), 

1Mn/CeO2, 2Mn/CeO2, 3Mn/CeO2, 5Mn/CeO2 and 8Mn/CeO2. In order to 

complete the series, an additional sample of pure manganese oxide (named as 

MnOX) was prepared by thermal decomposition of Mn(NO3)2·4H2O at 500 ºC for 

3 h. 

2.1.3. Comparison between preparation methods 

Taking into account both preparation methods, global composition of both 

catalyst series is very different. However, comparison can be made in terms of 

surface coverage of MnOX, taking into account that catalysis is a surface 

phenomenon. Both series of catalysts have been prepared with the idea to 

cover the whole range of surface coverages, from 0 (pure CeO2) to 1 (pure 

MnOX). 



In co-precipitation catalysts, molar composition gives a direct estimation of 

theoretical relative surface coverage, and that is the reason why composition of 

these catalysts is given as molar percentage of the oxides all over the paper. 

In impregnation catalysts, MnOX is only located at the surface. Thus, Mn 

content remains much smaller for similar surface coverage. In these catalysts, 

compositions are usually given as weight percentage of the active metal, and 

that is the reason why composition of these catalysts is given as wt.% Mn all 

over the paper. Taking into account the cross sectional area of MnOX [29], the 

specific surface area of the support (CeO2) and the probable multilayer 

deposition at high coverage, the 8Mn/CeO2 sample should very nearly 

approach total MnOX surface coverage. 

 

2.2. Catalyst characterization 

2.2.1. XRD analysis 

X-ray diffraction (XRD) was conducted on a Philips PW 1710 X-ray 

diffractometer with Cu Kα radiation (λ = 1.5406 Å) and Ni filter. The finely 

ground samples were scanned between 10° and 100° (2θ) with a 2θ step size of 

0.026°º and counting time of 528 s. Crystal phases were identified by 

comparison with JCPDS (Joint Committee on Powder Diffraction Standards) 

database cards. 

2.2.2. Textural properties 

Textural properties were evaluated by N2 adsorption–desorption isotherms at 

−196 ºC, in a Micromeritics TRISTAR II 3020. Specific surface areas of the 

catalysts were calculated by the standard BET procedure, using adsorption 

branch data in the relative equilibrium pressure range of 0.03-0.3. Pore average 



size and distribution were calculated using the BJH method from the desorption 

branch. The samples (15–-20 mg) were previously degassed under nitrogen 

flow at 350 ºC for 4 h. 

2.2.3. Raman spectroscopy 

Raman spectroscopy was performed in a Renishaw System 1000 Raman 

spectrometer. A 514 nm solid-state laser was used as excitation line with a 

power on the sample of 1 mW. All measurements were carried out at room 

temperature. 

2.2.4. H2-TPR analysis 

Temperature programmed reduction with H2 (H2-TPR) was used to evaluate the 

redox properties of the catalysts. The experiments were performed on a 

Micromeritics AutoChem 2920 instrument. First of all, the samples (15-20 mg) 

were pre-treated under 50 cm3/min of 5% O2/He mixture at 500 ºC for 45 min 

and cooled down to 40 ºC in helium. Then, the samples were heated from 40 to 

950 ºC with a rate of 10 ºC/min under 50 cm3/min of 5% H2/Ar. The water 

produced by reduction was trapped in a cold trap, and the consumption of H2 

was continuously monitored with a TCD. Total H2 consumption was calculated 

from time-integration of TCD signal. 

2.2.5. XPS characterization 

X-ray Photoelectron Spectroscopy (XPS) was performed on an Al Kα 

(1486.6 eV) SPECS system (Berlin, Germany) equipped with 1D-150 Phoibos 

DLD analyzer and monochromatic radiation source. Detailed analysis of the 

elements (energy step 0.1 eV, dwell time 0.1 s, pass energy 30 eV) was 

performed with an electron exit angle of 90°. The spectra were fitted by 



CasaXPS 2.3.16 software, modeling the Gauss-Lorentzian contributions after 

background subtraction (Shirley). 

2.2.6. NH3-TPD analysis 

Catalysts surface acidity was measured by temperature programmed 

desorption of ammonia (NH3-TPD) carried out on a Micromeritics AutoChem 

2920 instrument. Before adsorption, all samples (15-20 mg) were pretreated 

under 50 cm3/min of 5% O2/He mixture at 500 ºC for 45 min and cooled down to 

40 ºC in helium. The adsorption step was performed by 130 cm3/min of 1% 

NH3/He mixture gas at 40 ºC during 60 min. Then, the samples were exposed to 

130 cm3/min of helium for 60 min in order to remove physisorbed NH3 from the 

surface. TPD experiments started from 40 to 450 ºC with a heating rate of 

10 ºC/min and helium as carrier. NH3 desorbed from the catalysts was 

continuously monitored with a TCD. Total acidity was calculated by time-

integration of TCD signal. 

2.2.7. Elemental analysis 

Elemental analyses of deactivated catalysts (after stability tests) were 

conducted by XRF and EDS, in the case of chlorine, and EDS for carbon. XRF 

analysis was conducted in a wavelength dispersive X-ray fluorescence 

sequential spectrometer (WDXRF, PANalytical, AXIOS model) with Rh tube. 

EDS analysis was performed in a Carl Zeiss EVO 40 equipped with an EDS 

detector (Oxford Instrument X-Max). The measurements were made at 20 kV of 

voltage, 100-400 pA of current and at 10 nm approximately. 

 

2.3. Experimental reaction set-up and catalytic tests 



The experimental reaction set-up is shown in Fig. 1. The gas mixture was 

prepared to simulate the actual MSW incinerator combustion gases. Due to the 

high toxicity and operational problems arising from working with PCDD/Fs, most 

researchers usually use model compounds, less toxic and with similar structure. 

Thus, in this work, o-DCB has been used as the alternative to PCDD/Fs 

[2930,3031]. The composition of catalytic reactor feed was: O2 (10%), NO 

(300 ppm), NH3 (300 ppm), o-DCB (100 ppm) and Ar to balance. Gas flows 

were regulated by gas mass flow controllers (Bronkhorst® High-Tech F-201CV), 

whereas o-DCB and water liquid stream was dosed by a Bronkhorst® High-Tech 

μ-Flow L01-AAA-99-0-20S mass flow controller. In order to avoid the complete 

evaporation of the liquid component and favor the homogenous mixture with the 

gas stream, a controlled-evaporator-mixed (Bronkhorst® High-Tech W-102A-

111-K) was used. Moreover, all pipes were hot, avoiding gas adsorption and 

condensation. The catalytic bed was formed by 1.5 g of particulate catalyst 

(0.3–-0.5 mm) mixed with inert quartz (0.5–-0.8 mm) in order to fill a bed volume 

of 3 cm3, resulting in a GHSV value of 40,000 h−1. The fixed catalytic bed was 

inside a U-shaped tubular quartz reactor (13.6 mm internal diameter), which 

was heated into a convective-flow oven. 

Fig. 1 

An on-line gas chromatograph (Agilent Technologies 7890A) equipped with a 

HP-VOC capillary column and a 5975C mass selective detector was used to 

quantify o-DCB concentration in the reactor inlet and outlet streams and also to 

detect possible chlorinated byproduct compounds. Furthermore, NO, NO2 and 

NH3 were continuously measured by ultra-violet (ABB, Limas 21), whereas CO2, 

CO and N2O were analyzed by infrared (ABB, Uras 26). During reaction, NH3 is 



not measured due to the interference between o-DCB and the Limas 21 

analyzer. Because of this, NH3 was only measured before reaction, in order to 

verify its inlet concentration. 

Before each experiment, the catalyst was pretreated with pure argon flow 

(2 LN/min) at 200 ºC for 2 h in order to remove the compounds adsorbed on the 

surface. The catalytic activity was measured by light-off curves at a pressure of 

1.5 atm by feeding a constant total flow of 2 LN/min and increasing the 

temperature from 100 to 450 ºC with a constant heating rate of 1.5 ºC/min. 

Stability tests were carried out at 300 ºC, keeping this temperature constant 

during 24 hours. 

NO and o-DCB conversions were calculated from Ec. (1) and (2), respectively, 

as: 
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and selectivity to CO2 and CO with: 
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3. RESULTS 

3.1. Catalysts characterization 

3.1.1. XRD analysis 

Fig. 2A and 2B shows the XRD patterns of the catalysts prepared by co-

precipitation and impregnation, respectively. CeO2 in co-precipitation and 

impregnation series, 0Mn-100Ce and 0Mn/CeO2, show the same diffraction 

peaks of cerionite, characteristic of cubic fluorite structure (JCPDS, 00-004-

0593). On the other hand, manganese oxide of co-precipitation and 

impregnation series, 100Mn-0Ce and MnOX, present clearly different diffraction 

patterns. Diffraction peaks of 100Mn-0Ce are associated to α-Mn2O3 phase 

(JCPDS, 01-078-030), whereas those of MnOX are related to both α-Mn2O3 and 

β-MnO2 (JCPDS, 00-050-0866) phases. 

In the co-precipitation series, peaks associated to fluorite structure show a shift 

to higher Bragg angles with increasing Mn content, which is associated to the 

contraction and distortion of the fluorite structure caused by Mn insertion 

forming a solid solution. Ionic radii of Mn4+ (0.53 Å), Mn3+ (0.65 Å) and Mn2+ 

(0.83 Å) are smaller than that of Ce4+ (1.01 Å), which produces the lattice 

parameter modification (decrease) with increasing Mn content shown in Table 1 

[3132]. Additional evidence for the formation of a solid solution is the observed 

broadening of the diffraction peaks of fluorite phase, associated to the decrease 

of fluorite crystal size, with increasing Mn content (Table 1), which indicates a 

loss of crystallinity due to the structural defects caused by Mn insertion. Above 

80 mol.% MnOX, additional sharp diffraction peaks associated to Mn2O3 can be 

observed in Fig. 2A, caused by segregation from the fluorite structure because 



of saturation [3233], in agreement with the increase in Mn2O3 crystal size with 

Mn content (Table 1). 

In the impregnation series, only peaks associated to fluorite structure can be 

found up to 5 wt.% Mn. The absence of diffraction peaks associated to MnOX 

indicates that Mn species are highly dispersed on the CeO2 surface. However, a 

diffraction peak associated to MnO2 appears at 37.6 in the 8Mn/CeO2 sample, 

supported catalyst with the highest Mn content, which indicates that Mn tends to 

form crystal aggregates of MnO2 over the support at high coverage. In this 

case, no insertion of Mn on CeO2 lattice is observed, as lattice parameter in 

Table 1 remains constant with increasing Mn content. 

Thus, co-precipitation catalysts above 80 mol.% MnOX consist of a MnOX-CeO2 

solid solution and Mn2O3 crystals, so that Mn in high oxidation states coexist in 

different phases at high Mn content. In impregnation catalysts, on the other 

hand, no solid solution is observed and Mn in the form of MnO2 is only in 

contact with surface CeO2. 

Table 1 

Fig. 2 

3.1.2. Textural properties 

BET surface area and pore volume of catalysts were measured by N2 

physisorption and the results are listed in Table 1. In general, surface area and 

pore volume of co-precipitation catalysts are higher than those of impregnation 

catalysts. 

In the co-precipitation catalysts, surface area of the intermediate compositions 

is higher than that of the pure oxides (0Mn-100Ce and 100Mn-0Ce) and pore 

volume notably increases with Mn content. In impregnation catalysts, on the 



other hand, increasing Mn content produces a decrease in surface area, and a 

maximum pore volume around 2Mn/CeO2. The decrease in pore volume above 

3 wt.% Mn is probably associated to the formation of larger particles of MnOX 

blocking the CeO2 porous structure. 

These results indicate that interaction of MnOX and CeO2 in co-precipitation 

catalysts, observed in XRD, generates structural defects in the bulk leading to 

higher exposure of catalyst surface and pores compared to impregnation 

catalysts. This feature probably contributes to the enhancement of catalytic 

performance by the increase of reaction sites. 

3.1.3. Raman spectroscopy 

Raman spectroscopy is useful to obtain information about alterations into the 

structure of the catalysts through the investigation of metal-oxygen vibrations. 

Fig. 3A and 3B show Raman spectra of catalysts prepared by co-precipitation 

and impregnation, respectively. 

Spectra of pure CeO2 samples, 0Mn-100Ce and 0Mn/CeO2, exhibit an intense 

band at 460 cm1, associated to F2g vibration mode [3334,3435]. This band is 

related to symmetrical stretching vibration of the atoms belonging to the 

structure around Ce4+ [3536]; so, it will be affected by alteration in the 

environment of sublattice oxygen. The F2g vibration mode is also detected in all 

catalysts containing both MnOX and CeO2. 

In the co-precipitation series, increasing Mn content produces a shift of F2g band 

to lower wavenumber, from 460 cm1 in 0Mn-100Ce down to 446 cm1 in 80Mn-

20Ce catalyst. This result proves the modification of the CeO2 structure by the 

incorporation of Mn, and corroborates the solid solution formation. Together 

with F2g displacement, the increase of Mn content promotes the appearance of 



a band at 597 cm1, associated to oxygen vacancies [3536]. Oxygen vacancies 

appear to compensate the negative charges generated by the incorporation of a 

doping cation with different nature and oxidation state [25]. Thus, the band at 

597 cm1 is another evidence of the formation of a solid solution in this series. 

Above 80 mol.% MnOX, an additional band appears at 635 cm1 overlapping 

with the band associated to oxygen vacancies. This band is associated to MnOX 

and increases its intensity with Mn content, whereas F2g gradually decreases, 

which confirms the change of lattice parameter observed by XRD [3637]. Pure 

MnOX (100Mn-0Ce) shows bands at 693, 640 and 306 cm-1 associated to 

vibrational modes ν7, ν6, and ν2 of α-Mn2O3 [3738] in agreement with the results 

of XRD. 

In the impregnation series, the position of F2g band does not change with 

increasing Mn content. Besides, no clear evidence of Mn-O stretching modes is 

observed in the spectra of the supported samples, not even in 8Mn/CeO2, which 

denotes the good dispersion of Mn on the support surface in this series. 

Concerning pure MnOX, bands at 760, 662, 553 and 317 cm1 associated to 

vibrational modes v8, v6, v5 and v2 of -MnO2 can be observed, in accordance 

with the results of XRD. 

Fig. 3 

3.1.4. H2-TPR analysis 

Redox properties were investigated by H2-TPR. Fig. 4A and 4B show the H2 

consumption curves of catalysts prepared by co-precipitation and impregnation, 

respectively. TPR profiles of CeO2 in both series, 0Mn-100Ce and 0Mn/CeO2 

samples, are very similar. They show two broad peaks located around 430 and 

830 ºC, related to surface and bulk CeO2 reduction, respectively [15]. Redox 



properties are enhanced to different extent by the presence of Mn in the 

catalysts with respect to those of CeO2. This enhancement can be associated to 

structural defects generated by surface interaction in impregnation catalysts. 

In the co-precipitation series, a reduction peak around 100 ºC can be observed 

in the catalysts up to 50 mol.% MnOX, associated to surface isolated Mn ions 

“embedded” into CeO2 lattice [19,3839]. Increasing Mn content, two strongly 

overlapped peaks at 266 and 300 ºC and an additional peak at 400 ºC appear. 

Pure manganese oxide, 100Mn-0Ce, presents two reduction peaks at 293 and 

435 ºC, which fit very well with pure Mn2O3 reduction profile in the literature 

[3940,4041], in accordance with XRD results, as time-integration of the TPR 

profile reveals that H2 consumed in the first peak is half that in the second, 

which agrees with the stoichiometry of two reduction steps: the first peak related 

to the reduction of Mn2O3 to Mn3O4 and the second to the reduction of Mn3O4 to 

MnO. 

In the impregnation series, two clear reduction peaks around 320 and 410 ºC 

associated to MnOX reduction can be observed. In addition, surface CeO2 

reduction is also present in the range 200-400 ºC, although it is difficult to 

distinguish. Pure manganese oxide sample, MnOX, also shows two reduction 

peaks, but shifted to higher temperatures and strongly overlapped (compared to 

100Mn-0Ce), at 406 and 532 ºC. Similar TPR profile is reported by Shen et al., 

who associated the first reduction peak to the reduction or MnO2 and Mn2O3 to 

Mn3O4 and the second to the reduction of Mn3O4 to MnO [24]. 

Several works in the literature agree that MnO2 reduction in catalysts is 

practically indistinguishable from that of Mn2O3. Thus, many authors associate 

H2 consumption at low temperature (around 300 ºC) to the reduction of 



MnO2/Mn2O3 to Mn3O4, and H2 consumption at intermediate temperature 

(around 400 ºC) to the reduction of Mn3O4 to MnO and surface CeO2 

[24,3132,4142], when explaining TPR profiles. However, the appearance of two 

overlapped peaks at low temperature in co-precipitation catalysts brings to light 

the reduction of different phases in high oxidation state: the reduction of Mn 

ions embedded into cerium oxide lattice and the reduction of MnOX crystals 

well-dispersed over the catalysts. The high interaction between both phases is 

responsible for the strong overlapping or these two peaks in the TPR profile. It 

should be noted that the first reduction peak, located at 266 ºC, increases with 

Mn content. The same way, XRD results above showed that high Mn content 

favored the presence of bigger Mn2O3 crystals in the catalysts. As a result, we 

propose that the first reduction peak is associated to reduction of MnOX 

crystals, which would have better accessibility to H2 because they are 

segregated from the solid solution. On the other hand, the peak around 300 ºC 

is related to reduction of Mn incorporated to the CeO2 structure. Therefore, the 

results obtained in TPR are in accordance with those obtained through other 

techniques, supporting the formation of the solid solution in the co-precipitation 

series. 

In these catalysts, several species are observed depending on Mn content. Low 

Mn contents favor the presence of isolated Mn located into the CeO2 structure, 

whereas high Mn content promotes its segregation from the solid solution, 

creating crystalline aggregates. 

H2 consumption in TPR has been summarized in Table 2. In the co-precipitation 

series, H2 consumption increases with Mn content. In the impregnation series, 

this is also truth in general, but H2 consumption of the support (0Mn/CeO2) is 



somewhat higher than that of the lowest Mn content sample (1Mn/CeO2). The 

results of H2 consumption have been used to estimate average oxidation state 

of Mn in the catalysts, assuming MnO as the final reduction state of Mn (and 

similar reduction of CeO2), and these results have been also added to Table 2, 

together with the proportion of Mn3+ and Mn4+. 

In the co-precipitation series, increasing Mn content produces a decrease in 

average oxidation state of Mn in the catalyst. Thus, at low Mn content, 15Mn-

85Ce sample, the calculated average Mn oxidation state is 4. For this catalyst, 

the results of characterization above showed that all Mn was incorporated to 

CeO2 structure; consequently, Mn4+ is the main species promoted when Mn is 

inside CeO2 structure. At high Mn content, above 80 mol.% MnOX, average Mn 

oxidation state decreases to 3.2-3.3, which suggests a coexistence of Mn4+ and 

Mn3+ species. The appearance of Mn3+ is favoured by the formation of Mn2O3 

crystals. Pure manganese oxide, 100Mn-0Ce sample, in fact, shows an average 

Mn oxidation state around 3 in good agreement with XRD results, where only 

peaks associated to Mn2O3 were observed. 

In the impregnation series, error in the estimation can be important below 

3 wt.% Mn. However, average Mn oxidation state is above 3.5 in 5Mn/CeO2 and 

8Mn/CeO2 samples. This fact suggests that higher Mn coverage leads to 

agglomeration in bigger crystals (as concluded by XRD) in which Mn4+, in the 

form of MnO2, is the main oxidation state. MnOX sample in this series shows an 

average Mn oxidation state around 3.1, in line with the mixture of Mn2O3 and 

MnO2 observed in XRD. 

Table 2 

Fig. 4 



3.1.5. XPS characterization 

Surface composition and surface oxidation states of the elements in the 

catalysts were studied by XPS. Fig. 5 shows Ce 3d, Mn 2p and O 1s spectra of 

co-precipitation (Fig. 5A, 5C and 5E) and impregnation (Fig. 5B, 5D and 5F) 

catalysts. All binding energies are referenced to elemental carbon (C 1s) 

spectrum at 284.5 eV. 

Ce 3d spectra (Fig. 5A and 5B) have only been analyzed by their 5/2 spin orbit 

doublet, because of the overlapping of Ce and Auger Mn line at high Mn 

content. Ce 3d 5/2 is deconvolved in 5 peaks with V notation for the assignment 

to Ce3+ and Ce4+. Thus, V, VII and VIII peaks are associated to Ce4+, and V0 and 

VI peaks to Ce3+ [4243,4344]. A clear presence of surface Ce4+ and Ce3+ is 

observed in all samples. In this way, surface average Ce oxidation 

stateproportion of both species in the catalysts was calculated by XPS 

integration, and the values are summarized in Table 3. Similar values are 

observed for both co-precipitation and impregnation catalysts, although with 

slightly higher proportion of Ce3+ surface speciescerium is slightly more oxidized 

in the impregnation series. Ce3+ species are commonly associated to surface 

oxygen vacancies [3334,4445]. 

Mn 2p spectra of the catalysts (Fig. 5C and 5D) show a spin-orbit doublet 

Mn 2p 3/2 and Mn 2p 1/2, which were deconvolved in three components related 

to Mn3+, Mn4+ and a satellite [4546,4647], located around 641.0, 642.5 and 

646.7 eV, respectively. The satellite peak intensity was weak in all samples 

compared to Mn3+ and Mn4+. The presence of Mn3+ and Mn4+ is in accordance 

with the results obtained by XRD and TPR, in which both types of Mn species 

were detected. Surface proportion of bothaverage Mn speciesoxidation state of 



all in the samples was calculated by XPS integration, and the values are also 

summarized in Table 3. 

In co-precipitation catalysts, all samples show similar oxidation state of Mn in 

the surface, around 3.5, which suggests that proportion of surface average Mn3+ 

and Mn4+ oxidation state is similar in all samples, and different from that in the 

bulk average Mn oxidation state (obtained by TPR, Table 2.). Apparently, 

surface and bulk proportion of Mn3+ and average Mn4+ oxidation state would be 

similar for in 50Mn-50Ce sample, the surface would be enriched in Mn3+ would 

be more oxidized in the bulk that the surface below 50 mol.% MnOX, and the 

surface would be enriched in Mn4+ more oxidized in the surface than the bulk 

above 50 mol.% MnOX. 

On the other hand, surface proportion of average Mn3+ and Mn4+ oxidation state 

in impregnation catalysts is also the same in all samples, and similar to that of 

the co-precipitation series, the proportion of Mn3+ being higher less oxidized in 

the surface than in the bulk, in general. 

The differences found regarding to averagebetween surface and bulk 

proportions oxidation state of Mn3+ and Mn4+ depending onwith preparation 

method at high Mn content are probably related to different MnOX crystals 

promoted by each preparation method. 

Fig. 5E and 5F show the O 1s spectra of catalyst samples. In the impregnation 

series, the high Ce content produces a decrease in conductivity of the samples, 

which causes unsuitable spectra for deconvolution. For this reason, only O 1s of 

co-precipitated catalysts was deconvolved in three peaks. Each peak is 

associated to different surface oxygen species. 



In the co-precipitation series, pure CeO2, 0Mn-100Ce sample, the peak at 

529.5 eV (OI) is associated to lattice oxygen. This peak is shifted to lower 

binding energy in Mn-containing catalysts, due to the formation of the solid 

solution. Although O 1s profile was not deconvolved in impregnation catalysts, a 

clear shift to lower binding energies is also observed in the peak located around 

529.8 eV in the Mn-containing catalysts with respect to 0Mn/CeO2, as a 

consequence of the interaction between Mn and the support. 

The intermediate binding energy peak, located around 531.2 eV (OII), is related 

to adsorbed oxygen on the surface, whereas the high binding energy peak, at 

533.2 eV (OIII), is associated to molecular water and carbonate species 

adsorbed on the catalysts [24,4748]. Yao et al. proposed a process of oxygen 

storage/release in which adsorbed oxygen is involved in the reduction of CeO2 

to Ce2O3 to form oxygen vacancies [21]. In this way, relative OII concentration 

may give an approximation of the amount of oxygen vacancies present in the 

surface of the catalysts. Thus, OII/(OI + OII + OIII) ratio has been calculated for 

the co-precipitation catalysts and summarized in Table 3. We can see that 

increasing Mn content promotes higher relative OII concentration, which 

evidences an increase of the amount of oxygen active species involved in the 

formation of oxygen vacancies, useful for the activation of reactants of SCR and 

oxidation reactions. 

Table 3 

Fig. 5 

3.1.6. NH3-TPD analysis 

Acid properties were studied by NH3-TPD experiments. NH3 desorption profiles 

of the catalysts prepared by co-precipitation and impregnation are shown in Fig. 



6A and 6B, respectively. Acid properties are involved in the adsorption and 

activation of the compounds used in both SCR and oxidation reactions. The 

position of the NH3 desorption peaks is associated to the strength of the acid 

sites. Thus, peaks located at low temperature will be related to NH3 desorbed 

from weak acid sites, while the peaks located at high temperature are attributed 

to NH3 desorption from strong acid sites [21,4849]. The amount of the acid sites 

is related to the integrated area of the peaks. 

NH3 desorption profiles of pure CeO2 in both series, 0Mn-100Ce and 

0Mn/CeO2, show a peak around 110 ºC, associated to weak acidity, and a 

shoulder at 220 ºC, related to strong acidity. 

In the co-precipitation series, low Mn content promotes strong acidity with 

respect to 0Mn-100Ce (an increase of the intensity of the peak at 220 ºC). 

Moreover, an increase of NH3 desorption at temperatures around 160 ºC, 

broadening the low-temperature desorption peak, is observed above 80 mol.% 

MnOX. This fact evidences that high Mn content produces an increase of weak 

acidity, probably associated to the Mn2O3 phase. Pure manganese oxide, 

100Mn-0Ce sample, presents two desorption peaks at 100 and 187 ºC. 

Compared to the mixed oxides, peaks in 100Mn-0Ce are shifted to lower 

temperature, which indicates that the presence of Ce promotes stronger 

interaction between NH3 and the catalysts and, thus, stronger acid sites, which 

may be caused by the enhancement of redox properties observed by TPR. 

In the impregnation series, the presence of Mn contributes to increase the 

strong acidity because of the appearance of a peak at 220 ºC. No clear 

desorption peaks were observed for MnOX sample, probably because of the low 

surface area of that sample (see Table 1). 



Quantitative results for acidity, calculated by time-integration of the TCD signal, 

are summarized in Table 2. Comparison between the two catalyst series 

reveals that co-precipitation catalysts show higher acidity than impregnation 

catalysts, which may be associated to the higher interaction between Mn and 

Ce through the solid solution, taking into account that acidity is also higher per 

unit surface area (see Table 2). Moreover, different correlation between weak 

and strong acidity has been found depending on preparation method and 

composition. 

In the impregnation series, higher Mn content promotes strong acidity in 

detriment of weak acidity. However, above 5 wt.% Mn (composition from which 

MnOX crystals were detected by XRD) a decrease of both types of acidity is 

observed. Although this effect could partially be associated to lower surface 

area (see Table 1), the calculated acidity per unit area in Table 2 remains lower. 

Therefore, these results suggest that highly-disperse Mn is the species 

promoting catalyst acidity, and MnO2 is detrimental for both weak and strong 

acidity. 

Fig. 6 

 

3.2. Catalytic performance 

3.2.1. Catalytic activity 

Fig. 7 shows simultaneous NO SCR and o-DCB oxidation catalytic activity of 

co-precipitation (Fig. 7A and 7B) and impregnation (Fig. 7C and 7D) catalysts. 

Co-precipitation catalysts are clearly more active than impregnation catalysts. 



Concerning NO SCR, pure CeO2 samples, 0Mn-100Ce and 0Mn/CeO2, are 

active in SCR from 250 ºC, reaching the maximum NO conversion of 85% at 

350 ºC, approximately. 

The incorporation of Mn in co-precipitation catalysts (Fig. 7A) improves catalytic 

activity in SCR. At low Mn content (15Mn-85Ce catalyst) NO conversion profile 

is similar to that obtained with impregnation catalysts (Fig. 7C), although it does 

not enhance the one obtained with 100Mn-0Ce. Mn content above 50 mol.% 

MnOX leads to NO conversion above 95% in the 100-200 ºC temperature range. 

NO conversion decays in the high-temperature range because of the 

appearance of side reactions (NH3 oxidation), which consume the reactants 

involved in SCR. 

In the impregnation catalysts (Fig. 7C), incorporation of Mn promotes an 

increase of NO conversion up to 70% at temperatures above 150 ºC. However, 

the further increase of temperature produces a decay of NO conversion, which 

increases again from 50 to 75% in the medium temperature range. 

Temperatures above 350 ºC produce a drastic drop of NO conversion in all 

catalysts. No great differences of NO conversion profiles have been observed 

among catalysts with MnOX and CeO2 in their composition, although the 

catalyst with the lowest Mn content favors slightly higher NO conversion at low 

temperature. 

Comparing between both series, the temperature at which NO conversion starts 

to decrease is higher in impregnation catalysts and pure CeO2 samples than in 

co-precipitation catalysts. This result suggests that Mn improves the oxidation 

properties of the catalysts, shifting NH3 oxidation to lower temperatures. 

Fig. 7 



Regarding oxidation reaction, Fig. 7B and 7D, addition of MnOX to CeO2 

promotes catalytic activity in both series of catalysts. o-DCB conversion profiles 

are similar in all catalysts: they show a maximum at low temperatures from 

which o-DCB conversion decays, and then strongly increases with temperature. 

o-DCB conversion values at low and high temperature depend on Mn content 

and preparation method. 

In the co-precipitation series, 15Mn-85Ce sample showed similar results than 

impregnation catalysts (Fig. 7D), although with higher o-DCB conversion values 

(85 and 99% at 280 and 450 ºC, respectively). The increase of Mn content 

shifts o-DCB conversion profiles to lower temperatures. Thus, catalysts above 

80 mol.% MnOX present the best activity, with o-DCB conversions above 85% 

at 200 ºC, and total conversion at temperatures above 325ºC. 

In the impregnation series, higher Mn loading increases catalytic activity, 

5Mn/CeO2 and 8Mn/CeO2 being the best impregnation catalysts, with o-DCB 

conversion of 60 and 90% at 280 and 450 ºC, respectively. The similar decay of 

o-DCB conversion at medium temperature in both co-precipitation and 

impregnation catalysts should be noted, which could be attributed to oxidation 

occurring through different pathways depending on temperature. 

Summarizing, catalysts with both MnOX and CeO2 in their composition, 

especially those with high Mn content, showed better catalytic performance than 

pure oxides in the simultaneous removal of NO and o-DCB. These results 

reveal that, although Mn species are the main contribution to catalytic activity, a 

little amount of Ce becomes important to reach higher conversion of o-DCB and 

total conversion of NO at low temperature. Moreover, catalysts prepared by co-

precipitation showed the best catalytic activity, with higher NO and o-DCB 



conversion at lower temperatures than impregnation catalysts. According to 

characterization, higher interaction between Mn and Ce was evidenced in co-

precipitation catalysts, which bring to the light the relevance of the interaction 

between both metals as the key factor to improve catalytic activity in NO 

reduction and o-DCB oxidation. 

Regarding to catalytic composition, co-precipitation catalysts above 80 mol.% 

MnOX were found to present the best catalytic activity, leading to conversions 

above 80% of both NO and o-DCB in the temperature range of 180-300 ºC. In 

these catalysts, XRD results showed that they were not only composed by the 

solid solution of the oxides, but also by segregated Mn2O3 crystal aggregates. 

Moreover, TPR results showed that Mn tends to be as Mn4+ when inside CeO2 

structure, while as Mn3+ in Mn2O3 crystal aggregates. As a consequence, the 

synergy of both crystal phases provides Mn in different oxidation states, which 

is responsible for the great catalytic performances of high Mn content co-

precipitation catalysts. This conclusion is in accordance with Dai et al., who 

proposed that Mn species in the interface between MnOX and the solid solution 

and their neighbor lattice oxygen are the best active sites [4748]. 

3.2.2. Analysis of by-products 

In SCR, N2O and NO2 were found to be the main by-products. The production 

profiles of both compounds are shown in Fig. 8 for co-precipitation (Fig. 8A and 

8B) and impregnation (Fig. 8C and 8D) catalysts, respectively. In pure CeO2 

samples of both series, 0Mn-100Ce and 0Mn/CeO2, N2O production is below 

30 ppm in all temperature range. However, the addition of Mn, even in samples 

with the lowest Mn content, causes a remarkable increase of N2O concentration 

in both co-precipitation and impregnation catalysts. Some works propose that 



N2O formation is related to well-ordered MnOX due to the presence of highly-

reactive oxygen [28,4950], while other authors propose that N2O is associated 

to Mn content in the catalysts (independently of structure and order) at high 

temperature [5051]. In this work, N2O was found in all Mn-containing catalysts, 

with or without MnOX crystals, and at temperatures above 150 ºC. Therefore, 

these results suggest that N2O formation is largely associated to catalytic 

properties provided by Mn and not by its content or structure. In this regard, 

TPD experiments showed that the incorporation of Mn greatly increased the 

acid properties of the catalysts. Acid properties are strongly related to reactants 

oxidation on the catalyst surface; so, they could also be related to N2O 

formation through the promotion of NH3 oxidation. 

Fig. 8 

Regarding to N2O production, similar N2O profiles with two characteristic 

maxima are observed in co-precipitation and impregnation catalysts. In the case 

of impregnation catalysts, the two N2O peaks are located at the same 

temperatures, 235 and 420 ºC, and the production is very similar, 140 and 

123 ppm, respectively. For co-precipitation catalysts, N2O production is higher 

than in impregnation catalysts in all temperature range. MnOx content above 

50 mol.% produces a shift of N2O production peaks from 245 and 421 ºC to 200 

and 340 ºC, respectively. The fact that N2O profiles are composed by two 

maxima may be associated to two chemical reactions, such as NH3 oxidation 

and the non-selective reduction of NO, being involved in the formation of N2O. 

The contribution of each reaction would depend on temperature. 

Regarding to NO2, this compound is formed at temperatures above 300 ºC, and 

its concentration continuously increases with temperature, which is in line with 



the results of Want et al. [5152]. Pure CeO2 in both series, 0Mn-100Ce and 

0Mn/CeO2, are the catalysts with the lowest NO2 production. Mn-containing 

catalysts show a remarkable increase of NO2 production, which slightly 

increases with Mn content in co-precipitation catalysts (around 300 ppm of NO2 

at 450 ºC, for catalysts above 80 mol.% MnOX). Higher NO2 production may be 

associated to the more oxidizing properties of co-precipitation catalysts due to 

better oxygen mobility and higher acidity. It should be noted the NO2 production 

at temperatures below 300 ºC in impregnation catalysts. The same result is 

observed with co-precipitation 15Mn-85Ce catalyst. These facts reveal that Mn 

highly dispersed on CeO2 promoted the formation of low amounts of NO2 at low 

temperatures. 

CO2 and CO selectivity was calculated in order to carry out the by-products 

analysis in oxidation reaction. Fig. 9 shows the selectivity towards CO2 of co-

precipitation (Fig. 8A and 8B) and impregnation (Fig. 8C and 8D) catalysts from 

200 ºC (below this temperature, some catalysts presented very low o-DCB 

conversion). CO2 selectivity fits very well with o-DCB conversion results (Fig. 7). 

An increase of CO2 selectivity is observed with Mn content in both, co-

precipitation and impregnation catalysts. Comparison between quantitative 

results obtained by the different preparation methods reveals that co-

precipitation catalysts above 50 mol.% MnOX promote, to a great extent, total 

oxidation of o-DCB, leading to CO2 selectivity of 85 and 95% in the temperature 

ranges of 200-350 ºC and 350-450 ºC, respectively. 

Fig. 9A and 9C show a drop in CO2 selectivity at intermediate temperature. This 

drop is common in all samples containing both MnOX and CeO2, and coincides 

with the drop in o-DCB conversion (Fig. 7B and 7D). This fact may be 



associated to a promotion of partial oxidation, which would favor the 

appearance of oxidation products other than CO2. CO was the main by-product 

from oxidation reaction and its selectivity is show in Fig. 9B and 9D. In 

impregnation catalysts, except for 1Mn/CeO2, all catalysts containing both 

MnOX and CeO2 show selectivity to CO below 15% in all temperature range. On 

the other hand, co-precipitation catalysts promote selectivity to CO with Mn 

content at temperatures below 300 ºC. However, a drastic drop of selectivity to 

CO occurs at high temperature because of promotion of total oxidation of o-

DCB. A slight increase in CO selectivity at intermediate temperatures, where 

CO2 selectivity drops in both co-precipitation and impregnation catalysts with 

both MnOX and CeO2, should be noted. Moreover, the increase in CO selectivity 

is accompanied by the appearance of chlorinated by-products (Fig. 10). This 

fact corroborates that, under these conditions, o-DCB oxidation is promoted 

through partial oxidation, which has a negative effect in total oxidation. 

Tetrachloroethylene and trichlorobenzene were the main chlorinated by-

products identified in the temperature range of 275-420 ºC. The production of 

these compounds depends on Mn content. Thus, Fig. 10 shows that the 

formation of tetrachloroethylene in co-precipitation catalysts increases with Mn 

content, whereas trichlorobencene is promoted by high Ce contents. In the case 

of impregnation catalysts, trichlorobencene is the main by-product detected, 

because of the high Ce content, although traces of tetrachloroethylene are also 

detected in the impregnation catalysts with both MnOX and CeO2. 

Fig. 10 

Therefore, by-products formation and the slight increase of CO selectivity at 

intermediate temperature are in accordance with CO2 selectivity decrease. This 



fact, and the decrease of o-DCB conversion in the same temperature range, 

suggests a change in o-DCB oxidation pathway through partial oxidation 

reactions. According to literature, nucleophilic and electrophilic substitution 

through C-Cl bond is usually considered as the initial step of o-DCB oxidation, 

because of the weakness of this bond [5253]. However, at intermediate and 

high temperature, C-H bond in o-DCB becomes weaker because of the 

oxidizing power provided by Mn. So o-DCB could be also broken through other 

bonds of the molecule. This fact would evidence the coexistence of two 

pathways at medium-high temperature. In the first pathway, o-DCB would be 

oxidized through C-Cl bond, whereas in the second pathway o-DCB would be 

oxidized through C-H bond, promoting the appearance of chlorinated by 

products. 

The appearance of the second pathway occurs at different temperature 

depending on oxidizing power of the catalysts. In this sense, Fig. 10 shows that 

chlorinated by-products are formed at lower temperature in co-precipitation 

catalysts. Characterization experiments showed that these catalysts presented 

better redox and acid properties, which improve their oxidizing performance. 

These results would be the reason why the high-temperature mechanism, 

evidenced by the appearance of chlorinated by-products, appears at lower 

temperature in co-precipitation catalysts. 

3.2.3. Stability tests 

Deactivation is an important aspect in the reactions involving catalytic oxidation 

of VOCs. In order to analyze the influence of Mn content and preparation 

method in deactivation, co-precipitation and impregnation catalysts with 



different Mn contents were tested during 24 h in the simultaneous NO SCR and 

o-DCB oxidation at 300 ºC.

SCR results (Fig. 11A) show that NO conversion stabilized after 100 minutes in 

all catalysts. In co-precipitation catalysts, the trend in NO conversion differs 

depending on Mn content. In this way, the catalysts above 50 mol.% MnOX 

show a decrease of NO conversion, so a clear deactivation of these catalysts 

occurs for SCR reaction. However, for 15Mn-85Ce, NO conversion increases 

initially. Stationary NO conversion is slightly higher in the catalysts with lower 

Mn content, and NO conversions of 88, 85 and 81% were obtained for 15Mn-

85Ce, 50Mn-50Ce and 85Mn-15Ce, respectively. On the other hand, 

impregnation catalysts show similar results with final NO conversions of 88, 86 

and 86% for 2Mn/CeO2, 5Mn/CeO2 and 8Mn/CeO2, respectively. In this case, 

no initial deactivation of the catalysts was observed, NO conversion increasing 

up to the final values, as in the lowest-Mn-content co-precipitation catalyst. 

Stability results are in accordance with those from light-off experiments. 

Fig. 11C shows the evolution of by-products in SCR stability tests. NO2 and N2O 

concentration decreases in 85Mn-15Ce and 8Mn/CeO2 catalysts in the first 

100 minutes of reaction. The fact that by-products concentration decreases in 

both catalysts in spite of the different trend observed in NO conversion refutes 

that Mn content affects SCR pathway and the side reactions involved in this 

process. 

Fig. 11 

Regarding to o-DCB oxidation (Fig. 11B), a clear deactivation is observed in the 

first 5 hours both in co-precipitation and impregnation catalysts. After this time, 

o-DCB conversion remains constant around 13% in impregnation catalysts,



whereas a smooth continuous decrease can be observed in co-precipitation 

catalysts, and o-DCB conversions of 70, 47 and 20% are obtained with 85Mn-

15Ce, 50Mn-50Ce and 15Mn-85Ce, respectively, after 24 hours. 

Concerning CO and CO2 concentrations, Fig. 11D shows the evolution for 

85Mn-15Ce and 8Mn/CeO2 catalysts. The evolution of CO2 is similar to that o-

DCB conversion, with a strong initial decrease in both series. However, CO 

concentration increases, which indicates that deactivation affects not only o-

DCB conversion, but also selectivity. The increase of CO concentration is 

accompanied by the appearance of chlorinated by-products (not shown) in the 

co-precipitation series. In the impregnation series, however, chlorinated by-

products are not observed, probably because of the small o-DCB conversion. 

Summarizing, both co-precipitation and impregnation catalysts undergo 

significant deactivation in o-DCB oxidation. In SCR, co-precipitation catalysts 

above 50 mol.% MnOX are slightly deactivated as well. According to literature, 

no evidences of deactivation have been reported in SCR in the absence of o-

DCB [21,3637]; thus, deactivation of the catalysts is probably strongly related to 

o-DCB oxidation. It is well known that oxidation of chlorinated compounds 

promotes deactivation effects in different types of catalysts at low temperature. 

Kan et al. associated the low-temperature deactivation of MnOX-CeO2 catalysts 

in the oxidation of chlorobenzene to the adsorption of Cl on the active sites 

[5354]. On the other hand, Hetrick et al. evidenced a strong contribution of 

surface carbonaceous deposits in deactivation of VOX/TiO2 catalysts in m-DCB 

oxidation [5455]. 

Table 4 summarizes chlorine and carbon content of used catalysts after stability 

tests. All catalysts show the presence of a high amount of chlorine and carbon 



on the surface, which corroborates the presence of the deactivating species 

proposed in the literature. Wang et al. proposed that deactivation by chlorine 

occurs mainly in the CeO2 surface, and the temperature from which Cl2 is 

formed as a by-product depends on Mn content, decreasing with increasing Mn 

content [19]. These results are in line with the lower surface chlorine detected at 

higher Mn content in both co-precipitation and impregnation catalysts in Table 

4, which reveals that this deactivating species is eliminated more easily from the 

surface when the amount of surface Mn is higher. However, no evidence of Cl2 

formation was observed in our experiments. This fact may be associated to the 

appearance of a white solid in the solid filter after the reactor, identified as 

ammonium chloride, which suggests that chlorine is removed by reaction with 

NH3, one of the reactants in SCR. Easier removal of Cl at higher Mn content 

could be associated to weaker interaction of chlorine due to higher acidity and 

redox properties of the catalysts, taking into account the results of 

characterization. 

Concerning carbon, co-precipitation catalysts present a surface carbon content 

decreasing with increasing Mn content. This result is probably associated to the 

improvement of oxygen species observed in XPS results, which favour removal 

of carbonaceous species through oxidation, generating carbon oxides. 

Impregnation catalysts present similar surface carbon content, which agrees 

with their observed similar performance in the process. 

  



4. CONCLUSIONS 

In this work, catalysts based in Mn and Ce were prepared by two methods, co-

precipitation and impregnation, in order to study the effect of physicochemical 

properties and catalytic performance on the simultaneous reduction of NO and 

o-DCB oxidation. Characterization results showed that each preparation method 

favors different interaction between Mn and Ce. Thus, Mn is loaded on CeO2 in 

impregnation catalysts, whereas Mn incorporates to the CeO2 structure in co-

precipitation catalysts, creating a solid solution. The formation of the solid 

solution plays an important role, because it enhances the redox properties 

through the generation of oxygen vacancies, which improve oxygen mobility. 

Moreover, an increase of acid properties is also provided by the high interaction 

between both metals. 

The catalytic tests have corroborated the better activity of catalysts prepared by 

co-precipitation, with increased NO and o-DCB conversion at low temperature 

compared to impregnation catalysts. In this way, catalysts above 80 mol.% 

MnOX showed the best catalytic activity, with NO conversions above 90% at 

temperatures below 250 ºC and o-DCB conversions above 80% at 

temperatures above 200 ºC. In these catalysts, XRD and TPR evidenced 

coexistence of Mn2O3 crystals and the solid solution, which could be 

responsible for the great catalytic performance. Regarding to selectivity, N2O 

and NO2 were the main by-products of SCR reaction in both impregnation and 

co-precipitation catalysts. N2O is produced in all temperature range, whereas 

NO2 is observed above 300 ºC. The formation of these compounds is favored 

by the improvement of oxidation properties, which are clearly related to Mn 

species. In oxidation reaction, co-precipitation catalysts present slightly higher 



selectivity to CO2, above 80%. However, an increase of selectivity to CO and 

chlorinated by-products production at medium temperature evidenced a 

possible change in the oxidation pathway, in which higher amount of oxidation 

intermediates is involved. Stability tests evidenced deactivation in all catalysts, 

mainly in the oxidation reaction. Deactivation is affected by preparation method 

and Mn content in co-precipitation catalysts and is associated to Cl adsorption, 

which is also detrimental for total oxidation of o-DCB. 
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Table 1 1 

Sample 
SBET 

(m
2
/g) 

Vp 

(cm
3
/g) 

Lattice 

parameter 

(Å) 

Fluorite 

crystal size 

(nm) 

MnOX
a
 

crystal size 

(nm) 

0Mn-100Ce 80.4 0.11 5.4135 8.7 -- 

15Mn-85Ce 84.4 0.18 5.4054 5.1 -- 

50Mn-50Ce 88.3 0.21 5.4035 4.4 -- 

80Mn-20Ce 84.3 0.25 5.4023 4.5 14.7 

85Mn-15Ce 87.1 0.25 5.4107 4.5 17.5 

90Mn-10Ce 98.8 0.25 5.4071 4.6 19.1 

100Mn-0Ce 34.4 0.19 -- -- 21.5 
      

0Mn/CeO2 67.1 0.13 5.4169 8.7 -- 

1Mn/CeO2 59.9 0.16 5.4159 8.3 -- 

2Mn/CeO2 63.1 0.17 5.4161 8.2 -- 

3Mn/CeO2 55.3 0.16 5.4166 8.4 -- 

5Mn/CeO2 54.5 0.14 5.4151 8.2 -- 

8Mn/CeO2 48.1 0.13 5.4146 8.3 -- 

MnOX 1.9 0.01 -- -- 9.45 

a: Mn2O3 for co-precipitated catalysts and MnO2 for impregnated catalysts. 2 
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Table 2 1 

Sample 

H2 

consumption 

(mmol H2/g) 

Mn 

oxidation 

state 

Bulk 

proportion 

Mn
3+

/Mn
4+

 

 Acidity 

(µmol NH3/g) 

 Acidity 

(µmol NH3/m
2
) 

 Weak Strong Total  Total 

0Mn-100Ce 1.34 -- --/--  95.8 108.7 204.1  2.5 

15Mn-85Ce 1.67 4.01 0.0/1.0  88.6 152.7 241.3  2.9 

50Mn-50Ce 3.05 3.45 0.55/0.45  102.7 201.7 304.5  3.4 

80Mn-20Ce 4.94 3.27 0.73/0.27  121.6 159.6 281.2  3.3 

85Mn-15Ce 5.29 3.22 0.78/0.22  128.6 170.8 299.4  3.4 

90Mn-10Ce 5.86 3.32 0.68/0.32  150.9 207.6 358.5  3.6 

100Mn-0Ce 6.59 3.09 0.91/0.09  81.4 89.7 171.0  5.0 
          

0Mn/CeO2 1.20 -- --/--  78.5 48.4 126.9  1.9 

1Mn/CeO2 0.88 -- --/--  68.4 79.1 147.5  2.4 

2Mn/CeO2 1.30 2.81 --/--  60.0 100.2 160.2  2.5 

3Mn/CeO2 1.30 3.22 0.78/0.22  58.1 110.4 168.5  3.0 

5Mn/CeO2 2.00 3.94 0.06/0.94  60.1 108.1 168.2  3.1 

8Mn/CeO2 2.40 3.67 0.33/0.67  51.0 70.8 121.8  2.5 

MnOX 7.00 3.12 0.88/0.12  7.4 3.3 10.7  5.6 

 2 
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Table 3 1 

Sample 
Mn 2p 3/2 BE (eV) Surface 

proportion 

Mn
3+

/Mn
4+

 

Surface 

proportion 

Ce
3+

/Ce
4+

 

O
II

/(O
I
 + O

II
 + O

III
) 

Mn
4+

 Mn
3+

 

0Mn-100Ce -- -- --/-- --/-- -- 

15Mn-85Ce 642.2 640.8 0.55/0.45 0.14/0.86 0.24 

50Mn-50Ce 642.2 640.8 0.54/0.46 0.15/0.85 0.28 

80Mn-20Ce 642.3 641.0 0.54/0.46 0.16/0.84 0.33 

85Mn-15Ce 642.3 641.1 0.57/0.43 0.13/0.87 0.34 

90Mn-10Ce 642.4 641.2 0.56/0.44 0.16/0.84 0.35 

100Mn-0Ce 642.1 640.8 0.54/0.46 --/-- 0.28 

      

0Mn/CeO2 -- -- --/-- --/-- -- 

1Mn/CeO2 642.2 640.9 0.63/0.37 0.19/0.81 -- 

2Mn/CeO2 642.5 641.0 0.57/0.43 0.17/0.83 -- 

3Mn/CeO2 642.4 640.8 0.57/0.43 0.17/0.83 -- 

5Mn/CeO2 642.4 640.9 0.61/0.39 0.18/0.82 -- 

8Mn/CeO2 642.4 641.0 0.59/0.41 0.19/0.81 -- 

MnOX 642.3 641.1 0.49/0.51 --/-- -- 

 2 
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Table 4 1 

Sample Cl (wt. %) C (wt. %) 

15Mn-85Ce 2.60 6.37 

50Mn-50Ce 2.11 5.42 

85Mn-15Ce 1.76 4.87 
   

1Mn/CeO2 1.52 4.26 

3Mn/CeO2 1.47 4.93 

5Mn/CeO2 1.22 4.49 

 2 
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