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CERIA-MANGANESE OXIDE CATALYST ACTIVITY - OZONE 
DECOMPOSITION AND DISCOLORATION OF MALACHITE GREEN DYE

Katerina Zaharieva1, Petya Karakashkova2, Daniela Stoyanova3, Silvia Dimova4, 
Ognian Dimitrov5, Irina Stambolova3

ABSTRACT

In the present study CeO2-Mn2O3 oxides catalyst was prepared using Pluronic-assisted co-precipitation. The phase 
composition, structure, morphology, specific surface area and textural characteristics of synthesized material were 
investigated by X-ray diffraction analysis, Fourier-transform infrared spectroscopy, Scanning electron microscopy, 
nitrogen adsorption-desorption isotherm and BET method. The X-ray diffraction analysis established the presence 
of CeO2 and Mn2O3 phases. The synthesized mesoporous CeO2-Mn2O3 oxides have specific surface area (SBET = 102 
m2 g-1), total pore volume (0.47 cm3 g-1) and average pore diameter (18 nm). The CeO2-Mn2O3 oxides catalyst was 
tested in two reactions - ozone decomposition and photocatalytic discoloration of Malachite Green (MG) dye as model 
pollutant under UV light. The ozone conversion over CeO2-Mn2O3 oxides catalyst was reached about 73 %. After that, 
the ozonated catalyst was tested in the photocatalytic reaction for removal of MG dye and its UV- light photocatalytic 
activity was compared with freshly prepared CeO2-Mn2O3 photocatalyst. The higher degree of discoloration of MG 
dye (62 %) was achieved in the presence of ozone treated CeO2-Mn2O3 oxides photocatalyst.
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INTRODUCTION  

Ozone (O3) is a powerful oxidant that adversely 
affects human health and ecosystems. High-levels 
of ozone can cause cardiovascular and respiratory 
dysfunction and increase mortality [1]. The ozone 
decomposition is technologically important process 
for environmental protection. The ozone levels in 
airplane cabins, offices, submarine, sterilization and 
deodorization units and discharges from wastewater 
treatment have to reduced [2]. Catalytic decomposition 

is the most promising method for O3 removal because 
it is safe, effective and economical [1, 3]. Among the 
catalysts, applied for ozone decomposition the transition 
metal oxides have been widely studied due to their redox 
activity, variable valence states and good stability. The 
researchers have proved that the oxides of Mn, Co, Ce, 
Ni, Cr, Ag, Cu, Fe and Mo exhibit high catalytic activity 
in the ozone decomposition reaction [4 - 11]. Among 
the three investigated manganese dioxides (α, β- and 
γ-MnO2), obtained by hydrothermal method, α-MnO2 
exhibited the highest catalytic activity [6]. Another 
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research group have prepared catalyst based on ε-MnO2 
which has demonstrated high ozone conversion (91.3 
%) [7]. Various oxide catalysts such as: CeO2 [12, 13], 
cerium-rare earth mixed oxides [13], Ce–MnOx [14], 
copper, manganese and copper-manganese oxides on 
Al support [15], manganese oxide supported on ZrO2 
and TiO2 [16] have been also investigated.
Many industries used dyes (textile dyeing, paper making, 
food processing, cosmetics, paints etc.) and pollute 
wastewaters having an adverse effect on ecosystems 
and human health [17].

The widely used Malachite Green dye possesses 
toxic properties which cause mutagenesis, teratogenesis, 
carcinogenesis and respiratory toxicity. The removal of 
MG from wastewater before release in the environmental 
is very important and necessary action [18]. For this 
reason, we choose Malachite Green dye as model 
pollutant in our investigations.

Photocatalysis is a perspective eco-friendly method 
for the water purification from various organic 
contaminants [19]. Cerium dioxide catalysts prepared 
by green synthesis revealed high photocatalytic activity 
for model dye degradation [20, 21]. A Ca-doped ceria 
nanoparticles photocatalyst have been prepared by co-
precipitation technique using ammonium oxalate as a 
precipitating agent. Ca-doped ceria catalyst degraded 
93 % of MG dye after 90 min UV irradiation. [22]. The 
hierarchical Mn2O3 nanomaterials have exhibited also 
enhanced photocatalytic ability towards degradation of 
Methylene Blue dye [23, 24]. Mesoporous ceria has been 
prepared using soft template technique using Pluronic 
P123 by [25, 26]. B. Deljoo et al. have been obtained 
mesoporous manganese oxides (mixture of Mn3O4 
and Mn5O8) using the UCT inverse micelle templating 
method with Pluronic surfactants [27]. 

The main goals of the present work are:
(i) synthesis of non-treated and ozone treated CeO2-

Mn2O3 catalysts using Pluronic-assisted co-precipitation; 
(ii) comparison of their catalytic effectiveness for two 

ecologically important reactions - ozone decomposition 
and UV- initiated discoloration of Malachite Green dye. 

EXPERIMENTAL

Synthesis of CeO2-Mn2O3 catalyst
The CeO2-Mn2O3 catalyst was prepared using 0.09 

M aqueous solutions of Ce(NO3)3×6H2O (Alfa Aesar) 

and Mn(NO3)2×4H2O (Alfa Aesar) mixed in ratio 1:1 and 
stirred  for 10 minutes. Tri-block copolymer Pluronic 
P123 (Sigma-Aldrich, Mw = 5800) was dissolved in 
distilled water (5 g in 50 mL) under stirring for 1 hour 
and added to the above prepared mixture of metal 
precursors. This final solution was stirred for 10 minutes. 
The precipitant 2 M NaOH (Valerus Co.) was added 
drop by drop in the final mixture until pH reached 11 
under continuous stirring for one hour. The precipitate 
was filtered, washed with distilled water several times 
and dried at 35oC. The dried material was calcined at 
500oC for 4 hours in air. 

Characterizations 
The physicochemical characterization of the 

prepared catalyst was performed by X-ray diffraction 
(XRD) analysis, Fourier-transform infrared (FT-IR) 
spectroscopy, Scanning electron microscopy (SEM) 
and BET method. The XRD analysis was carried out on 
a Bruker D2 Phaser diffractometer within the range of 
2θ values between 20º and 85º using Cu Kα radiation 
(λ = 0.154056 nm) at 40 kV. JCPDS database (Powder 
Diffraction Files, Joint Committee on Powder Diffraction 
Standards, Philadelphia PA, USA) was used to establishe 
the presence of phases. FT-IR spectra were performed on 
a Fourier infrared spectrometer Bruker-Vector 22 in the 
400 cm-1 - 4000 cm-1 range and using KBr pellets. The 
morphology of the prepared material was studied using 
scanning electron microscope (apparatus JEOL JEM-
200CX) at accelerating voltage 80 keV. The express BET 
method was applied to measure the specific surface area, 
based on low-temperature adsorption of nitrogen. The 
relative error of the method is about 8 %. The specific 
surface area and the pore size distribution measurements 
were performed on an automated apparatus NOVA 
Win-CFR Quantachrom-Gas Sorption System. The 
surface area was calculated using the BET equation, 
whereupon the pore size distribution and the average 
pore diameter were evaluated by the DFT method 
assuming a cylindrical model of the pores. The total 
pore volume was estimated in accordance with the rule 
of Gurvich at relative pressure of 0.96.
 
Ozone decomposition study

The ozone conversion has been studied by monitoring 
of change on the ozone concentration. The experiment 
was carried out in tubular glass reactor filled with 
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0.15 g catalyst. Ozone was obtained by passing dried 
oxygen (99.99 %) through a 4 - 9 kV discharge in a 
self-made design, tubular type of ozone generator. An 
ozone-oxygen mixture with inlet ozone concentration 
within 10 000 ppm was passed through the reactor at a 
flow rate of about 6.0 l h-1 at ambient temperature. The 
ozone concentration at the reactor inlet and outlet were 
measured spectrophotometrically by BMT model 964 
ozone analyzer. 

Photocatalytic tests
Malachite Green (MG) was used as model 

contaminant (5 ppm aqueous solution of dye). The 
photocatalytic experiments were performed under UV-A 
illumination (18 W) in semi-batch slurry reactor using 
0.15 g photocatalyst suspended previously in 150 ml of 
dye solution under constant stirring and air flowing. In 
order to reach adsorption-desorption equilibrium state 
the studied systems were left in the dark for about 30 
min before switching on the irradiation for 2 hours. 
The powder was separated from the aliquot solution 
by centrifugation. After that the change of absorbance 
during the photocatalytic tests was monitored by UV-
Vis absorbance spectrophotometer UV-1600PC in the 
wavelength range from 200 nm to 800 nm (λmax = 
615 nm).

RESULTS AND DISCUSSION   

The recorded X-ray diffraction pattern of synthesized 
CeO2-Mn2O3 material is presented on Fig. 1. The 
presented diffractogram is characteristic for the presence 
of CeO2 (PDF- 00-004-0593) and Mn2O3 (PDF-00-
041-1442) phases. The pattern reveals that the material 
possesses low degree of crystallization. The average 
crystallite size (D), lattice strain (ε) and unite cell 
parameter (a) of investigated CeO2 and Mn2O3 phases 
are calculated by PowderCell 2.4 program [28] and using 
Williamson–Hall equation [29]:

β cosθ = 0.9 λ/D + 4ε sinθ                         (1)

where ε is the value of internal strain, β is the full-width 
half-maximum (FWHM) of diffraction, θ is the Bragg’s 
angle, λ is the wavelength of X-ray beam used and D 
is the average crystallite size of the phase under study.

The evaluated parameters are presented in Table 1. The 

smaller average crystallite size is established for CeO2 

phase (10 nm) than that of the Mn2O3 (29.5 nm) probably 
due to the inhibition the growth of ceria crystallites by 
Mn particles [30].

The FT-IR spectrum of synthesized material is 
displayed on Fig. 2. The absorption peak at 450 cm-1 is 
associated with the CeO2 stretching vibration [31]. The 
signal at 530 cm-1 corresponds to νMn-O of Mn2O3 [32]. 
The peaks in the region 2975 cm-1 - 2875 cm-1 are due 
to symmetric and asymmetric stretching vibrations of 
the aliphatic groups (-CH2-)n of the Pluronic P123. The 
vibrations observed at about 3439 cm-1 are characteristics 

Sample D (nm) ε x10-3 (a.u.) a, (Å)
CeO2 10 4.3 5.41
Mn2O3 29.5 0.6 9.41

Fig. 1. XRD pattern of CeO2-Mn2O3 catalyst.

Table 1. Calculated values of mean crystallite size (D), 
lattice strain (ε) and unite cell parameter (a) of CeO2 and 
Mn2O3 phases in prepared material. 
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for the presence of the NH group. The peak positioned 
at 1700 cm-1 is indication for CO group. The bands 
observed at about 1150 cm-1 - 1400 cm-1 and 785 cm-1 
are assigned to stretching vibration C-O-C and bending 
vibration =C-H- of Pluronic P123, respectively [33, 34]. 
The presence of absorption bands of Pluronic P123 in 
the FT-IR spectrum of the CeO2-Mn2O3 catalyst after 
calcination procedure could be assigned to the “delayed” 
decomposition of the polymer template, which is due to 
the interaction with mixed metal oxides [35 - 37].

The isotherm presented in Fig. 3 can be classified 
as V type according to the IUPAC nomenclature. The 
hysteresis loop according to the same nomenclature is 
of the H3 type, which closes at a relative pressure p/
p0 of about 0.4 - 0.5. This shape of the hysteresis is an 
indication of the biporous structure of the sample. This 
suggests the presence of toroidal pores, and perhaps also 

the presence of bottle-shaped pores.
The pore size distribution of the prepared CeO2-

Mn2O3 oxides sample shown in Fig. 4 follows the 
bimodal model. A small relative share of fine mesopores, 
the size of which is in the range of 5 nm - 15 nm, is 
observed. Mesopores in the 20 nm - 50 nm range have 
a larger relative part. The synthesized CeO2-Mn2O3 
catalyst possesses specific surface area (SBET = 102 m2 
g-1), total pore volume (Vt = 0.47 cm3 g-1) and average 
pore diameter (Dav = 18 nm). 

The morphology of synthesized CeO2-Mn2O3 catalyst 
is investigated using Scanning electron microscopy 
(SEM). The SEM images at different magnifications 
reveal the presence of rough agglomerates with different 
sizes (Fig. 5). It is known that the agglomeration is 
a more energetically stable configuration and allows 
growth of the crystallites [38]. The all results, obtained 
from XRD analysis, FT-IR spectroscopy, SEM, nitrogen 
adsorption-desorption isotherm and BET method about 
phase composition, structure, morphology and textural 
characteristics of synthesized CeO2-Mn2O3 catalyst are 
in agreement. 

The catalytic ability of synthesized CeO2-Mn2O3 
material is investigated in two environmentally important 
reactions - ozone decomposition and photocatalytic 
degradation of Malachite Green dye as model pollutant 
from aqueous solution under UV irradiation.    

As shown in Fig. 6 the ozone conversion degree has 
been measured in course of 60 minutes. The conversion 
of ozone was determined using the dependence:

 %100
0

0
3 x

C
CCconversionO -

=                          (2)     

Fig. 2. FT-IR spectrum of CeO2-Mn2O3 catalyst.   

Fig. 4. Pore size distribution of CeO2-Mn2O3 catalyst.

Fig. 3. The nitrogen adsorption-desorption isotherm of 
CeO2-Mn2O3 catalyst.
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where C0 and C are inlet and outlet concentrations of 
ozone, respectively.

The conversion degree is almost constant during the 
time of streaming at room temperature. The obtained 
ceria-manganese catalyst exhibits high degree of ozone 
conversion (73 %) at 4 minutes from the start of reaction. 
The ozone conversion remains high during the all period 
of the test. It could be supposed that during ozone 
decomposition on Mn-Ce catalyst occurs formation of 
intermediate ionic particles possessing either superoxide 
or peroxide features. It has been reported that the overall 
ozone decomposition process consists of adsorption 
of ozone molecule on the surface of catalyst, and then 
dissociates into an oxygen molecule and an atomic 
oxygen species. The remaining atomic oxygen species 
will react with another O3 molecule to form an adsorbed 
peroxide species (O2

2−) or superoxide (O2
−) and an 

oxygen molecule. Тhe adsorbed O2
2− or O2

− decompose 
into oxygen molecules and desorb from the active site 
of catalysts [39, 40]. 

O3 + Mn+ → O2- + M(n+1) + + O2                                                                                                                                      (3)

O3 + O2- + Mn+1 → O2
2- + M(n+1) + + O2    (4)

O2
2- + M(n+1) + → Mn+ + O2       (5)

The photocatalytic activities of the both non treated 
and ozonated CeO2-Mn2O3 catalysts are presented on 
Fig. 7. It is illustrating the concentration changes C/C0 

Fig. 5. SEM pictures of CeO2-Mn2O3 catalyst at different 
magnifications: 5000x; 10 000x and 50 000x.

Fig. 6. Ozone conversion reaction over CeO2-Mn2O3 
catalyst.
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and degree of discoloration of MG dye as a function of 
the UV irradiation time. The degree of dye discoloration 
was calculated using the dependence: ((C0-C)/C0)x100, 
where C0 and C were initial concentration before turning 
on the illumination and residual concentration of the dye 
solution after illumination for selected time interval. The 
ozone treated CeO2-Mn2O3 photocatalyst showed the 
higher degree of discoloration of Malachite Green dye 
(62 %) compared to that of fresh CeO2-Mn2O3 sample 
(30 %) after 120 minutes illumination. 

According to the literature data [22] the degradation 
mechanism of MG under UV light using CeO2-Mn2O3 
photocatalyst could be represented by the equations 
given below:

CeO2-Mn2O3 + hν  →  CeO2-Mn2O3  2  (e-  +  h+)              (6)
e- + O2   → ∙O -

2          (7)
e-  +  O2  +  2H+ 

    →   H2O2                                                                                                      (8)
H2O2  + ∙O -

2   →   OH-  +  OH∙                                            (9)
OH∙/ h+/ ∙O -

2  +  MG  →  reaction products (10)
Ultraviolet light generates excited electrons in the 

valence band (VB) of the semiconductor oxide material, 
move to the conduction band (CB) and respectively 
electron-hole pairs are created in the VB. The holes 
will react with the surrounding H2O and generating 
highly reactive hydroxyl radicals (OH●). Also, highly 
reactive oxygen radicals (●O -

2 ) will be produced when 
the generated electrons (e−) react with the surrounding 
atmospheric oxygen molecules. These reactive species 
are responsible for MG photodegradation [22].

The adsorption capacities of the investigated CeO2-
Mn2O3 oxides photocatalysts was estimated using the 
next formula:

m
VCCQ ).( 0 -=

                                                                                                                   
                 (11)
                                                 
where C0 and C are the initial and after 30 minutes in 
the dark concentrations of the dye, V is the volume of 
the solution and m is the weight of the samples. The 
results established that CeO2-Mn2O3 oxides photocatalyst 
used after ozone decomposition demonstrates smaller 
adsorption capacity (0.0486 mg g-1) in comparison 
with the fresh photocatalyst (0.0536 mg g-1). It has to 
note that the higher adsorption capacity of the ozonated 
photocatalyst does not lead to higher photocatalytic 
reaction rate. This fact could be due to saturated 
catalyst active sites with oxygen species during the 
process of ozone decomposition [41, 42]. According to 
the investigations of another research group, it could 
be supposed that the ozone activation modificates the 
structure of the doped ceria catalysts by formation of 
surface oxygen vacancies Ce3+-Vo-s, which induces higher 
photocatalytic activity and stability [43, 44]. 

CONCLUSIONS

Pluronic-modified co-precipitation method was 
applied to obtain high effective mixed CeO2-Mn2O3 
catalysts towards two environmentally important 
processes - photocatalytic Malachite Green dye 
discoloration and ozone decomposition. The obtained 
mesoporous material possesses toroidal and bottle-

Fig. 7. The concentration ratio C/C0 (A) and degree of UV 
discoloration of Malachite Green dye (B). The values C/
Co were evaluated using the corresponding values of the 
adsorption peak at 615 nm for MG dye. 
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shaped pores. High ozone conversion degree (73 %) 
was reached during the reaction due to the presence of 
the active interfaces between CeO2 and Mn2O3 phases. 
It remains almost constant until to the end of the 
catalytic tests. The ozone treated CeO2-Mn2O3 catalyst 
has demonstrated a significantly higher photocatalytic 
activity towards discoloration of Malachite Green dye 
(62 %) in comparison with those of the non-treated 
catalyst (30 %) probably due to the formation of surface 
oxygen vacancies. 
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