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 Cordierite is the substrate that posseses a low thermal expansion coefficient, 

good thermal shock resistance, excellent mechanical properties, and chemical 

resistance. Thus, cordierite is widely used as substrate for catalysts in high-

temperature applications like gaseous treatment. CuMnOx/cordierite catalyst 

for the complete oxidation of toluene was prepared by the impregnation 

method and characterized by XRD, BET, IR techniques. This work evaluated 

the catalytic activity of the prepared catalyst at the temperature range from 

150oC to 350oC. It was found that CuMnOx/cordierite catalyst completely 

converted toluene to CO2 at 350oC. In addition, the mechanism of the toluene 

oxidation process using CuMnOx/cordierite catalyst was also determined via 

the indentification of the presentation of the by-products by GC/MS technique 

at various reaction temperature of 200oC, 250oC, and 350oC. The results 

showed that the reaction  over the CuMnOx/cordierite catalyst followed the 

same mechanism as proposed by Lars and Andersson.  The intermediate 

products of the oxidation process at 200oC, 250oC, and 350oC were benzyl 

alcohol, benzaldehyde, benzoic acid, benzene, phenol, 1.4-hydroquinone, 1,4- 

benzoquinone, and maleic anhydride.  
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I ntroduction 

 

Manganese oxide is one of the active catalysts for 

oxidation of CO and VOCs, e.g.  toluene, at a relatively  

low cost. Therefore, it has recently attracted 

considerable scientific research and application in the 

industry. It is also a component of the Hopcalite 

catalyst system that continues to be investigated until 

today. Mn-based oxides can be classified into some 

oxide forms depending on the preparation conditions: 

MnO, MnO2, Mn2O3, Mn3O4. Their properties and 

application of manganese oxide catalysts are 

influenced by the crystal structure, morphology, 

surface area, and grain size [1]. 

The structure of manganese based oxide contains 

many lattice oxygens instability. Therefore, it is possible 

to store oxygen in the crystal lattice and improve CO 
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and VOC oxidation process. The catalytic activity of 

manganese base catalysts depends on the oxidation 

states of manganese. 

In recent years, several studies have been conducted 

to estimate the ability to remove VOCs such as n-

hexane [2], benzene [3], toluene [4], and so on.  The 

efficiency of the oxidation process using manganese 

oxide-based catalyst depends on the catalyst synthes is  

method, experimental conditions, and oxidation states 

of manganese [5]. The catalyst has high-efficiency 

oxidation due to the presence of Mn2+/Mn3+, 

Mn3+/Mn4+. Moreover,  the activity of the Mn-based 

catalyst for the oxidation of ethyl acetate and n-hexane 

were even higher than that of the Pt/TiO2 catalyst [6]. 

Besides, the combination of manganese oxide and 

transition metal oxide has been studied to enhance the 

catalytic activity for gaseous pollutant treatment. 

Copper – Manganese oxide catalysts were one of the 

mixed transiton metal oxide catalysts that were widely 

used in CO and VOCs oxidation at room temperature 

[7,8,9,10]. 

Morales and coworkers investigated the role of Cu-Mn 

mixed oxides catalyst in the propane oxidation process  

[11]. They showed that this catalyst had higher 

conversion propane to CO2 at lower temperatures than 

pure manganese or copper oxide. Besides, Ntainjua 

and Taylor demonstrated that the oxidation activity 

catalyst was involved reducibility and surface area [12]. 

Geunino et al. investigated aromatic VOCs oxidation 

performance of copper manganese oxide catalyst. In 

this study, the catalysts exhibited the highest catalytic 

activity for the oxidation of toluene compared to 

benzene, ethylbenzene, and xylene [13]. 

Supported catalysts are also investigated in many 

studies and applied in the industry [14,15]. An example 

is the study of Einaga et al. about CuMnOx supported 

on SiO2. In this investigation, the catalyst exhibited the 

most significant activity in benzene oxidation related to  

the CuMn2O4 and Cu2Mn3O8 phases [5]. In the study of 

Tsoncheva et al., the activity catalyst was improved due 

to dispersing Cu and Mn particles into the porous 

structure of SBA-15 support [16]. According to Feng et 

al., the interaction between manganese and copper in 

the CuMn mixed oxides catalysts on TiO2 was the main 

factor that created the high activity of the catalyst [17]. 

However, these powder supports are not suitable for 

industrial application. 

Cordierite (2MgO–2Al2O3–5SiO2) is the material that 

consists of magnesium alumosilicate with a hexagonal 

framework. Cordierite is often applies for high-

temperature processes due to its low thermal 

expansion coefficient, good thermal shock resistance, 

excellent mechanical properties, and chemical 

resistance [18, 19].  

These properties were the main factors determining 

the role of cordierite as the substrate in the pollutant 

gas treatment system [20]. 

 Our previous research showed that CuMnOx powder 

has a high activity for toluene oxidation at 250oC [21]. 

However, the powder catalysts could cause clogged 

pine entirely, so there was much difficult to apply the 

kind of catalyst in reality. Thus, the CuMnOx/cordierite 

catalyst was studied for application in gaseous 

treatment systems. The present work focused on 

investigating the ability of CuMnOx/cordierite system 

for the complete oxidation of toluene, which can apply 

for industrial gas treatment. The catalytic activity of the 

catalyst was evaluated, and the byproducts of the 

reaction were identified by GC-MS technique to 

understand the oxidation mechanism. 

 

Experiment 

 

Preparation of the catalysts 

 

Copper manganese mixed oxide catalyst on cordierite 

was synthesized by the impregnation method.  

Mn(NO3)2 50% solution was added to a Cu(NO3)2 

solution with a molar ratio of 1/2 (Mn2+/Cu2+) under 

stirring and heating to 50oC for 2hrs. Cordierite was 

also added into the solution and impregnated for 1h. 

The impregnated cordierite was dried at 110oC for 1h 

then calcinated at 300oC for 3hrs at the rate of 

3oC/min. 

The impregnation process was repeated five times to 

get more CuMnOx on the cordierite surface. Finally, the 

solid was calcined at the rate of 2oC/min to 500oC and 

remained for 3hrs. The obtained catalyst consisted of 

37 percent of the activated phase.  

The remaining solution after the impregnation process 

was dried at 120oC for 1h and calcined at 500oC for 

3hrs at a heating rate of 2 min/°C. The catalyst was 

assigned as CuMnOx powder. 

 

Catalyst characterization  

 

The BET surface area was determined by N2 

adsorption-desorption isotherms by a Micromeritics 

Gemini VII 2390 device. X-ray diffraction (XRD) pattern 

was measured by the D8 Advance Bruker instrument. 
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Infrared spectra (IR) were characterized by the Nicolet 

IS50 FT – IR spectrometer. 

 

Catalytic oxidation experiment 

 

The catalysts were evaluated for the oxidation reaction 

of toluene using a fixed bed reactor system. The 

sample (0,1 g) was loaded in a micro stainless steel 

reactor that was 60 cm in length. An N2 flow went 

through a toluene bubler before going to the reactor. 

When the inlet toluene flow reached a steady state at 

5000 ppm, the reaction was started. The reaction 

temperature was increased from 150oC to 350oC. The 

amount of toluene in reactant flow was analyzed by an 

online gas chromatography (GC) using a Thermal 

Conductivity Detector (TCD). Toluene and the products  

of the reaction (CO2, H2O, by-product) at 200oC were  

analyzed by GC Trace 1310 equiped with MS ISQ700 

system, using the CP-SilicaPLOT column 30 m x 0.32 

mm with the temperature program: remain at 35ºC for 

4 minutes, increase with a rate of 10ºC /min to 190ºC, 

and remain for 5 minutes. 

 

Analysis and calculation of the result 

 

Toluene conversion was evaluated by the equation 1: 

𝜂
𝑇 (%)= 

𝐶𝑇
1−𝐶𝑇

2

𝐶𝑇
1  𝑋 100    (1)

 

Where, 𝜼𝑻: toluene conversion (%); 

              𝑪𝑻
𝟏 : toluene concentration of inlet flow at a 

temperature T (ppm); 

              𝑪𝑻
𝟐 : toluene concentration of outlet flow at a 

temperature T (ppm). 

The conversion of toluene to CO2 was determined as 

equation 2: 

𝛾
𝐶𝑂2 (%)= 

𝐶𝐶𝑂2,𝑇
2

7(𝐶𝑇
1−𝐶𝑇

2)
 𝑋 100   (2)

 

Where, 𝝀𝑪𝑶𝟐
:  the conversion of toluene to CO2  (%); 

              𝑪𝑪𝑶𝟐,𝑻
𝟐 : CO2 concentration of outlet flow at a 

temperature T (ppm);   

 

Results and discussion  

 

Characterization of the catalyst 

 

The surface of cordierite with and without 

impregnation of CuMnOx active phase  was observed 

by using a optical microscope with 4x magnification 

(Fig 1). The surface of fresh cordierite consists of large 

particles. After impregnation, it was covered by the 

catalyst phase CuMnOx with a small particle size that 

changed the surface to dark color. The images of the 

catalyst showed that the CuMnOx catalyst was 

successfully impregnated on cordierite. 

 
Figure 1: The magnification image of the CuMnOx 

supported on cordierite 

The CuMnOx powder possesses BET surface of 10.72 

m2/g. Besides, the BET surface of cordierite was 

minimal [21], and the BET surface of CuMnOx/ 

cordierite catalyst was 1.92 m2/g. Thus, cordierite was 

excellent substrate due to the thermal resistance, but 

its BET surface was small, therefore, it doesn’t play the 

role to distribute active sites so the content of the 

active site on cordierite substrate should be as much as 

possible since a decrease in the desperation of the 

activated phase on the cordierite substrate has been 

observed [20]. Therefore, in this study, the 

impregnation process was repeated many times to g et  

more CuMnOx on the cordierite surface. 
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Figure 2:  XRD pattern of CuMnOx powder 

In order to deterrmine phase composition of CuMnOx 

catalyst, the CuMnOx powder was characterized by the 

XRD technique. The XRD pattern of the catalyst was 

featured by the diffraction peaks at 2θ: 32.34o; 35.6o; 

38.8o; 48.86o; 53.82o; 61.62o; 66.12o corresponding to 

the lattice (110), (002), (111), (202), (020), (113), (311) [17] 
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of crystal structure tenorite CuO respectively [22]. The 

XRD also illustrated the structrue of crednerite CuMnO2  

at 2θ values of 36.94o; 39.68o; 40.64o; 59.38o; 53.3o; 

61.7 o; 66.2o corresponding to the (110), (20-2), (111), (31-

1) [23-25]. Therefore, the main phases of catalyst were 

the tenorite CuO and the crednerite CuMnO2 
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Figure 3 : IR profile of catalysts. 

Figure 3 illustrated IR spectra of CuMnOx powder and 

CuMnOx/cordierite catalysts. In the spectra of CuMnOx 

powder and CuMnOx/cordierite before and after the 

reaction, the vibration at the wavenumber between 

400 to 800 cm-1  belong to manganese oxides [25]. Fo r 

the CuMnOx/cordierite catalysts, the vibrations 

appearing at 736 and 759 cm-1 indicated the tunnel 

structure's Mn–O bond and the bands at 1081 and 1083 

cm-1 for the Mn3+ - O bond [26].  

The CuMnOx/cordierite catalysts presented an 

evidence of a CO32-- group at 1237 and 1297 cm-1, and  

wave number at 2323 cm-1 in the CuMnOx/cordierite 

and CuMnOx powder catalysts indicated the presence 

of the C= O group due to the absorbed CO2 on their 

surface [27]. IR spectra showed no difference between 

catalysts before and after the toluene oxidation 

reaction.  

 

Catalytic activity  

 

The experiment results of the toluene oxidation 

process on the prepared catalysts are described in Fig. 

4 and Figure 5 

The results showed that when the temperature of the 

oxidation process increased from 150oC to 350 oC, the 

toluene conversion and the CO2 yield increased.  In Fig  

4, the CuMnOx powder catalyst indicated the highest 

toluene conversion at 300oC, while the 

CuMnOx/cordierite catalyst showed a complete toluene 

conversion at 350oC. 

150 200 250 300 350

0

20

40

60

80

100

 

 

T
o
lu

e
n
e

 c
o
n

v
e
rs

io
n
 (

%
)

Temperature(
o
C)

 CuMnO
xi
/cordierite

 CuMnO
xi
 powder

 Cordierite

 
Figure 4: Toluene conversion  

150 200 250 300 350

0

20

40

60

80

100

 

 

Y
C

O
2
(%

)

Temperature(
o
C)

 CuMnO
xi
/cordierite

 CuMnO
xi
 powder

 Cordierite

 

Figure 5: CO2 yield  

At almost reaction temperature, the conversion of 

toluene and CO2 yield of CuMnOxi powder were higher 

than that of CuMnOx/cordierite catalyst. Moreover, 

bare cordierite showed zero conversion of toluene and  

CO2 yield at low temperature and very low activity at 

350oC. It means that the activity of CuMnOx powder 

and CuMnOx/cordierite come from CuMnOx phase.  

Besides, CuMnOx/cordierite catalyst had only 37 

percent of the active phase. Therefore, it is observed 

that toluene conversion and yield of CO2 are rated to 

the catalyst's active phase concentration.  

 

De termination of the products by GC/MS technique 

 

According to the literature [28-34], the intermediate 

products of toluene oxidation are benzyl alcohol, 

benzaldehyde, benzoic acid, benzene, phenol, 1.4-

Hydroquinone, 1,4-Benzoquinone, and Maleic 

anhydride. The reaction scheme was proposed by Lars 

and Andersson (Fig 6 ). Therefore, we try to define the 

products during the oxidation reaction by GC-MS to 

http://doi.org/10.51316/jca.2020.041


Vietnam Journal of Catalysis and Adsorption, 11 – issue 3 (2022) 01-07 

 

https://doi.org/10.51316/jca.2022.041 

5 

 

insight into the oxidation reaction mechanism with the 

CuMnOx/cordierite catalyst 

 
Figure 6: The byproducts were proposed by Lars and 

Andersson [32] 

Table 2 listed the mass spectrometry of possible 

intermediate products in the proposed mechanism 

according to the literature. Main and unique mas 

fragments (marked in bold in Table 2) are followed by 

the GC-MS analysis program.  

Table 2: The by-products were observed by mass 

spectrometry  

 
The analysis was performed for the toluene oxidation 

process on the CuMnOx/cordierite catalysts at 200oC, 

250oC and 350oC. The trends of formed products are 

presented in Fig 7. It is shown that all of the products 

suggested in the reaction scheme proposed by Lars 

and Andersson was found in the outlet gas flow. 
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Figure 7: Trend of the products in the toluene 

oxidation process between 200oC and 350oC 

In Fig 7, we could observe the product trend in the 

toluene oxidation process from 200oC and 350oC. The 

products: benzyl alcohol, benzene, benzoic acid, 

phenol, maleic acid, 1,4 hydroquinone, 1,4 

benzoquinone presented in small quantities and seems 

not change when the temperature increase from 200 

to 350oC. Moreover, Fig.7 showed a general profile of 

a significant amount of produced carbon dioxide- as a 

function of temperature. CO2 increase significantly 

from 200oC  to 350oC. While there was a sharp drop in 

toluene concentration from 200oC to 350 oC. However, 

the concentration of unconverted toluene is still higher 

than the concentration of above mentioned 

byproducts. Since the sensitity of the GC-MS is much 

higher than for the GC with TCD detector, it was found 

that a small amount of toluene was still detected in the 

outlet gas flow even it was found 100% converted as 

seen from the GC-TCD. 

 

Conclusion 

 

This study showed that although possessing lower 

active phase than the powder catalyst, 

CuMnOx/cordierite catalyst can completely oxidate 

converter toluene to CO2 at 350oC, which is suitable to 

apply in industry. The catalyst is also thermal and 

mechanical stable at high temperatures. The GC/MS 

technique was used to determine toluene, CO2, H2O, 

and intermediate products such as benzyl alcohol, 
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benzaldehyde, benzoic acid, benzene, phenol, 1.4-

hydroquinone, 1,4- benzoquinone, and maleic 

anhydride of the toluene oxidation process. The results 

demonstrated that the toluene oxidation process 

followed well the mechanism proposed by Lars and 

Andersson. The intermediate products are still present 

in the outlet gas after the reaction at high temperature 

but with low concentration. The reaction will be 

investigated in more detail in the following study to 

improve the catalyst's performance.   
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