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The increasing emission of greenhouse gases and their severe effect on the climate has come into the spotlight as 

a major challenge to sustainable development. The European Green Deal is a new EU strategy aiming to combat 

climate change by no net emissions of GHGs by 2050. Carbon Capture, Utilization, and Storage (CCU) offers an 

optimistic strategy for addressing climate change while simultaneously addressing the global energy demand 

(Jangam et al., 2020). Among various catalytic processes of CO2 valorization, the so-called Sabbatier reaction 

(CO2 + 4H2 → CH4 + 2H2O), is very promising due to its potential to recycle carbon and reduce the net greenhouse 

gas emissions. The development of an efficient catalyst is of key importance for the processes of CO2 valorization. 

The use of catalysts based on transition metals such as: Ni, Co, Cu, Fe, could be a good alternative to substitute 

the noble metals due to their affordable prices and high activity. Nickel is the most extensively studied one due to 

its low cost, high availability, and favorable catalytic properties (Medina et al., 2025). To improve the performance 

of Ni-based catalysts at lower temperatures, secondary transition metals such as Mn are often used as dopants  

(Prabhakar et al., 2025). The catalytic support also influences the efficiency in the methanation process. A 

disadvantage of the usual supports (Al2O3, ZrO2, CeO2, MCM-41, SBA-15) is their high cost, which is due to the 

use of expensive reagents, incl. template, high temperature and longer procedure leading to higher energy 

consumption. A significantly more economical approach is the use of waste materials, low temperature and 

absence of expensive templates to obtain mesoporous silicas (Popova et al., 2024). Examples of raw materials for 

obtaining porous materials are most often agricultural waste, such as rice husks. Rice husk is one of the main 

wastes of the rice industry, generated in big quantities, it is rarely used as animal food because of its low nutritional 

value. More commonly it is used as a fertilizer additive. Hence, utilization of agricultural waste can serve as a low-

cost precursor for obtaining catalysts carries used in CO2 hydrogenation, at the same time addressing the issue of 

waste management.  

In the present study, we have developed Ni-Mn-based mesoporous silica (MS) catalysts with high 

activity and selectivity for CO2 conversion to methane. The produced catalysts were also 3D printed to simulate 

the feasibility of the process on a larger scale.  

 

Materials and Methods 

The initial and modified materials were characterized by XRD (Bruker AXS Advanced X-ray Solutions 

GmbH, Karlsruhe, Germany), N2 physisorption (Quantachrome instruments AUTOSORB iQ-MP-AG, Boynton 

Beach, FL 33426, USA), thermal analysis (STA449F5 Jupiter of NETZSCH Gerätebau GmbH (Netzsch, 

Germany), and solid-state NMR (Bruker Avance II+ 600 NMR spectrometer (Karlsruhe, Germany).  

Samples were reduced in hydrogen (60 mL/min) up to 400 °C for 1h ex situ before the catalytic 

experiments. Hydrogenation of methane was performed at atmospheric pressure using a fixed-bed flow reactor. 

The amount of the catalyst which is used in the catalytic experiment is a 150 mg sample with particle size 0.25–

0.5 mm. The CO2 reactant was fed in the reactor with a flow rate of 30 ml/min H2 and CO2, GHSV= 12 000 cm3h-

1gcat-1, (H2/CO2 is 4/1) and catalytic experiments were carried out in the interval 250–400 °C. On-line analysis of 

the reaction products was performed using a NEXIS GC-2030 ATF with a VALCO Plot VPHS-D CFS-PD3053-

200 (30 m × 0.53 mm × 20.0 µm) column. 

 

Results and Discussion 

The mesoporous silica was synthesized from rice husks without template by a simple procedure. Incipient 

wetness impregnation method was used for preparation of Ni-Mn-containing mesoporous silica catalysts. The 

XRD patterns of the reduced catalysts show the formation of finely dispersed nickel nanoparticles. Impregnation 

with nickel and manganese resulted in a decrease of the surface area but the shape of the isotherms is similar to 



the parent silica. Therefore, the changes are due to the pore blocking effect of incorporated metal oxides and metal 

oxide deposition on the outer surface.  

Catalytic activity of the obtained catalysts in CO2 methanation reaction was studied with increasing reaction 

temperature (Figure 1).  
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Figure 1. Catalytic activity of the studied catalysts as a function of reaction temperature (H2:CO2 = 4:1; GHSV = 

12 000 mL gcat−1 h−1). 

 

The catalysts show high catalytic activity and selectivity to methane. The presence of manganese facilitated the 

reduction of nickel during the reductive pretreatment and improved the nickel dispersion. Formation of MnxOy has 

a positive effect on the catalytic performance because of the formation of basic sites with moderate strengths, 

enhancing the adsorption of slightly acidic CO2. The basic sites promote the formation of monodentate formate 

species, that can be easily converted to methane. It was found that the presence of nickel nanoparticles and MnxOy 

with the optimal ratio could result in higher activity and stability of the catalyst. Among the prepared catalysts, the 

7 wt. % Ni- 3 wt. % Mn supported mesoporous silica catalysts showed the highest catalytic activity in CO2 

hydrogenation to methane. Our results suggest that addition of manganese, a cheap and abundant transition metal, 

holds significant potential for industrial application in sustainable power to gas technologies.  
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