Zeolite based composites derived from rice husks and fly ash as highly-effective catalysts
in CO2 methanation
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Introduction

Rising CO: emissions intensify the need for technologies that capture and convert CO: to mitigate climate change
while meeting global energy demands. Among CO: valorisation routes, the Sabatier reaction is particularly
attractive, as it hydrogenates CO- to methane, a readily storable energy carrier compatible with existing natural
gas infrastructure. Zeolite-supported catalysts show strong potential for CO» methanation due to their well-defined
pore structures, high thermal stability (up to 400 °C), and ability to disperse active metal species, enabling efficient
and selective methane production (Chandran et al., 2025).

Materials and methods

Zeolite composites were synthesized by double-stage hydrothermal activation of coal fly ash (CFA) and
Si0:2 in various ratios. SiO: was obtained from rice husks, while CFA was collected from electrostatic precipitators
at the AES Galabovo coal-fired power plant (Bulgaria). The mixture was calcined with NaOH at 550 °C for 1 h,
then cooled, crushed and dispersed in distilled water to an alkalinity of 2.5 mol L™, followed by ultrasonic
homogenization for 25 min. The slurries were then transferred to Teflon-lined stainless-steel autoclaves, aged at
room temperature for 24 h, and hydrothermally treated for 6 h. The products were recovered by filtration, washed
to neutrality and dried at 105 °C. Furthermore, the obtained zeolites were modified with Ni and Mn by incipient
wetness impregnation method. The textural and physicochemical properties of the initial composites and the
modified materials were analysed by XRD, TEM, N2 physisorption and TPR-TGA. The catalysts were evaluated
in CO2 methanation. Prior to reaction, samples were reduced in H2 (60 mL/min) up to 550 °C. CO: hydrogenation
was conducted at atmospheric pressure in a fixed-bed flow reactor using 150 mg of catalyst (0.25-0.5 mm). The
feed consisted of H2/CO: 4:1 ratio at a total flow rate of 30 mL/min in the interval 250-400 °C. Reaction products
were analyzed online using a NEXIS GC-2030 ATF equipped with a VALCO Plot VPHS-D column.

Results and discussion

Textural analysis shows that Ni-modified and reduced zeolites
contain finely dispersed Ni—Fe alloy phases and highly crystalline
metallic iron, which originates from the fly ash used in zeolite synthesis.
Metal modification significantly decreases the micropore volume, likely
due to pore blocking by metal nanoparticles, while manganese addition
has no noticeable effect on textural properties. Catalyst reducibility was
investigated by temperature-programmed reduction (TPR), and the TPR-
DTG profiles of parent and metal-modified zeolites are shown in Figure
1. The parent zeolites show one smaller peak at 400 °C, attributed to
finely dispersed iron oxide nanoparticles on the external surface of zeolite
and a more intensive peak at 600°C due to hardly reducible iron species
probably in ionic lattice position in the zeolite lattice. Ni modification (7
wt.%) introduces an intense reduction peak at 420-430 °C and increases 3
the intensity of the ~600 °C peak. The lower-temperature peak ~420
corresponds to the reduction of NiO nanoparticles, while the higher-  FAsit FALSI2 — FA.SI3
temperature peak is associated with the reduction of ionic nickel species NilFA-Si1 —— NilFA-Si2
strongly interacting with the zeolite lattice, consistent with literature —— NiMn/FA-Si1—— NiMn/FA-Si2
reports that NiO species reduce between 400 and 500 °C or at higher 200 300 400 500 600
temperatures when strongly bound to the support (Tommasi et al., 2025). Temperature,°C

Fig. 1 TPR profiles of the
parent zeolite supports and
their Ni/Mn-modified varieties
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The catalytic performance of the fly ash zeolites and their Ni/Mn-modified analogs was systematically investigated
in CO2 methanation. The CO; conversion and the methane selectivity as a function of the temperature are presented
in Figure 2. The study reveals a clear correlation between catalyst composition and reaction temperature. CO-
conversion increases with Ni addition, highlighting its role in improving catalyst activity and stability.
Modification with manganese improved the catalytic activity significantly, the conversion reached 70 % and the
selectivity was increasing in higher extent even at lower temperatures compared to Ni catalysts. The role of
manganese can be multiple. On one side it can influence the dispersion of nickel, on the other hand can modify
the basicity of the support playing crucial role in CO; adsorption. For all catalysts, both CO- conversion and CHa
selectivity grow with reaction temperature, consistent with the thermodynamics and kinetics of the highly
exothermic Sabatier reaction (CO: + 4H> — CHa4 + 2H0, AH® = —165 kJ/mol). At low temperatures (<300 °C),
conversion is limited by slow CO: and H: activation. A significant increase in activity occurs at moderate
temperatures (300—400 °C) due to enhanced CO- adsorption and hydrogenation over Ni active sites, while at higher
temperatures (>400 °C) maximum CO: conversion and near-complete CHa selectivity are achieved through CO
formation as an intermediate and subsequent hydrogenation.
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Fig. 2 Catalytic activity and selectivity of fly ash zeolites and their transition metal modified varieties in
methanation of CO,.

Conclusions

Zeolite composites were successfully synthesized from fly ash and rice husks, with the formation of Na-X,
Na-LTA, and Na-Sodalite phases in varying proportions. These composites were subsequently modified with Ni
and Mn via incipient wetness impregnation. Textural analysis shows that the catalysts retain an accessible porous
structure inherited from the original mesoporous silica support. The zeolite phase composition influences CO2
adsorption capacity, which in turn explains the high CO, conversion rate in the reaction of methanation. Apart
from the significant properties of the supporting materials, modification with Ni and Mn resulted in the increase
of the activity and selectivity of the synthesized catalysts possessing promising potential for large-scale
implementation.
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