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1. INTRODUCTION 

Industrialized societies rely heavily on the intensive exploitation of the Earth’s energy and raw material resources 

to sustain and continuously improve their standard of living. This growing demand has resulted in severe 

environmental challenges, most notably climate change and air pollution, driven largely by processes associated 

with significant greenhouse gas (GHG) emissions. Addressing these challenges requires the development of 

carbon-neutral or low-carbon technologies that minimize atmospheric emissions while adhering to circular 

economy principles through the reuse and upcycling of waste materials. Both the scientific community and 

policymakers have increasingly emphasized the urgency of this transition, as reflected in strategic initiatives such 

as the European Green Deal, which aims to achieve net-zero GHG emissions in the European Union by 2050. 

Within this context, CO₂ adsorption using nanoporous materials has emerged as a promising mitigation strategy 

and has been extensively investigated in recent years [1].  

In the present study, we developed porous adsorbents derived from waste materials originating from agricultural 

activities and the power generation sector. Specifically, zeolites were synthesized from rice husks and coal fly ash 

and studied as efficient CO2 adsorbents.  

2. EXPERIMENTAL 

 Zeolite composites were prepared by double-stage hydrothermal activation of reaction 

mixtures of coal fly ash and SiO2 derived from rice husks in different ratios (Table 1). 

A new method has been developed for obtaining a zeolite of the mordenite type using 

mesoporous silica (SiO2) derived from rice husks as the source of Si, sodium hydroxide 

(NaOH) as the alkaline agent, sodium aluminate as the source of Al, and distilled water 

in the following molar ratio: 6Na2O:Al2O3:30SiO2:780H2O.  

3D printing technology was applied for further improvement of the adsorbent 

performance (Fig. 1).  

The initial and the modified composites were characterized by X-ray powder 

diffraction (XRD), transmission electron microscopy (TEM-EDS), N2 physisorption, 

temperature-programmed reduction (TPR-TGA) and FTIR of adsorbed CO2. 

CO₂ adsorption experiments were performed under dynamic conditions using a flow-through system with a gas 

mixture of 5 ml/min CO₂ in N₂ at a total flow rate of 30 mL/min with online GC analysis.   

3. RESULTS AND DISCUSSION 

The zeolite composites were successfully obtained from fly ash and rice husks. Depending on the silica content of 

the synthesis mixture (from 20 % to 50 %), slightly different zeolite composition is registered. The smallest silica 

content resulted in the formation of zeolite with faujazite structure, NaX around 90 wt.% and additionally 10 wt.% 

zeolite LTA was formed (Table 1). When the amount of silica was increased to 30 % a higher amount of zeolite 

LTA could be observed. Further increase of the silica content to 50 % resulted in a similar ratio of NaX phase, but 

instead of LTA, a sodalite structure appeared. The synthesized zeolite composites have about 5 wt.% of iron 

content, which is in oxide form, but not in a crystalline state.  

A new method for synthesis of a zeolite with mordenite structure (Mor) using mesoporous silica (SiO2) derived 

from rice husks as the source of Si was developed. X-ray diffraction analysis confirmed the presence of only the 

crystalline phase of mordenite zeolite.  
Nitrogen physisorption investigations of the zeolite materials show isotherms that are a combination of types II 

and IV according to the IUPAC classification, typical of micro-macroporous materials. The results for the 

mordenite zeolite show the formation of material having high specific surface area (SBET=424 m²/g, of which 400 

m²/g is due to micropores), pore volume (Vp= 0.17 cm³/g), and narrow pore size distribution with a maximum 

Dp=0.5-0.6 nm (Table 1). Z-1 zeolite has the highest surface area and pore volume, due to its higher NaX content 

with highly organized crystalline structure among the other Z-type materials. 

 

 

 
Figure 1. 3D printed 

adsorbents 



 

 

 

 

Table 1. Phase composition and textural properties of zeolites prepared from fly ash and rice husk  

Samples Faujasite, 

% 

LTA, 

% 

Sodalite, 

% 

Mordenite, 

% 

Silica from 

rice husk, 

% 

SBET, 

m2/g 

Smeso, 

m2/g 

total pore 

volume, 

cm3/g 

Vmicro, 

cm3/g 

Z-1 90 10 - - 20 491 135 0.41 0.14 

Z-2 77 23 - - 30 462 130 0.36 0.13 

Z-3 79 - 20 - 50 437 132 0.42 0.12 

Mor - - - 100 100 424 24 0.17 0.15 
 

The results of CO₂ adsorption experiments highlight the significant impact of sodium (Na) cations on the 

adsorption capacity, which strongly influences both the nature and strength of the basic sites in the Na-X, Na-LTA 

and Na-mordenite zeolites, as shown in Table 2. Notably, the zeolite sample Z-1 demonstrated the highest CO₂ 

adsorption capacity among Na-X containing samples. This observation can be attributed to the enhanced specific 

surface area of Z-1, which contains a 

greater proportion of highly crystalline 

NaX zeolite. In this structure, each Na⁺ 

cation is capable of adsorbing two CO₂ 

molecules, thus maximizing the adsorption 

potential. Furthermore, the mordenite 

zeolite exhibited exceptional CO₂ 

adsorption capacity (5.1 mmol/g), 

attributed to its unique structural 

characteristics and the higher concentration 

of Na⁺ adsorption sites. This distinctive 

feature facilitates an efficient interaction 

with CO₂ molecules, thereby enhancing overall performance. 

In addition to high adsorption capacities, the porous materials also exhibited favorable regeneration characteristics. 

Complete CO₂ desorption was achieved at relatively low temperatures of 100 °C for all zeolite-based materials, 

indicating their energy efficiency. Importantly, no leaching of active adsorption sites occurred even after four 

consecutive adsorption-desorption cycles, which confirms not only the structural stability of the zeolites but also 

their reusability for future applications. 3D printed adsorbents show great potential for scaling up with preserved 

adsorption capacity for more than 20 adsorption-desorption cycles. These features position these zeolites as 

promising candidates for efficient CO₂ capture and mitigation strategies. 

4. CONCLUSIONS 

Zeolites and their compositions from rice husks and coal fly ash are successfully prepared. The synthesis conditions 

are optimized to obtain materials with appropriate structural properties. They show high capacity for CO₂ 

adsorption under dynamic conditions at room temperature and atmospheric pressure in the interval 3.7-5.1 mmol/g.  

CO2 desorption was reached at a relatively low temperature of 100oC. The mordenite zeolite shows the highest 

CO2 adsorption capacity of 5.1 mmol/g. The combination of high CO₂ uptake, low regeneration temperatures, 3D 

printing and waste-derived synthesis underlines the potential of these materials as next-generation CO₂ capture 

adsorbents, contributing both to sustainable resource utilization and to global climate change mitigation efforts. 
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Table 2. Adsorption capacity of zeolite compositions 

Samples СО2 

adsorption 

in 1st cycle, 

mmol/g 

СО2 

adsorption 

in 2nd cycle, 

mmol/g 

СО2 

adsorption 

in 3rd cycle, 

mmol/g 

СО2  

adsorption in 

4rth cycle, 

mmol/g 

 

Z-1 4.2 4.0 3.9 3.9  

Z-2 3.9 3.8 3.7 3.8  

Z-3 3.7 3.6 3.6 3.5  

Mor 5.1 5.0 5.0 4.9  

 


