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Abstract. The most crucial step in reducing the environmental effects of 

industrial emissions is CO2 capturing, or, carbon capture. This paper reviews 

recent innovations and advances in CO₂ capture materials, such as metal-organic 

frameworks (MOFs), zeolites, and modified polymers. These CO2 capture 

materials focus on the solutions that enhance adsorption capacity and its 

selectivity across many industrial applications. Also, new technologies, such as, 

phase-change materials and ionic liquids address an energy-efficiency and 

scalability challenges by customizable features and new design approaches. This 

Integrated CO₂ capture and conversion (ICCC) is an innovative approach which 

readily converts emissions into useful products like fuels, chemicals etc., and 

enhances sustainable economic perceptions. Despite hurdles like higher costs, 

energy-intensive regeneration methods and scaling limitations, these innovative 

materials favors policy frameworks and financial incentives which makes them 

progress in this field.  These integrating CO₂ collection devices along with 

renewable energy systems encourages sustainable industrial practices and also 

aligns with global intentions for a net-zero carbon future. 
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1.Introduction 

The rising of CO₂ levels because of the usage of fossil fuels, deforestation and many 

industrial activities have aggravated the climate change and natural disasters, 

demanding quick mitigation activities. In 2019, the atmospheric CO₂ concentrations 

reached 411 ppm which highlighted the necessity to limit the global temperature rise to 

2°C [1]. As emphasized by the Paris agreement, the carbon capture and storage (CCS) 

is the key method to reduce emissions [2] which includes the extraction of CO₂ from 

the industrial emitters and the store it safely in underground and use it in the future for 

oil recovery and chemical synthesis. This carbon capture and storage (CCS) is 

enormously significant in India in order to balance the economic growth and to reduce 

emissions, especially in sectors like power generation, steel and cement.  Organizations 

like NTPC and ONGC, supported by government subsidies and renewable energy, aim 

to achieve India's net-zero goal by 2070 [3, 4]. The CCU, unlike CCS, gathers CO₂ and 

the converts it into valuable products thereby promoting a circular economy [5] which 

includes pre-combustion, post-combustion (removing CO₂ from gas) and oxy-fuel 

combustion (use pure oxygen to produce an intense CO₂ stream) [6].  These carbon 

capturing technologies provides basis for sustainable CO₂ management by converting 

carbon into fuels and used in building materials [7].      

Examination of Current CO2 Emission Patterns and Challenges 

In 2023, CO2 pollution from energy and industries reached a new high worldwide 

as the world recovered from COVID-19 as consumers increased their consumption of 

fossil fuels.  The industries like cement, steel, and petrochemicals release noteworthy 

amounts of distinct CO₂.  energy is difficult to control [8].  The challenges in reducing 

emissions are high costs and energy requirements for the conventional CO₂ capture, its 

safety concerns concerning a long-term storage and insufficient transportation 

infrastructure (9) which can be resolved by integrated CO₂ Capture and Conversion 

(ICCC) that captures and uses CO₂ and also generates revenue by sales [10].  

This paper reviews the basics of ICCC, new materials like catalysts and dual-

function materials, how to combine the process with green energy sources and finally 

provide some case studies. It also reviews the problems, chances, and rules that need to 

be followed and emphasis on CO₂ capture as a technique to get to carbon neutrality and 

also to help in  business that are hard to decarbonize [11]. 

2.Methods for Capturing CO2 

One of the most important technologies (figure 1) for lowering carbon emissions from 

power plants and industrial facilities is post-combustion CO2 capture, which extracts 

CO2 from the exhaust gas after combustion. This approach consists of three main 

methods and can be used in a wide range of conventional coal-fired and natural gas 

power plants. Even though it uses a lot of energy, the most common technique, which 

uses chemical solvents like amines (like monoethanolamine or MEA), is characterized 

by the absorption of CO2 from the flue gas and the subsequent regeneration of the 
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solvent to release pure CO2 for use or storage. The distinguished feature of this 

approach is the high efficiency in capturing CO2 [12] in which zeolites and activated 

carbon are the best instances of solid sorbents which can improve CO  capture 

effici or 

when ate 

CO2 ute 

[13].

 

2

ency and also reduces the regeneration energy and release it under pressure 

 heated. The selective permeability is used by membrane technologies to isol

from other gases and thereby providing a modular and energy-efficient substit

 

Fig. 1. Carbon-dioxide-capturing materials 

2.1 Pre-Combustion and Oxy-Fuel Combustion 

Gasification or reforming fossil fuels produces syngas, which performs the water-

gas shift process to transform CO into CO₂ and hydrogen before burning. Gasification 

or reforming fossil fuels generates syngas, which undergoes the water-gas shift to 

convert CO into CO₂ and hydrogen before combustion. Almost 15 to 50 % of CO₂ is 

captured and then used to produce cleaner fuel. The improved efficiency and cost-

effectiveness while minimalizing the CO₂ transport and its storage [14].  The Oxy-fuel 

combustion efficiently accumulates the CO₂ emissions by using pure oxygen and 

recover the exhaust gas. The COCPUs and MIECs increases the combustion system 

performance by separating oxygen and reducing NOx emissions, thereby increases the 

fuel consumption.  [15]. 

3. CO2 Capture Components 

It is necessarily important for selecting appropriate materials for developing efficient 

and a scalable carbon capture device. There are three types of materials with unique 

properties and difficulties via., adsorbents, absorbents and membranes.  

3.1 Developments in Zeolite-Based CO₂ Adsorption Materials 

Zeolites are microporous aluminosilicates that have molecular pores that are all the 

same size. They take in small molecules and let go of bigger ones. Zeolites have been 
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around since the 1950s and are used to separate gases, treat water, and speed up 

chemical reactions (Figure 2). Because they can exchange a lot of cations, synthetic 

zeolites are selected in which volcanic rock zeolites are hardly used in industry because 

of their impurities.

 

 

Fig. 2. Zeolite Framework 

Table 1. Zeolite based materials 

Material Features 

Method 

to Capture 

Carbon 

 Applications
Criteria for 

Assessment 
 

Zeolites [16] 

Highly 

stable, 

porous and 

chemical 

reactive. 

Adsorption 

due to 

micro-

porosity 

Carbon capture 

and 

environmental 

remedy 

Stable at high 

temperature, highly 

regenerable and high 

adsorption capacity 

Zeolite-

based 

photocatalysts 

[17] 

Nanostructure

d, 

photocatalytic

potential 

Photoreduct

ion of CO₂ 

into 

hydrocarbon

s 

 

CO₂ reduction, 

renewable 

energy 

production 

Enhanced CO₂ reduction, 

sustainable alternative 

energy generation 

Zeolites [18] 

Framework 

type, Si/Al 

ratio, 

cations 

Adsorption 

and 

separation 

based on 

chemical 

interactions 

Natural gas 

purification, 

CO₂/CH₄ 

separation 

Improved CO₂/CH₄ and 

CO₂/N₂ separation 

capabilities 

Zeolite A [19] 

Synthesised 

from 

kaolinite, 

alkaline 

conditions 

Adsorption 

at optimized 

temperature 

and time 

CO₂ extraction 

from flue gases 

High adsorption similar to 

commercial zeolites, low-

cost synthesis 

Zinc-containing

CHA zeolite

[20] 

Zinc-

exchanged, 

microporous 

 

s 

Enhanced 

CO₂ 

adsorption 

on zinc-

exchanged 

sites 

Low-

concentration 

CO₂ capture 

Increased adsorption 

capacity by 17-fold, good 

kinetics and low 

desorption energy 

Clinoptilolite 

zeolite [21] 

High-

temperature 

stability, 

natural 

mineral 

Adsorption 

through 

cationic and

carbonate-

CO₂ capture at

moderate 

temperatures 
 

25% more CO₂ uptake 

compared to commercial 

zeolites 
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Material Features 

Method 

to Capture 

Carbon 

 Applications 
Criteria for 

Assessment 

like species 

formation 

Zeolite-based 

catalysts [22] 

Nanostructu

red, 

catalytic 

properties 

Conversion 

of CO₂ to 

light 

hydrocarbon

s 

CO₂ conversion, 

industrial 

applications 

Reduces CO₂ emissions 

while extending fossil fuel 

use 

Fly ash-

derived 

zeolites [23] 

Low-cost, 

derived 

from 

industrial 

waste 

Adsorption 

of CO₂ via 

temperature 

swing 

adsorption 

(TSA) 

Power plants, 

CO₂ capture 

from exhaust 

gases 

Comparable adsorption 

capacity to commercial 

zeolites, stable for 

multiple cycles 

Hydrophobic-

coated zeolite 

[24] 

Modified 

with 

octadecyltri

methoxysila

ne 

(ODTMS) 

CO₂ 

selectivity 

enhanced by 

reducing 

moisture 

absorption 

Indoor CO₂ 

capture 

Improved CO₂ selectivity 

and moisture resistance 

LTA and 

Clinoptilolite 

zeolites [25] 

High-

temperature 

performance

, low cost 

Ion-

exchange 

and 

adsorption 

Carbon capture 

and separation 

Ion-exchange improves 

CO₂ capacity in LTA, 

effective at high 

temperatures in 

Clinoptilolite 

Metal-doped 

faujasite 

zeolites [26] 

Doped with

potassium, 

alkaline 

earth, 

transition 

metals 

Adsorption 

of CO₂, CH₄, 

and N₂ 

 

CO₂ capture, 

natural gas 

purification 

Increased CO₂ adsorption 

and selectivity in CO₂/CH₄ 

and CO₂/N₂ separations 

Zeolite-Y 

(PDDA-

synthesized) 

[27] 

Hierarchical 

porous 

structure, 

high 

crystallinity 

Adsorption 

due to high 

surface area 

and 

optimized 

pore volume 

CO₂ capture 

from air or gas 

emissions 

High CO₂ adsorption 

capacity (5.40 mmol/g), 

high selectivity over N₂ 

and CH₄ 

Cu-doped 

RHO zeolites 

[28] 

Small pore,

Cu-doped 

CO₂ 

adsorption, 

ideal for 

low-

temperature 

TSA 

 
Low-

temperature CO₂ 

capture devices 

High CO₂ capacity, ideal 

for CO₂ regeneration at 

low temperatures 

5A Zeolite 

[29] 

Suitable for

temperature

-swing 

desorption 

Adsorption 

and 

desorption 

of CO₂ in 

one stage 

 

CO₂ capture 

from flue gases 

High purity CO₂ recovery 

(70%), high desorption 

efficiency 
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Material Features

Method 

to Capture 

Carbon 

  Applications
Criteria for 

Assessment 
 

Aluminosilica

te zeolites [30]

High-

performance

CO₂ capture

potential 

 

Adsorption 

based on

surface 

interactions 

 

 

CO₂ capture in

various 

industrial 

processes 

 

Predictions suggest

superior CO₂ uptake

compared to Na-X,

guiding material discovery

 

Amine-loaded 

zeolites [31] 

Loaded with

amines for

enhanced 

adsorption 

CO₂ capture

via amine-

functionaliz

ed zeolites 

 

 
CO₂ collection

from gas

streams 

 
High CO₂ adsorption (1.69

mmol/g), cost reduction in

reactor-based systems 

 

 

3.2 Ionic Liquids 

The Ils (Ionic liquids) are a perfect CO2 absorption and regeneration material 

because of their tunable and low vapor pressure characteristics, but has limitation in the 

mass transmission as they are highly viscous.  In a biphasic CO2 capture system 

employing amino acid ionic liquids (AAILs), TEH-[Ser] demonstrated superior 

absorption and regeneration efficiency because of hydrogen bonding [32].  With 99% 

CO2 purity and 96% regeneration efficiency over five cycles, Chang et al. developed a 

novel IL phase change absorbent that absorbed CO2 at 2.08 mol CO2 /mol IL [33]. 

Zhang et al. reviewed MOFs, POPs, ILs, and DESs for CO2 collecting, emphasising 

cost-effectiveness [34]. Cheng et al. suggested energy-efficient CO2 capture with phase 

change absorbents [35]. 

Shawish et al. improved imidazolium cations' thermal stability and CO2 adsorption 

[36]. In their evaluation of ILs and DESs for CO2 reactive capture and conversion, 

Dongare et al. discussed chemisorption and electroreduction [37] Puga et al. 

synthesised spectroscopically confirmed tetralkylphosphonium carboxylate ILs for 

low-energy CO2 capture [38]. Ikeuba et al. highlighted ILs' industrial potential but 

noted scalability issues [39]. TEPA-based phase change absorbents by Song et al. 

reduced heat duty by 37% over MEA solutions [40]. 

Tetramethylammonium cation-based ILs with high CO2 capacity and reversibility 

were synthesised by Liu et al. [41]. Tiwari et al. investigated pre-combustion and post-

combustion CO2 capture and ILs and DESs conversion [42]. Foorginez found 

improvement in CO2 capture with low-viscous and immobilised systems in the aqueous 

DESs [43]. Chafiq et al. Optimized the adsorption and separation of scaling issues in 

IL-MOF composites  [44]. 

3.3 Inorganic Membranes 

Silica and alumina membranes are thermally and chemically resistant, suitable for 

harsh environments, but expensive to manufacture when compared with polymeric 

membranes. The DAC devices has Alkaline adsorbents which supports the neutrality 

of carbon with Li₄SiO₄ desorption temperatures at near 700°C. The main focus is 

Na₂CO₃ membranes on α-Al₂O₃ substrates for the removsl  of CO₂ (around 300°C) and 

to achieve CO₂ selectivity and permeability. The stability was slowed down by the 

thermal breakdown and decomposition of the substrate [45]. The highly efficient carno, 

qxygen and hydrogen separation with reduced energy demand is achieved using 

advanced MIEC oxide materials like cubic fluorite and perovskites [46,47]. The 

chemical, mecahnical and thermal stability of Inorganic membranes makes it superior 

than the conventional separation processes and the mixed-matrix membrane design 
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provides high separation efficiency than the pressure swing adsorption and the 

cryogenic distillation [48]. 

4. Current Sceanrio : CO₂ Emission in India 
As per 2024, inspite of low per-capita amissions, India is the major producers of CO₂ 

because of the vast population and the rapidly expanding economy [49]. The major 

contribution is from coal-based power sources (725 g CO₂/kWh, more than global 

average of 510 g). The coal conributes nearly 70% of the National emissions and 

dominates the energy industry [50].  Though India dominates the steel production than 

 

China, it contributes more to the industrial emissions followed by cement industries 

[51]. The transport contributes almost 45% emissions [52] and the building sector 

contibutes 160 million tonnes of carbon from the conventional fuels and around 460 

million tonnes from electricity [53]. 

Fig. 3. . CO₂ Emission (India) 

5. Mitigation of CO₂ Emissions (Globally) 
The steel and cement is the major contributor of CO2 emission in India with around 

28% and the usage of CCUs can substantially reduce the CO₂ emissions around 310 

million 58]. These industries emits around 700 million tonnes of CO₂ and contribute to 

the Indian economy by 5 trillion USD. In India, the Basalts can store around 359 billion 

tonnes of CO₂ and the cost of carbon capture costs around USD 45–50 per tonne. The 

CCUs can be integrated to the National Green Hydrogen Mission and to the basalt 

resource assessments which sare important to scaling. 

In 2021, the CO₂ emissions from energy has increased to 26% which is the major 

contribution for global warming [54]. The dense population in Bangladesh is 

endangered due to the rising sea levels, intense weather and disturbance in ecosystem 

because of CO₂ emissionsv[55]. The mitigation plan prioritized by the government is 

sustainable energy, hydrogen and CCUS and thereby reduce the industry emissions by 

90% [56].  The CCUs promote a circular carbon ecenomy and reduce the 

greenhouse effect (as per Paris agreement) by the conversion of CO2 into fuels and 

chemicals [57].   
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6. Conclusion 

High-performance materials including zeolites, MOFs, and ionic liquids can 

improve CO₂ capture through better adsorption and efficiency.  Integrated CO₂ capture 

and conversion (ICCC) along with circular-economy principles can be achieved by 

converting captured emissions into a valued product.  The increased usage of CCUs in 

India's showcase the desire to balance the rapid economic expansion and the 

environmental responsibility. The Tata Steel and ONGC is expanding its efforts in 

difficult-to-abate industries like steel and cement.  However, cost, energy utilization, 

and large-scale adoption remain significant challenges.  Moving CCUS forward will  
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