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Preface
This book will describe the various advanced tools and techniques developed in the 
past decade for carbon dioxide capture and its utilization. In the ecosystem, CO2 is 
primarily absorbed by plants, oceans, algae, and soil contents. But in the 21st cen-
tury, increased industrialization and urbanization result in a tremendous production 
of CO2, which is considered as one of the challenging factors of global warming and 
a dreadful pollutant that affects the human health. Researchers attempted to develop 
various techniques using chemical, microbiological, enzymatic, and biomolecular 
systems in order to absorb the increased concentration of CO2 in the environment 
and produce some value-added compounds using CO2. In this context, various bio-
polymers, nanomaterials, bioinspired surfaces, polysaccharides, organic solvents, 
chemicals, enzymes, and metal–organic frameworks (MOFs) were developed and 
utilized for the sequestration of CO2 into various carbonates. The biomolecular sys-
tem has its own importance in the conversion of the atmospheric CO2 into carbon-
ates. Carbonic anhydrase is one of the fastest enzymes and most studied for the 
conversion of CO2. Microflora on the Earth present various classes of methanogens, 
thermophilic bacteria, phosphate-solubilizing bacteria, and acetogens, which play 
important roles in CO2 absorption. Amine-based chemical compounds, porphyrins, 
ionic liquids, eutectic solvents, ceramics, biochar, and organic solvents have also 
great potential to convert CO2 into other fine chemicals or useful products. The 
major advantages such as stability and efficiency of the systems will be discussed in 
the various sections of this book.

Nowadays, climate change is considered as one of the major issues, and the mas-
sive generation of greenhouse gases from automobiles, industries, and carbonaceous 
fuels have tremendously promoted the alteration in temperature from its normal 
cycle. This book will emphasize on the energy generation in the form of biofuels, 
bioelectricity, or biogas from CO2 using chemicals; nanomaterials; and microbial, 
enzymatic, and chemo-enzymatic-integrated systems. This book has been divided 
into four sections. The chapters 1–4 described the importance and utilization of CO2 
in the living system, and various fundamental methods, policies, and techniques 
involved in CO2 conversion. The chapters 5–8 focused on the adsorption and fixa-
tion of CO2 using various ionic liquids, organic solvents, amine-based solutions, 
 electrocatalytic reduction, nanomaterials, porphyrins, ceramics, MOFs, and acti-
vated carbons (in particular, biological materials). This section draws the insight of 
various chemical engineers and researchers working across the globe for CO2 con-
version. The chapters 9 and 10 give the emphasis on the production of value-added 
 products using CO2 and will mainly focus on the production of biomethanol, indus-
trial carbonates, lime, liquid and gaseous fuels, industrially useful precursors, etc. 
The c hapters 11–13 discuss the potential of the microbial system, enzymes involved 
in the sequestration of CO2, and CO2 utilization. The chemo-enzymatic system 
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developed for the utilization of CO2 will be discussed in the respective chapters 
of this book. This reliable information from various active researchers and groups 
will be helpful to find out the alternative methods for clean energy and mitigating 
the climate change. This book will help the researchers and industrialists to better 
understand the correlation between microbial, biological, and chemical products and 
their roles in the conversion of CO2 into useable energy and related products.
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1 Recent Developments 
in CO2-Capture and 
Conversion Technologies

Tanvi Sharma, Abhishek Sharma, Swati Sharma, 
Anand Giri, Ashok Kumar, and Deepak Pant

1.1  INTRODUCTION

Carbon dioxide (CO2) is one of the greenhouse gases causing a threat to the environ-
ment at an increased level. The development of technologies for converting CO2 into 
value-added products can slow down global warming and reduce the energy crisis 
too. Thus, the excess amount of CO2 can be reduced by converting it into industrial 
products, which are useful for the industries and mankind. Therefore, CO2 can be 
considered as a raw substrate for the synthesis of various commercially important 
products. CO2 is emitted from different sources such as cement production units; 
automobiles; and burning of fossil fuels such as oils, coal, and natural gases (Ashley 
et al. 2012; Billig et al. 2019). An effective method to reduce the CO2 level is the 
primary necessity of time. To date, various methods, including enzymatic, chemical, 
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2 Chemo-Biological Systems for CO2 Utilization

photochemical, and electrochemical systems, have been exploited for CO2 capture 
on laboratory-scale and large-scale applications (Figure 1.1) (Wang et al. 2017).

In the literature, various examples have already been given for CO2 capture using 
living organisms and synthetic materials. Using plants and algae to reduce CO2 is 
a sustainable and green approach to decrease global carbon footprint. Many plants, 
such as Pinus radiata and Malus domestica, and algal species, such as Chlorella 
vulgaris and Scenedesmus quadricauda, have been widely studied for their remark-
able CO2-capture capacities (Wu et al. 2012; Pavlik et al. 2017). Among the living 
organisms, bacteria also play a vital role in alleviating the CO2 level by using their 
enzymes such as carbonic anhydrase (CA), formate dehydrogenase, and decarbox-
ylase (Chen 2019). Particularly, CO2 capture using plants, algae, and microbes may 
be proven as an eco-friendly approach. Nowadays, amine-based solvents and ionic 
liquids (ILs) have also been used to reduce the CO2 from industries such as steel 
manufacturing and fossil fuel power plants. Yet, these solvents have some disadvan-
tages such as high energy demand and low CO2-capture efficiency (Vega et al. 2018). 
To overcome these problems, different nanoporous materials, such as metal–organic 
frameworks (MOFs), nanoparticles, nanotubes, nanosized zeolites, and activated 
carbon, are seen as a promising alternative with high CO2-capture efficiency.

Conversion of CO2 into an industrial product is required for greenhouse gas miti-
gation. Nowadays, extensive work is being carried out by researchers for the conver-
sion of CO2 into hydrocarbons such as methane, formic acid, and methanol. It is still 
a tedious task to convert CO2 efficiently, economically, and selectively into products 
of commercial value (Chen and Mu 2019). In this chapter, we emphasize the devel-
opment of techniques and advances in CO2 capture and its conversion into valuable 
fuels and chemicals.

FIGURE 1.1 Schematic representation of various systems used for CO2 capture and 
conversion.



3Developments in CO2 -Capture Technology

1.2 CO2 CAPTURE IN NATURE  

Plant, algae, and microbial enzymes capture the CO2 by carbon-concentrating mech-
anism and play a significant role in maintaining the CO2 concentration in the atmo-
sphere (Table 1.1). The conversion of atmospheric CO2 by the plants and algae occurs 
by photosynthesis, and in this process, enzyme ribulose bisphosphate carboxylase/
oxygenase (RuBisCo) plays a vital role. The CO2 released from various industries 
can be used as a source of carbon for the growth of plants and algae (Mistry et al. 
2019). But the RuBisCo has a low affinity for CO2 over O2, which showed a low CO2 
fixation rate. Many photosynthetic and autotropic bacteria have CA that helps in CO2 
fixation and its conversion. The major benefit of using microorganisms to convert 
CO2 is that they have a natural capability to take up CO2 through their metabolic 
pathways (Rittmann 2008). CO2 sequestration using microorganisms not only pro-
vides a green approach to alleviate global warming, but also produces numerous 
value-added products.

1.2.1 C O2 Capture by plants

Different terrestrial ecosystems such as agricultural land, forest, and orchards play a 
vital role in CO2 capture. For example, P. radiata sequesters about 300–500 tonnes of 
carbon dioxide per hectare. It was also reported that the CO2 sequestration capacity of 
the Chinese forest was 41 tonnes of carbon per hectare (Wu et al. 2012; Mistry et al. 
2019). The disadvantage of using trees like M. domestica for carbon management is 
that the CO2 sequestration capability reduces with the age of the tree (Wu et al. 2012). 

TABLE 1.1
CO2 Capture in Nature Using Plants, Algae, and Microbial Enzymes

S. No Natural System Examples Advantages Disadvantages Reference

1. Plants P. radiate, Pinus 
sylvestris, 
Cynodon dactylon 

Orchards and 
agricultural 
crops can be 
used to fix CO2, 
and they also 
provide food.

CO2 fixation 
capability 
reduces with the 
age of the tree.

Luttge (2004)

2. Algae C. vulgaris, S. 
quadricauda, 
Chlamydomonas 
reinhardtii, 
Nannochloris sp.

Biofuel 
production such 
as biodiesel, 
biohydrogen, 
and bioethanol 

Require light 
during growth 
and poor utility 
in industrial 
reaction.

Batista et al. 
(2015)

3. Microbial enzymes CA, formaldehyde 
dehydrogenase 

Economic 
viability; the 
growth rate of 
microbes is 
faster than that 
of plants.

Low stability Long et al. 
(2017); 
Kumar et al. 
(2019)
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Various plants such as crassulacean acid metabolism (CAM) plants, C3 plants, and 
C4 plants use different carbon fixation pathways. In C3 plants, the product of photo-
synthesis is phosphoglyceric acid. Common examples of C3 plants are Oryza sativa, 
Triticum sp, Hordeum vulgare, Pinus sylvestris, and Arachis hypogaea. To decrease 
the photorespiration, CAM and C4 plants have photosynthetic adaptation, and the rate 
of CO2 conversion is higher in these plants as compared to C3 plants (Grodzinski, 
Jiao, and Leonardos 1998). The C4 plants are the most productive plants, and some 
examples of these plants are Sorghum bicolor, Zea mays, Bouteloua gracilis, and 
Saccharum officinarum. CAM plants are mostly found in a dry environment, and 
to reduce photorespiration, these plants use the CAM pathway. Some examples of 
CAM plants are Hoya carnosa, Ananas comosus, Tillandsia usneoides, and Crassula 
argentea (Mistry et al. 2019; Nimmo 2000; Sage, Sage, and Kocacinar 2012).

Increasing the atmospheric CO2 level results in enhanced photosynthesis, but 
after a certain level, the excessive concentration causes a decrease in the nutritional 
level of the plant (Raven and Karley 2006; Nogia et al. 2016). Thus, to overcome the 
negative effects of global warming, the researchers are trying to improve naturally 
occurring photosynthetic reactions by transferring genes from efficient photosyn-
thetic systems, such as C4 plants, microalgae, and cyanobacteria, to inefficient pho-
tosynthetic systems, like C3 plants.

1.2.2 C O2 Capture by algae

Algae are one of the most widely researched organisms exploited for CO2 fixation. 
The major advantages of algae, including biodegradability, non-toxicity, high CO2 
fixation efficiency, and production of value-added products, make it an ideal candi-
date for large-scale applications. The CO2 emitted from various power plants can be 
used as a carbon source for algal production. Algae use the CO2 as a carbon source 
and fix it into organic compounds using the Calvin–Benson pathway (Ullah et al. 
2015). These organic compounds can be converted into numerous value-added cel-
lular components such as proteins, lipids, vitamins, and carbohydrates that can be 
used as feedstock for animal feed, biofuels, and functional foods. Algal species such 
as C. vulgaris, S. quadricauda, Nannochloropsis sp., Chlamydomonas reinhardtii, 
and Nannochloris sp. have been studied to sequester CO2 (Pavlik et al. 2017). The 
biofixation of CO2 and biomass production depend on the characteristics of micro-
algal species, pH, nutrients, temperature, and CO2 concentration. The microalgae 
like Chlorella sp., are capable of growing in pH of 5.5–6.0, at the temperature of 
30°C, and at 40% CO2 (v/v). The CO2 concentration above 5% (v/v) is lethal for algal 
growth. But the flue gas from the coal-fired plants often includes 10%–15% CO2 that 
was reported to use for the cultivation of algae. In flue gas-assisted algal growth, the 
CO2 that escapes from microalgal solution due to the high rate of gas flow and low 
solubility becomes non-toxic to algal species (Zhao and Su 2014; Chen et al. 2014). 
To improve CO2 fixation efficiency, screening and domestication of algal species will 
be major promising strategies.

The most proficient microalgal species such as C. vulgaris, Scenedesmus 
obliquus, Nannochloropsis oculata, and Botryococcus braunii are used for biofuel 
production due to their high lipid contents (Kamyab, Chelliapan, Nadda, et al. 2019; 
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Kamyab et  al. 2018). Microalgae like S. obliquus is able to produce biohydrogen 
that is considered as the recyclable and non-pollutant. Meanwhile, Dunaliella and 
Spirulina have also been reported as microalgal species widely used for feed produc-
tion or as functional foods due to their high nutritional value (Song et al. 2019; Kim 
et al. 2017; Kamyab, Chelliapan, Lee, et al. 2019; Kamyab et al. 2017).

1.2.3 C O  Capture using MiCrObial enzyMes2

The enzymatic conversion of CO2 can be applied not only for efficient CO2 utiliza-
tion but also for capturing waste CO2 from power plants’ flue gas. Generally, enzyme 
immobilization or absorption technologies have been employed for capturing and long-
term storage of CO2. CA converts CO2 into bicarbonate ions, which can be further 
converted to calcium carbonates in the presence of calcium ions. CaCO3 is the product 
formed during CO2 conversion that can be separated easily and used as a raw material 
for many industrial applications such as ceramics, cement, sugar refining, steel, iron, 
and glass production units (Sharma, Sharma, Kamyab, et al. 2019). In search of potent 
CA, various strategies such as the isolation of bacteria from different habitats, the use 
of protein engineering tools, and immobilization of enzyme on various matrixes to 
achieve high CO2 conversion become essential (Sharma, Sharma, et al. 2018; Sharma, 
Sharma, Sharma, et al. 2019; Kumar et al. 2020; Kumar, Wu, et al. 2018; Thakur et al. 
2018). Various bacterial genera having CA, such as Serratia sp., Pseudomonas sp., 
Bacillus sp., Vibrio sp., and Lactobacillus sp., have been studied for the conversion of 
CO2 into CaCO3 (Kumar, Sundaram, et al. 2018; Kumar et al. 2019).

Besides CA, several other types of decarboxylases have been explored for the 
conversion of CO2 into eco-friendly chemicals. For example, 4-hydroxybenzoate 
decarboxylase purified from Enterobacter cloacae, Chlamydophila, Pneumoniae 
sp., and Clostridium hydroxybenzoicum catalyses the reversible carboxylation of 
phenol with CO2 to yield 4-hydroxybenzoate (Shi et al. 2015). Another promising 
route for the reduction of CO2 into methanol using a multienzymatic system such as 
formaldehyde dehydrogenase, formate dehydrogenase, and alcohol dehydrogenase 
has been gaining attention. Conversion of CO2 into methanol is very beneficial as it 
is cheaper to produce, is less inflammable, and is advantageous in many industries 
(Aresta et al. 2014). Methanol is gaining popularity as an alternative to petroleum-
based fuels and is beneficial for a safer and cleaner environment. Another product 
formed from the enzymatic conversion of CO2 is formic acid, which can be used in 
textile finishing, paper production, animal feed additive, and chemical intermediates 
(Alvarez-Guerra, Quintanilla, and Irabien 2012; Rees and Compton 2011). Formate 
dehydrogenase from Pseudomonas oxalaticus is used in the reduction of CO2 into 
formate using oxidized methyl viologen as an electron relay (Lu et al. 2006; Long 
et al. 2017). In this regard, the enzymatic conversion of CO2 into various products 
using a free or immobilized biocatalyst seems to be a promising approach.

1.3 CO  CAPTURE BY SYNTHETIC MATERIALS2

Various chemical solvents (e.g. diglycolamine (DGA), monoethanolamine (MEA), 
diethylenetriamine) and solid absorbents (nanoparticles, graphene oxide, MOFs) 
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have been used to capture CO2. The CO2-capture efficiency of these solvents and 
solid absorbent materials is high. However, the implementation of CO2-capture plant 
at industrial levels such as in iron and steel manufacturing, fossil fuel power plants, 
and cement production requires novel solvent and solid absorbent formulations with 
highly equipped machinery (Sharma, Sharma, Kamyab, et al. 2019). The nanoporous 
material and chemical solvents will be a key solution to enhance CO2 capture.

1.3.1  CO2 Capture by nanOpOrOus Materials

Nanotechnology can provide a viable material for the global reduction of CO2. 
Nanoporous materials such as metal and metal oxide nanoparticles, nanotubes, 
nanosized zeolites, nanosheets, and MOFs have been used as adsorbents for CO2 
capture (Hedin, Chen, and Laaksonen 2010; Sharma, Verma, et al. 2018; Ghodake 
et al. 2019). Nanoporous materials are one of the best options for capturing CO2 due 
to their large surface area, easy surface functionalization, and low cost (Yu et al. 
2019). Due to the acidic nature of the CO2 molecule, the large surface area of nano-
porous materials is essential for CO2-capture applications. Copper oxide nanopar-
ticles show enhanced CO2 absorption capacity as CO2 molecules have the electron 
acceptor property and these nanoparticles have the electron donor property, which 
results in an efficient CO2 capture (Kim, Cho, and Park 2010).

Nowadays, MOFs are gaining attention due to their three-dimensional structure, 
large pore volume, large surface area, and good potential for CO2 capture. Copper 
porphyrin-based MOFs are emerging tools as they mimic photosynthesis and offer 
a method for designing a photocatalyst for CO2 reduction and its capture (Liu et al. 
2013). Various nanostructures have been studied for CO2 capture; among them, 
nanotubes, nanofibers, and nanosheets have CO2 adsorption capacities between 0.26 
and 4.15 mmol g L−1 (Rodriguez Acevedo, Cortes, and Franco 2019; Wang et al. 
2014). Recent advances in nanomaterials like chemically or physically introducing a 
nanoparticle into a base solvent can obtain liquid nano-absorbents having high CO2-
capture efficiency, improved solvent stability, and decreased solvent vapour pressure 
(Agarwal, Qi, and Archer 2010). These nanoporous structures have enhanced CO2 
absorption capacity as compared to conventional absorbents.

1.3.2  CO2 Capture by graphene Oxides

Recently, graphene, chemically modified graphene, and graphene oxide have been 
widely used in gas separation, desalination, organic separation, and water filtration 
processes. Due to their outstanding chemical stability, thermal stability, and mechan-
ical strength, graphene-based materials have attracted the attention of researchers. 
As such, graphene-based materials are recognized for their potential in capturing 
CO2 from the combustion of fossil fuels (Ali, Razzaq, and In 2019; Chowdhury and 
Balasubramanian 2016). It was found that graphene hydrogel prepared via the hydro-
thermal treatment of graphene oxide, having high surface area, three-dimensional 
structure, and large pore volume, showed high CO2 adsorption capacity (Sui and 
Han 2015). In another study, it was reported that polyethylenimine loading on 3D 
graphene led to an increase in CO2-capture capacity (Liu et al. 2015). Moreover, 
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the nanoporous graphene (NPG) membrane has the ability to separate CO2 from 
CO2/CH4, CO2/O2, and CO2/N2. The performance of the NPG membrane used for 
the separation of gaseous impurities is governed by its monoatomic thickness and 
high permeability for gas molecules (Lee and Aluru 2013). Although great progress 
has been achieved on the benefits of graphene-based membranes for CO2 capture, 
there are still some challenges that need to be addressed, such as resistance against 
impurities (SO2 and NO2), temperature, pressure, and graphene production cost.

1.3.3  CO2 by CheMiCals

Among various technologies employed for CO2 capture, chemical absorption using 
aqueous amine solutions such as DGA, methyl diethanolamine (MDEA), MEA, and 
pentamethyldiethylenetriamine (PMDETA) is one of the most widely used methods 
(Dutcher, Fan, and Russell 2015; Mazari et al. 2015). During CO2 capture by an 
amine, one CO2 molecule reacts with two amine molecules to form a stable carba-
mate ion and protonated amine, limiting the loading capacity to 0.5 mol CO2/mol 
amine (Stowe and Hwang 2017). MEA is one of the highly efficient amines employed 
for CO2 absorption with 90% efficiency. These amine solutions possess some draw-
backs such as high energy consumption in regeneration, high equipment corrosion 
rate, and low CO2-capture efficiency. So, the researchers are focusing on novel sol-
vent blends because they possess high thermal stability and are resistant to corrosion 
and solvent degradation; moreover, these solvent blends require low energy for sol-
vent regeneration (Lee et al. 2012). These novel solvent blends consist of fast kinetic 
solvents like MEA and other slow kinetic solvents like MDEA (Tong et al. 2013). 
These blends improve individual CO2 absorption capacity.

Nowadays, IL has engrossed the attention of researchers due to its unique proper-
ties such as non-volatility, high thermal stability, non-toxicity, high polarity, and low 
energy requirement for energy regeneration (Yu, Huang, and Tan 2012; Cullinane 
and Rochelle 2004). IL selectively absorbs acidic gases, and these ILs are organic 
salts with low vapour pressure and increased boiling point. Although IL possesses 
higher selectivity and CO2 solubility for CO2-capture application, some researchers 
stated that amino-functionalized IL has more CO2 absorption capacity. Recently, 
amino-functionalized ILs such as triethylenetetramine lysine and diethylenetri-
amine lysine were used, and CO2 uptake capacity of this system was found to be 
2.59 and 2.13 mol CO2/mol, respectively (Jing et al. 2018). But the viscosity and 
production cost of these ILs are high, which may be one of the concerns in their 
practical applications.

1.4 S YNTHESIS OF INDUSTRIAL PRODUCTS BY CO2 CONVERSION

Transformation of CO2 into useful chemicals/fuels is a promising strategy as such a 
system not only provides value-added products by consuming CO2, but also allevi-
ates global warming. Additionally, the CO2 conversion into industrial products also 
possesses the potential to fulfil the energy demand in a sustainable manner. CO2 is 
a notorious greenhouse gas and a cheaper source of carbon too (Ali, Razzaq, and In 
2019; Wang, Yu, and Huang 2018). The development of a new system for converting 
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CO2 into hydrocarbon and alcohol is an attractive subject. Various methods are 
employed for CO2 conversion, including photochemical, enzymatic, chemical, and 
electrochemical methods. These methods will vary in the economic value of the 
product, CO2 fixation time, and volume of CO2 utilized (Long et al. 2017). Therefore, 
CO2 concentration in future technologies and processes needs to be reduced in a con-
trolled manner that allows the conversion of CO2 into industrial products.

1.4.1 M ethanOl

Biomethanol is an alternative fuel to petrochemical industries, and it can be pro-
duced by the reduction of CO2. Firstly, the electrochemical reduction of CO2 into 
methanol using formate dehydrogenase, methanol dehydrogenase, and pyrroloquino-
line quinone (PQQ) as a cofactor was reported. This approach provides a facile route 
for the production of methanol from CO2 under mild conditions (Shi et al. 2015). The 
catalytic hydrogenation of CO2 and H2 is the basis of the syngas process. Various 
homogeneous and heterogeneous catalytic systems are used for catalytic hydrogena-
tion of CO2 into methanol. For over 40 years, Zn/Cu/Al2O3 catalyst system is used for 
the industrial synthesis of methanol (Yang et al. 2017). Carbon Recycling Inc (CRI) 
plant in Iceland produces low-carbon-intensity methanol that is utilized for gasoline 
blending and biodiesel production (Pontzen et al. 2011; Sharma, Shadiya, et al. 2019). 
CRI is the first company to capture CO2 from flue gas and to be involved in the large-
scale conversion of CO2 into methanol.

1.4.2  CarbOn MOnOxide

Carbon monoxide (CO) is considered as waste gas, yet it is a vital feedstock for the 
synthesis of many fuels and chemicals. Mostly, the conversion of CO2 to CO occurs 
in the presence of a catalyst, which results in a decrease in reaction rate and an 
increase in reaction velocity. Recently, the rhenium tricarbonyl catalyst attracted the 
attention of researchers for the conversion of CO2 to CO. Carbon monoxide dehy-
drogenase from Moorella thermoacetica was the first reported biological catalyst 
for the electrochemical reduction of CO2, and it exhibits no overpotential. However, 
the direct electrochemical reduction of CO2 requires 1–2-V overpotential. Carbon 
monoxide dehydrogenase is another important metalloenzyme that contains nickel 
and iron in its inactive site, which catalyses the reversible oxidation of CO to CO2. 
Several metal-centred catalysts such as nickel, iron, cobalt, and ruthenium catalyse 
the conversion of CO2 into a value-added product (Agarwal et al. 2012; Shin et al. 
2003). Further insights in this field are required to develop an effective catalytic 
system in terms of selectivity and overpotential.

1.4.3  Methane (Ch4)

Methane is one of the most efficient means to store electric energy. The most com-
mon methods for methane synthesis are Sabatier reaction and Fischer–Tropsch pro-
cess, but both of these methods are expensive. For a catalytic transformation of CO2 
to methane, Rh/γ-Al2O3 catalyst is one of the promising compounds, as this works 
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at low pressure and temperature as compared to other conventional methods that 
require higher temperatures (Beuls et al. 2012). It was reported that nitrogenase con-
taining molybdenum iron protein also catalyses the reduction of CO2 to methane 
(Yang et al. 2012). Nowadays, research has been going for implementing TiO2 nano-
tubes for CO2 conversion; this technique is eco-friendly as it depends on solar energy 
as an input.

1.4.4  FOrMiC aCid

Formic acid can be used as animal feed additive, silage preservation, fuel for low-
temperature fuel cells, and textile finishing, and in paper and pulp industry. The 
various homogeneous and heterogeneous systems have been studied for the reduc-
tion of CO2 into formic acid (Alvarez-Guerra, Quintanilla, and Irabien 2012). In a 
homogeneous system, Formate dehydrogenase (FDH) is used for the hydration of 
CO2 into formic acid. The catalyst uses NADPH as an electron donor and is embed-
ded in alginate–silica hybrid gel nanostructures; this process occurs at low tempera-
ture and neutral pH. In addition to the homogeneous system, several heterogeneous 
systems have also been developed in the past decades (Lu et al. 2006). The catalytic 
hydrogenation of CO2 into formic acid using Ru(II)Cl(OAc)(PMe3)4 as a catalyst in 
the presence of alcohol and base shows the high turnover frequency for formic acid 
production (Munshi et al. 2002). Various other metal complexes such as Ni, Rh, Pd, 
and Cu have been studied for formic acid formation with excellent yields. Climostat 
Ltd. (Cheshire, UK) has filed a patent application for the conversion of CO2 and 
methane into formic acid using enzymatic catalysis (Fothergill et al., 2014).

1.5 CONCLUSION

Worldwide, CO2 capture seems to be one of the serious issues. There is a critical need 
to capture CO2 from the atmosphere, in order to prevent climate change. Although 
various efforts have been made to capture CO2, there are still some challenges that 
need to be addressed. Various impurities in the flue gases may affect the activity and 
stability of chemical solvents and absorbent materials. Conversion of captured CO2 
into industrial products at large scale is still needed to be explored.

ACKNOWLEDGEMENT

The financial support from the Jaypee University of Information Technology, 
Waknaghat, Solan, is thankfully acknowledged to undertake this study. Further, 
the authors have no conflict of interest either among themselves or with the parent 
institution.

REFERENCES

Agarwal, Jay, Etsuko Fujita, Henry F. Schaefer, and James T. Muckerman. 2012. “Mechanisms 
for CO production from CO2 using reduced rhenium tricarbonyl catalysts.” Journal of 
the American Chemical Society 134 (11):5180–6. doi: 10.1021/ja2105834.

  



10 Chemo-Biological Systems for CO2 Utilization

Agarwal, Praveen, Haibo Qi, and Lynden A. Archer. 2010. “The ages in a self-suspended 
nanoparticle liquid.” Nano Letters 10 (1):111–5. doi: 10.1021/nl9029847.

Ali, Shahzad, Abdul Razzaq, and Su-Il In. 2019. “Development of graphene based photocata-
lysts for CO2 reduction to C1 chemicals: A brief overview.” Catalysis Today 335:39–54. 
doi: 10.1016/j.cattod.2018.12.003.

Alvarez-Guerra, Manuel, Sheila Quintanilla, and Angel Irabien. 2012. “Conversion of 
carbon dioxide into formate using a continuous electrochemical reduction process 
in a lead cathode.” Chemical Engineering Journal 207–208:278–84. doi: 10.1016/j.
cej.2012.06.099.

Aresta, Michele, Angela Dibenedetto, TomaszBaran, Antonella Angelini, Przemyslaw 
Labuz, and Wojciech. Macyk. 2014. “An integrated photocatalytic/enzymatic sys-
tem for the reduction of CO2 to methanol in bioglycerol-water.” Beilstein Journal of 
Organic Chemistry 10:2556–65. doi: 10.3762/bjoc.10.267.

Ashley, Michael, Charles Magiera, Punnamchandar Ramidi, Gary Blackburn, Timothy 
G Scott, Rajeev Gupta, Kerry Wilson, Anindya Ghosh, and Abhijit Biswas. 2012. 
“Nanomaterials and processes for carbon capture and conversion into useful by- 
products for a sustainable energy future.” Greenhouse Gases: Science and Technology 
2 (6):419–44. doi: 10.1002/ghg.1317.

Batista, Ana, Paula Lucas Ambrosano, Sofia Graca, Catarina Sousa, Paula Marques, 
Belina Ribeiro, Botrel Elbris, Castro Neto Pedro, and Lusia Gouveia. 2015. 
“Combining urban wastewater treatment with biohydrogen production--an inte-
grated microalgae-based approach.” Bioresource Technology 184:230–5. doi: 
10.1016/j.biortech.2014.10.064.

Beuls, Antoine, Colas Swalus, Marc Jacquemin, George Heyen, Alejandro Karelovic, and 
Patricio Ruiz. 2012. “Methanation of CO2: Further insight into the mechanism over 
Rh/γ-Al2O3 catalyst.” Applied Catalysis B: Environmental 113–114:2–10. doi: https://
doi.org/10.1016/j.apcatb.2011.02.033.

Billig, Eric, Maximilian Decker,Walther Benzinger, F. Ketelsen, Peter Pfeifer,. Ralf Peters, 
Detlef Stolten, and Daiela Thrän. 2019. “Non-fossil CO2 recycling—The technical 
potential for the present and future utilization for fuels in Germany.” Journal of CO2 
Utilization 30:130–41 doi: 10.1016/j.jcou.2019.01.012.

Chen, Fanbing. 2019. “Cloning, expression and characterization of two beta carbonic anhy-
drases from a newly isolated CO2 fixer, Serratia marcescens Wy064.” Indian Journal 
of Microbiology 59 (1):64–72. doi: 10.1007/s12088-018-0773-6.

Chen, Wei-Hsin, Ming-Yueh Huang, Jo-Shu Chang, and Chun-YenChen.2014. “Thermal 
decomposition dynamics and severity of microalgae residues in torrefaction.” 
Bioresource Technology 169:258–64 doi: 10.1016/j.biortech.2014.06.086.

Chen, Yu, and Tiancheng Mu. 2019. “Conversion of CO2 to value-added products mediated 
by ionic liquids.” Green Chemistry 21 (10):2544–74. doi: 10.1039/C9GC00827F.

Chowdhury, Shamik, and Rajasekhar Balasubramanian. 2016. “Holey graphene frameworks 
for highly selective post-combustion carbon capture.” Scientific Reports 6 (1):21537. 
doi: 10.1038/srep21537.

Cullinane, J. Tim, and Gary Thomas Rochelle. 2004. “Carbon dioxide absorption with aque-
ous potassium carbonate promoted by piperazine.” Chemical Engineering Science 59 
(17):3619–30. doi: https://doi.org/10.1016/j.ces.2004.03.029.

Dutcher, Bryce, Maohong Fan, and Armistead G. Russell. 2015. “Amine-based CO2 cap-
ture technology development from the beginning of 2013—A review.” ACS Applied 
Materials & Interfaces 7 (4):2137–48. doi: 10.1021/am507465f.

Fothergill MichaelDavid., Timothy David Gibson., Gerard Garcia Sobany. 2014. Method 
of enzyme conversion using an immobilized composition consisting of at least two 
enzymes and cofactor. UK Patent, US 6440711,B.



11Developments in CO2 -Capture Technology

Ghodake, Gajanan, Surendra Shinde, Rijuta Ganesh Saratale, Avinash Kadam, Ganesh 
Dattatraya Saratale, Rahul Patel, Ashok Kumar, Sunil Kumar, and Dae-Young Kim. 
2019. “Whey peptide-encapsulated silver nanoparticles as a colorimetric and spectro-
photometric probe for palladium(II).” Microchimica Acta 186 (12):763. doi: 10.1007/
s00604-019-3877-8.

Grodzinski, Bernard.,  Jirong Jiao, and Evangelos D. Leonardos. 1998. “Estimating photo-
synthesis and concurrent export rates in C3 and C4 species at ambient and elevated 
CO21,2.” Plant Physiology 117 (1):207–15. doi: 10.1104/pp.117.1.207.

Hedin, Niklas, LiJun Chen, and Aatto Laaksonen. 2010. “Sorbents for CO2 capture from 
flue gas—aspects from materials and theoretical chemistry.” Nanoscale 2 (10):1819–41. 
doi: 10.1039/C0NR00042F.

Jing, Guohua, Yuhao Qian, Xiaobin Zhou, Bihong Lv, and Zuoming Zhou. 2018. “Designing 
and screening of multi-amino-functionalized ionic liquid solution for CO2 capture by 
quantum chemical simulation.” ACS Sustainable Chemistry & Engineering 6 (1):1182–
91. doi: 10.1021/acssuschemeng.7b03467.

Kamyab, Hesam, Shreeshivadasan Chelliapan, Chew Tin Lee, Shahabaldin Rezania, 
Amirreza Talaiekhozani, Tayebeh Khademi, and Ashok Nadda. 2019. “Microalgae 
cultivation using various sources of organic substrate for high lipid content.” In 
International Conference on Urban Drainage Modelling, 893–8.

Kamyab, Hesam, Shreeshivadasan Chelliapan, Mohd Fadhil Md Din, Shahabaldin Rezania, 
Tayebeh Khademi, and Ashok Nadda. 2018. “Palm oil mill effluent as an environmen-
tal pollutant.” In Palm Oil edited by Vidhuranga Waisundara, 13–28. London, UK: 
Intech Open Limited.

Kamyab, Hesam, Shreeshivadasan Chelliapan, Mohd Fadhil Md Din, Reza Shahbazian-
Yassar, Shahabaldin Rezania, Tayebeh Khademi, and Ashok Nadda. 2017. “Evaluation 
of Lemna minor and Chlamydomonas to treat palm oil mill effluent and fertil-
izer production.” Journal of Water Process Engineering 17:229–36 doi: 10.1016/j.
jwpe.2017.04.007.

Kamyab, Hesam, Shreeshivadasan Chelliapan, Ashok Nadda, Shahabaldin Rezania, 
Amirreza Talaiekhozani, Tayebeh Khademi, Parveen Fatemeh Rupani, and Swati 
Sharma. 2019. “Microalgal biotechnology application towards environmental sus-
tainability.” In Application of Microalgae in Wastewater Treatment edited by Sanjay 
Kumar Gupta and Bux Faizal 445–65. Singapore: Springer Singapore.

Kim, Byung- Joo, Ki-Sook Cho, and Soo-Jin Park. 2010. “Copper oxide-decorated porous 
carbons for carbon dioxide adsorption behaviors.” Journal of Colloid and Interface 
Science 342 (2):575–8. doi: 10.1016/j.jcis.2009.10.045.

Kim, G. Y., J. Heo, H. S. Kim, and J. I. Han. 2017. “Bicarbonate-based cultivation of Dunaliella 
salina for enhancing carbon utilization efficiency.” Bioresource Technology 237:72–7 
doi: 10.1016/j.biortech.2017.04.009.

Kumar, A., Gaobing Wu, Zuo Wu, Narender Kumar, and Ziduo Liu. 2018. “Improved cata-
lytic properties of a serine hydroxymethyl transferase from Idiomarina loihiensis by 
site directed mutagenesis.” International Journal of Biological Macromolecules 
117:1216–23 doi: 10.1016/j.ijbiomac.2018.05.003.

Kumar, Ashok, Renata Gudiukaite, Alisa Gricajeva, Mikas Sadauskas, Vilius Malunavicius, 
Hesam Kamyab, Swati Sharma, Tanvi Sharma, and Deepak Pant. 2020. “Microbial 
lipolytic enzymes – promising energy-efficient biocatalysts in bioremediation.” Energy 
192:116674. doi: https://doi.org/10.1016/j.energy.2019.116674.

Kumar, Ashok, Tanvi Sharma, Sikandar I. Mulla, Hesam Kamyab, Deepak Pant, and Swati 
Sharma. 2019. “Let’s protect our earth: Environmental challenges and implications.” 
In Microbes and Enzymes in Soil Health and Bioremediation, edited by Ashok Kumar 
and Swati Sharma, 1–10. Singapore: Springer Singapore.



12 Chemo-Biological Systems for CO2 Utilization

Kumar, Manish, Smita Sundaram, Edgard Gnansounou, Christian Larroche, and Indu 
Shekhar Thakur. 2018. “Carbon dioxide capture, storage and production of biofuel and 
biomaterials by bacteria: A review.” Bioresource Technology 247:1059–68 doi: https://
doi.org/10.1016/j.biortech.2017.09.050.

Lee, Joonho, andNarayana R. Aluru. 2013. “Water-solubility-driven separation of gases 
using graphene membrane.” Journal of Membrane Science 428:546–53 doi: 10.1016/j.
memsci.2012.11.006.

Lee, Sang-Sup., Seong-Man Mun, Won-Joon Choi, Byoung-Moo Min, Sang-Won Cho, and 
Kwang-Joong Oh. 2012. “Absorption characteristics of new solvent based on a blend 
of AMP and 1,8-diamino-p-menthane for CO2 absorption.” Journal of Environmental 
Sciences (China) 24 (5):897–902. doi: 10.1016/s1001-0742(11)60788-2.

Liu, Fa-Qian, Wei Li, Jie Zhao, Wei-Hua Li, Dong-Mei Chen, Li-Shui Sun, Lei Wang, and 
Rong-Xun Li. 2015. “Covalent grafting of polyethyleneimine on hydroxylated three-
dimensional graphene for superior CO2 capture.” Journal of Materials Chemistry A 3 
(23):12252–8. doi: 10.1039/C5TA01536G.

Liu, Yuanyuan, Yanmei Yang, Qilong Sun, Zeyan Wang, Baibiao Huang, Ying Dai, Xiaoyan 
Qin, and Xiaoyang Zhang. 2013. “Chemical adsorption enhanced CO2 capture and pho-
toreduction over a copper porphyrin based metal organic framework.” ACS Applied 
Materials & Interfaces 5 (15):7654–8. doi: 10.1021/am4019675.

Long, Nguyen, Jintae Lee, Kee-Kahb Koo, Patricia Luis, and Moonyong Lee. 2017. “Recent 
progress and novel applications in enzymatic conversion of carbon dioxide.” Energies 
10:473, 1–19. doi: 10.3390/en10040473.

Lu, Yang, Zhong-Yi Jiang, Song-Wei Xu, and Hong Wu. 2006. “Efficient conversion of CO2 
to formic acid by formate dehydrogenase immobilized in a novel alginate–silica hybrid 
gel.” Catalysis Today 115 (1):263–8. doi: https://doi.org/10.1016/j.cattod.2006.02.056.

Luttge, U. 2004. “Ecophysiology of crassulacean acid metabolism (CAM).” Annals of Botany 
93 (6):629–52. doi: 10.1093/aob/mch087.

Mazari, Shaukat A., Brahim Si Ali, Badrul M. Jan, Idris Mohamed Saeed, and S. Nizamuddin. 
2015. “An overview of solvent management and emissions of amine-based CO2 capture 
technology.” International Journal of Greenhouse Gas Control 34:129–40 doi: https://
doi.org/10.1016/j.ijggc.2014.12.017.

Mistry, Avnish Nitin, Upendar Ganta, Jitamanyu Chakrabarty, and Susmita Dutta. 2019. 
“A review on biological systems for CO2 sequestration: Organisms and their path-
ways.” Environmental Progress & Sustainable Energy 38 (1):127–36. doi: 10.1002/
ep.12946.

Munshi, Pradip, A. Denise Main, John C. Linehan, Chih-Cheng Tai, and Philip G. Jessop. 
2002. “Hydrogenation of carbon dioxide catalyzed by ruthenium trimethylphosphine 
complexes:  The accelerating effect of certain alcohols and amines.” Journal of the 
American Chemical Society 124 (27):7963–71. doi: 10.1021/ja0167856.

Nimmo, H. G. 2000. “The regulation of phosphoenolpyruvate carboxylase in CAM plants.” 
Trends in Plant Science 5 (2):75–80. doi: 10.1016/s1360-1385(99)01543-5.

Nogia, Panchsheela, Gurpreet Kaur Sidhu, Rajesh Mehrotra, and Sandhya Mehrotra. 2016. 
“Capturing atmospheric carbon: biological and nonbiological methods.” International 
Journal of Low-Carbon Technologies 11 (2):266–74. doi: 10.1093/ijlct/ctt077.

Pavlik, David, Yingkui Zhong, Carly Daiek, Wei Liao, Robert Morgan, William Clary, and 
Yan Liu. 2017. “Microalgae cultivation for carbon dioxide sequestration and protein 
production using a high-efficiency photobioreactor system.” Algal Research 25:413–20 
doi: 10.1016/j.algal.2017.06.003.

Pontzen, Florian, Waldemar Liebner, Veronika Gronemann, Martin Rothaemel, and Bernd 
Ahlers. 2011. “CO2-based methanol and DME – Efficient technologies for industrial 
scale production.” Catalysis Today 171:242–50 doi: 10.1016/j.cattod.2011.04.049.



13Developments in CO2 -Capture Technology

Raven, John A., and Alison J. Karley. 2006. “Carbon sequestration: Photosynthesis and sub-
sequent processes.” Current Biology 16 (5):R165–7. doi: 10.1016/j.cub.2006.02.041.

Rees, Neil, and Richard Compton. 2011. “Sustainable energy: A review of formic acid elec-
trochemical fuel cells.” Journal of Solid State Electrochemistry 15:2095–100. doi: 
10.1007/s10008-011-1398-4.

Rittmann, Bruce. 2008. “Opportunities for renewable bioenergy using microorganisms.” 
Biotechnology and Bioengineering 100 (2):203–12. doi: 10.1002/bit.21875.

Rodriguez Acevedo, Elizabeth.,  Farid B Cortes, and Camilo A Franco. 2019. “An enhanced 
carbon capture and storage process (e-CCS) applied to shallow reservoirs using 
nanofluids based on nitrogen-rich carbon nanospheres.” Materials 12 (13):2088. doi: 
10.3390/ma12132088.

Sage, Rowan F., Tammy L. Sage, and Ferit Kocacinar. 2012. “Photorespiration and the evolu-
tion of C4 photosynthesis.” Annual Review of Plant Biology 63 (1):19–47. doi: 10.1146/
annurev-arplant-042811-105511.

Sharma, Abhishek, Shadiya, Tanvi Sharma, Rakesh Kumar, Khemraj Meena, and Shamsher 
Singh Kanwar. 2019. “Biodiesel and the potential role of microbial lipases in its pro-
duction.” In Microbial Technology for the Welfare of Society, edited by Pankaj Kumar 
Arora, 83–99. Singapore: Springer Singapore.

Sharma, Abhishek, Tanvi Sharma, Khem Raj Meena, Ashok Kumar, and Shamsher Singh 
Kanwar. 2018. “High throughput synthesis of ethyl pyruvate by employing superpara-
magnetic iron nanoparticles-bound esterase.” Process Biochemistry 71:109–17 doi: 
10.1016/j.procbio.2018.05.004.

Sharma, Abhishek, Taruna Sharma, Tanvi Sharma, Shweta Sharma, and Shamsher Singh 
Kanwar. 2019. “Role of microbial hydrolases in bioremediation.” In Microbes and 
Enzymes in Soil Health and Bioremediation, edited by Ashok Kumar and Swati 
Sharma, 149–64. Singapore: Springer Singapore.

Sharma, Swati, Ambika Verma, Ashok Nadda, and Hesam Kamyab. 2018. “Magnetic nano-
composites and their industrial applications.” Nano Hybrids and Composites 20:149–
72 doi: 10.4028/www.scientific.net/NHC.20.149.

Sharma, Tanvi, Swati Sharma, Hesam Kamyab, and Ashok Kumar. 2019. “Energizing the 
CO2 utilization by chemo-enzymatic approaches and potentiality of carbonic anhy-
drases: A review.” Journal of Cleaner Production 247:(2020) 119138. doi:10.1016/j.
jclepro.2019.119138.

Shi, Jiafu., Yanjun Jiang. Zhongyi Jiang, Xueyan Wang., Shaohua Zhang, Pingping Han, 
and Chen Yang. 2015. “Enzymatic conversion of carbon dioxide.” Chemical Society 
Reviews 44 (17):5981–6000. doi: 10.1039/c5cs00182j.

Shin, Woonsup, Sang Hee Lee, Jun Won Shin, Sang Phil Lee, and Yousung Kim. 2003. 
“Highly selective electrocatalytic conversion of CO2 to CO at −0.57 V (NHE) by car-
bon monoxide dehydrogenase from Moorella thermoacetica.” Journal of the American 
Chemical Society 125 (48):14688–9. doi: 10.1021/ja037370i.

Song, Chunfeng, Qingling Liu, Yun Qi, Guanyi Chen, Yingjin Song, Yasuki Kansha, and 
Yutaka Kitamura. 2019. “Absorption-microalgae hybrid CO2 capture and biotrans-
formation strategy—A review.” International Journal of Greenhouse Gas Control 
88:109–17 doi: 10.1016/j.ijggc.2019.06.002.

Stowe, Haley M., and Gyeong S. Hwang. 2017. “Fundamental understanding of CO2 capture 
and regeneration in aqueous amines from first-principles studies: Recent progress and 
remaining challenges.” Industrial & Engineering Chemistry Research 56 (24):6887–
99. doi: 10.1021/acs.iecr.7b00213.

Sui, Zhu-Yin, and Bao-Hang Han. 2015. “Effect of surface chemistry and textural proper-
ties on carbon dioxide uptake in hydrothermally reduced graphene oxide.” Carbon 
82:590–8 doi: 10.1016/j.carbon.2014.11.014.



14 Chemo-Biological Systems for CO2 Utilization

Thakur, Neha, Ajay Kumar, Abhishek Sharma, Tek Chand Bhalla, and Dinesh Kumar. 2018. 
“Purification and characterization of alkaline, thermostable and organic solvent stable 
protease from a mutant of Bacillus sp.” Biocatalysis and Agricultural Biotechnology 
16:217–24 doi: 10.1016/j.bcab.2018.08.005.

Tong, Danlu, Geoffrey C. Maitland, Martin J. P. Trusler, and Paul S. Fennell. 2013. “Solubility 
of carbon dioxide in aqueous blends of 2-amino-2-methyl-1-propanol and piperazine.” 
Chemical Engineering Science 101:851–64 doi: 10.1016/j.ces.2013.05.034.

Ullah, Kifayat, Mushtaq Ahmad, Sofia, Vinod Sharma, Pengmei Lu, Adam Harvey, 
Muhammad Zafar, and Shazia Sultana. 2015. “Assessing the potential of algal bio-
mass opportunities for bioenergy industry: A review.” Fuel 143:414–23 doi: 10.1016/j.
fuel.2014.10.064.

Vega, Fernando, Mercedes Cano, Sara Camino, Luz M. Gallego Fernández, Esmeralda 
Portillo, and Benito Navarrete. 2018. “Solvents for carbon dioxide capture.” In Carbon 
Dioxide Chemistry, Capture and Oil Recovery, edited by Iyad Karame, Janah Shayaand 
Hassan Srour, 141–62. London, UK: Intech Open Limited.

Wang, Junya, Liang Huang, Ruoyan Yang, Zhang Zhang, Jingwen Wu, Yanshan Gao, Qiang 
Wang, Dermot O’Hare, and Ziyi Zhong. 2014. “Recent advances in solid sorbents 
for CO2 capture and new development trends.” Energy & Environmental Science 7 
(11):3478–518. doi: 10.1039/C4EE01647E.

Wang, Minghui, Junjie Zhao, Xiaoxue Wang, Andong Liu, and Karen K. Gleason. 2017. 
“Recent progress on submicron gas-selective polymeric membranes.” Journal of 
Materials Chemistry A 5 (19):8860–86. doi: 10.1039/C7TA01862B.

Wang, Yuan, Yulv Yu, and Jin Huang. 2018. “Catalytic conversion of CO2 to value-added 
products under mild conditions.” ChemCatChem 10(21): 4849–53. doi: 10.1002/
cctc.201801346.

Wu, Ting, Yi Wang, Changjiang Yu, Rawee Chiarawipa, Xinzhong Zhang, Zhenhai Han, and 
Lianhai Wu. 2012. “Carbon sequestration by fruit trees - Chinese apple orchards as an 
example.” PLOS One 7 (6):e38883. doi: 10.1371/journal.pone.0038883.

Yang, Haiyan, Chen Zhang, Peng Gao, Hui Wang, Xiaopeng Li, Liangshu Zhong, Wei Wei, 
and Yuhan Sun. 2017. “A review of the catalytic hydrogenation of carbon dioxide into 
value-added hydrocarbons.” Catalysis Science & Technology 7 (20):4580–98. doi: 
10.1039/C7CY01403A.

Yang, Zhi- Yong., Moure Vivian-Rotuno, Dean Dennis R, and Seefeldt Lance. 2012. “Carbon 
dioxide reduction to methane and coupling with acetylene to form propylene catalyzed 
by remodeled nitrogenase.” Proceedings of the National Academy of Sciences of the 
United States of America 109 (48):19644–8. doi: 10.1073/pnas.1213159109.

Yu, Cheng-Hsiu, Chih-Hung Huang, and Chung-Sung Tan. 2012. “A review of CO2 capture 
by absorption and adsorption.” Aerosol and Air Quality Research 12 (5):745–69. doi: 
10.4209/aaqr.2012.05.0132.

Yu, Wei, Tao Wang, Ah-Hyung Alissa Park, and Mengxiang Fang. 2019. “Review of liquid 
nano-absorbents for enhanced CO2 capture.” Nanoscale 11 (37):17137–56. doi: 10.1039/
C9NR05089B.

Zhao, Bingtao, and Yaxin Su. 2014. “Process effect of microalgal-carbon dioxide fixation and 
biomass production: A review.” Renewable and Sustainable Energy Reviews 31:121–32. 
doi: 10.1016/j.rser.2013.11.054.



15

2 Heterogeneous 
Catalytic Hydrogenation 
of CO2 to Basic 
Chemicals and Fuels
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2.1  INTRODUCTION

Due to economic development, energy consumption, including fossil fuel, is increas-
ing all around the world. The use of fossil fuels for energy production in houses, 
power plants, and vehicles is the main source of anthropogenic CO2 emissions. In 
2017, CO2 concentration in the atmosphere reached 405 ppm (Liu et al., 2019). It is 
predicted that by the end of this century, CO2 concentration in the atmosphere will 
continue to rise to 570 ppm. Unfortunately, it is not possible to propose a truly low-
carbon technology to the public market in the short term. The best approach will be 
CO2 utilization (Araújo et al., 2014).
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