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Chemical Valorization of CO2

Esperanza Ruiz Martínez and José María Sánchez Hervás

Abstract

The growing CO2 atmospheric concentrations, linked
with detrimental global warming, and the declining fossil
resources derived from power generation, transportation
and industries are of great environmental and sustainabil-
ity concerns. Chemical valorization of CO2 into fuels,
chemicals, polymers and construction materials is a
promising tool to reduce fossil fuel depletion and
greenhouse gas emissions, contribute to decarbonization
of energy, transport and industrial sectors and to fulfill
climate goals, while storing renewable energy and
generating revenue. Chemical valorization of CO2 has
the potential to generate products with similar or
improved quality and with smaller carbon and water
footprints, energy consumption and production costs than
traditionally produced counterparts. However, the deploy-
ment of these CO2-based products is limited to about 10
million tons of CO2 per year, due to the early stage of
development of some valorization routes, the need for
low-carbon, cheap and renewable energy and hydrogen
and the fulfillment of quality standards and regulations.
This chapter focuses on valorization technologies
approaching commercialization, consuming huge
amounts of CO2 and integrating renewable energy, and
reviews the maturity, the scaling-up potential, the
climatic, economic and environmental benefits and the
bottlenecks for commercialization of the technologies and
the market size and price of the synthesized products.

Keywords

CO2 recycling � Renewable energy storage � CO2 to
chemicals � CO2 to fuels � CO2 to polymers � CO2 to
building materials � Climate change � Greenhouse gas
mitigation � Chemical processes � CO2 utilization
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1 Introduction

Carbon dioxide is a waste gas resulting mainly from fossil
fuel combustion for transportation and power generation and
from other industrial processes. Carbon dioxide has a high
greenhouse gas potential and is regarded as one of the
foremost contributors to climate change and global warming
(Ganesh 2014; Goeppert et al. 2014).

The production of energy, fuels, chemicals and materials
from fossil sources continues to play a crucial role (Goeppert
et al. 2014). On account of continuous increase in the
atmospheric concentration of carbon dioxide and progressive
depletion of fossil fuel reserves resulting from extensive
power generation, chemical valorization of emitted carbon
dioxide to fuels, chemicals and materials is considered as a
method complementary to carbon dioxide sequestration and
storing for reducing greenhouse gas emissions, enabling
carbon dioxide recycling and a more sustainable exploitation
of resources, while reducing costs associated with carbon

dioxide capture or allows obtaining an economic revenue
(Centi 2009; Zhu 2019).

There are different potential technological routes, based
mainly on catalytic, biochemical, electrochemical and min-
eralization processes, for chemical conversion of carbon
dioxide into a variety of added value products, such as
methane, methanol, dimethyl ether (DME), gasoline, diesel,
jet fuel, ethanol, formic acid, polymers and building mate-
rials (Zhu 2019; Chauvy et al. 2019).

Chemical valorization of wasted carbon dioxide in the
form of materials, chemicals and fuels may result in a series
of environmental benefits, as long as renewable power
sources are utilized for the conversion of carbon dioxide. In
this manner, CO2 can become from a detrimental greenhouse
gas producing global warming, into a worthwhile, renew-
able, endless and carbon neutral source of chemicals,
materials and combustibles for the future (Ganesh 2014;
Goeppert et al. 2014; Centi 2009).

The climate benefits linked with carbon dioxide utiliza-
tion mainly come from substituting a fossil-based product,
such as conventional chemicals, fuels or polymers, by the
corresponding alternative product derived from carbon
dioxide and having longer life cycle of carbon dioxide
emissions. Key aspects to be consider in evaluating the cli-
mate benefits of carbon dioxide valorization include: the
origin of carbon dioxide, derived from fossil fuels or bio-
mass or captured from air, the conventional product being
replaced by the carbon dioxide based product, the amount
and type of energy required for carbon dioxide conversion,
the retention time of carbon dioxide in the product and the
scale of the potential of carbon dioxide utilization (Interna-
tional Energy Agency (IEA) 2019).

Carbon dioxide obtained from biomass or directly from
the air can provide neutral or even negative carbon emissions
for carbon dioxide valorization routes that involve the
long-term permanent storage of carbon in the final product,
such as in construction materials (International Energy
Agency (IEA) 2019).

The carbon retention time for carbon dioxide valorization
applications ranges from barely one year for fuels, until a ten
of years for the majority of chemicals, to centuries and
millions of years for polymers and construction materials,
respectively (International Energy Agency (IEA) 2019).

The potential contribution of carbon dioxide utilization to
the fulfillment of climate objectives will be determined by
the timeframe and speediness of the scaling-up of these
chemical valorization pathways (Chauvy et al. 2019; Inter-
national Energy Agency (IEA) 2019).

There are two types of carbon dioxide-based products
depending on the market size and value: products with high
added value and low market size, such as formic acid, and
products with low added value and large market volume,
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such as synthetic fuels and building materials. Fuels have the
largest potential for carbon dioxide utilization due to their
huge market volume, while building materials show the
greatest potential of climate change mitigation mainly
because of their low energy requirements and permanent
retention of carbon in the product, but face other barriers to
prompt deployment, such as regulations and construction
standards (Chauvy et al. 2019; International Energy Agency
(IEA) 2019; Aresta et al. 2014). In summary, the deployment
of these CO2-based products is limited to about 10 million
tons of CO2 per year, due to the early stage of development of
some valorization routes, the need for low-carbon, cheap and
renewable energy and hydrogen and the fulfillment of quality
standards and regulations (Chauvy et al. 2019; International
Energy Agency (IEA) 2019; Aresta et al. 2014).

Chemical valorization of carbon dioxide provides also a
method for storing the excess of discontinuous renewable
energy, unable to be discharged into the electricity network,
in the form of carbon neutral or negative fuels, chemicals
and materials, which storing, transport and utilization tech-
nologies are fully established, contributing to the decar-
bonization of power generation, transportation and other
industrial sectors (Centi 2009).

The development and potential technology transfer of
processes for the chemical valorization of carbon dioxide to
fuels, chemicals and materials would help to overcome the
limitations to renewable energy deployment, ensure power
supplying and lessen the reliance on fossil reserves.

Chemical valorization of CO2 toward fuels, chemicals
and materials is a suitable way to provide social wellbeing
and economic growing, while allowing some savings in
greenhouse gas emission, contributing also to the achieve-
ment of the environmental, energy and social goals settled at
global and local levels (Ganesh 2014; Goeppert et al. 2014;
Centi 2009).

Presently, only a small number of processes for the
synthesis of valuable products, such as urea, salicylic acid,
polycarbonates and cyclic carbonates, from carbon dioxide
are available at commercial scale (Alper and Yuksel Orhan
2017; Artz 2018; Fukuoka et al. 2007; Patricio et al. 2017;
Quadrelli et al. 2011; Sakakura et al. 2007). Therefore, these
technologies will not be reviewed further in this chapter.

There are also some innovative technologies for the
conversion of carbon dioxide to various commercial prod-
ucts, such as chemicals, synthetic fuels, polymers and con-
struction materials, currently at different levels of
development and commercialization. The potential applica-
tion of these technologies for the valorization of carbon
dioxide can result in savings in carbon dioxide emissions, by
improving efficiency, by partially substituting fossil-based
raw materials and by using renewable energy, thus con-
tributing to the decarbonization of power generation and
other industrial sectors and to the creation of economic

benefits through the production of saleable products (Zhu
2019).

A high-technology readiness level (TRL) is an indis-
pensable requirement for market penetration of the carbon
dioxide-based products (O’Connell et al. 2019). This chapter
focuses on technologies of chemical valorization of carbon
dioxide which are at demonstration level or close to com-
mercialization, with technology readiness levels higher than
5. Moreover, processes of chemical valorization of carbon
dioxide which still remain in an early stage of research and
development are not considered in this chapter. This chapter
specifically reviews valorization processes consuming large
volume of carbon dioxide and demonstration projects/plants
at pilot or pre-commercial scale. This chapter also highlights
the capability of some chemical routes of carbon dioxide
valorization to integrate renewable energy into the chemical
and energy infrastructures available for the transport, storage
and utilization of the chemicals and fuels synthesized from
carbon dioxide.

The present chapter reviews, for each route of chemical
valorization of carbon dioxide, the maturity, the potential for
scaling-up, the climatic, economic and environmental ben-
efits and the bottlenecks for further development or com-
mercialization of the technology and the amount of carbon
dioxide chemically converted, namely the carbon dioxide
abatement potential, the reduction in carbon and water
footprints and in energy consumption as compared with
conventional production routes, as well as the market size
and price of the synthesized products.

2 CO2-Derived Fuels and Chemicals

Carbon dioxide represents an alternative to fossil fuels as a
source of carbon for the production of platform chemicals,
transportation fuels or energy carriers, such as methane,
methanol, ethanol, dimethyl ether, formic acid, carbon
monoxide or syngas, gasoline, diesel and jet fuels. The
process consists of the reaction of carbon dioxide with
hydrogen to produce, directly, or indirectly, from the syngas
generated via the reverse water gas shift reaction, a
carbon-containing compound with higher easiness of han-
dling, transport, storage and utilization than pure hydrogen.
Given that hydrogen production is a highly energy-
consuming process, low-carbon hydrogen has to be pro-
duced by biomass gasification or reforming coupled with
carbon dioxide capture and storage, or via electrolysis of
water powered with renewable or low-carbon electricity
(International Energy Agency (IEA) 2019). In general, the
cost of hydrogen production dominates the operating cost of
the full chemical synthesis process. In summary, carbon
dioxide is a potential raw material for the production of fuels
and chemicals, but its transformation to valuable products

Chemical Valorization of CO2 3



implies an energy consumption and production costs.
Depending on the carbon dioxide-derived product, the pro-
duction technology has different maturity and potential of
carbon dioxide uptake (Chauvy et al. 2019; International
Energy Agency (IEA) 2019; Agarwal et al. 2011; Álvarez
et al. 2017; Götz et al. 2016; HYSYTECH 2020; Jarvis and
Samsatli 2018; Kiss et al. 2016; Made in China 2020;
Panzone et al. 2020; Pérez-Fortes et al. 2016a; Pérez-Fortes
et al. 2016b; Pérez-Fortes and Tzimas 2016; Schmidt et al.
2016; Rego de Vasconcelos and Lavoie 2019).

Table 1 shows a non-exhaustive list of the different key
performance indicators, such as TRL of the carbon dioxide
conversion process, production cost and price of the specific
CO2-based product, in kilo euros per ton of synthesized
product, electricity consumption per ton of synthesized
product, and net carbon dioxide utilization potential, in tons
of CO2 utilized per ton of product synthesized, for the most

mature technologies for the production of fuels and platform
chemicals from CO2.

2.1 Methane

Methane is used to produce heat, electricity and value-added
chemicals, being an important energy vector. At the indus-
trial level, methane is obtained, at relatively low cost, from
fossil natural gas. High-purity methane, also known as
substitute natural gas, can be more sustainably produced by
methanation of CO2 with renewable hydrogen, generated by
electrolysis of water powered by renewable energy, via the
so-called Power-to-Methane process (O’Connell et al. 2019;
Rego de Vasconcelos and Lavoie 2019).

The substitute natural gas produced can be injected
directly into the natural gas grid (Götz et al. 2016). In this

Table 1 Key performance indicators for the most mature technologies for the production of fuels and platform chemicals from CO2

Product CO2 conversion
process

TRL Production
cost (kЄ/t)

Price
(kЄ/t)

Electricity
(Mwh/t)

CO2

utilization
(tCO2/t)

References

Methane Catalytic
hydrogenation

8–9 1.5–13.5 0.92 15.2 2.75 (Chauvy et al. 2019; O’Connell et al.
2019; Götz et al. 2016; Jarvis and
Samsatli 2018; Panzone et al. 2020;
Behrens et al. 2019; YCharts 2020)

Methanol Catalytic
hydrogenation

9 0.5–1.9 0.26 0.55 1.4 (Chauvy et al. 2019; O’Connell et al.
2019; Jarvis and Samsatli 2018; Kiss
et al. 2016; Panzone et al. 2020;
Pérez-Fortes et al. 2016b; Methanex
2020; Zhang et al. 2019)

Dimethyl
ether

Catalytic
hydrogenation

6 1.8–2.3 1.6 nda 1.9 (Chauvy et al. 2019; China Petroleum and
Chemical Industry Federation 2020;
Michailos et al. 2019; Wulf et al. 2018)

Formic
acid

Catalytic
hydrogenation

3–5 1.6 0.45–
0.6

4.1 0.7 (Álvarez 2017; Jarvis and Samsatli 2018;
Made in China 2020; Panzone et al. 2020;
Pérez-Fortes et al. 2016a; Rego de
Vasconcelos and Lavoie 2019)

Electrochemical
reduction

5–6 0.85 0.45–
0.6

1.1 0.5 (Chauvy et al. 2019; Agarwal et al. 2011;
HYSYTECH 2020; Pérez-Fortes and
Tzimas 2016; Rego de Vasconcelos and
Lavoie 2019)

Ethanol Syngas
fermentation

9 0.8 0.98 nda 1.9 (Chauvy et al. 2019; O’Connell et al.
2019; Global Petrol Prices 2020; Handler
et al. 2016; Medeiros et al. 2020)

Liquid
fuels:
gasoline,
diesel,
kerosene

Reverse Water
Gas
Shift + Fischer
Tropsch

8–9 0.5–2 0.27–
0.32

6.8 2.6 (O’Connell et al. 2019; Jarvis and
Samsatli 2018; Schmidt et al. 2016)

This table summarizes the different key performance indicators, such as TRL of the carbon dioxide conversion process, production cost and price
of the specific CO2-based product and electricity consumption and net carbon dioxide utilization potential in product formation, for the most
mature technologies for the production of fuels and platform chemicals from carbon dioxide. Comparison of key performance indicators of
different alternative technologies gives an idea of the most advantageous and advanced technology for the production of a given carbon
dioxide-based product.
TRL Technology Readiness Level, nda no data available.
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way, substitute natural gas can be exploited immediately
using the currently available natural gas storage, transport
and utilization infrastructures, minimizing the investment
needed for massive deployment of CO2 methanation tech-
nology (Navarro et al. 2018). Power-to-Methane technology
constitutes a promising pathway for large-scale and
long-term renewable energy storage while reducing green-
house gas emissions. Power-to-Methane technology allows
interconnecting the gas and electrical networks, resulting in a
great flexibility to the balance of the energy grid (Bailera
et al. 2017).

CO2 methanation can be catalytic or biological. The
biological methanation is carried out by fermentation of CO2

in the biogas plant itself or in a detached bioreactor
(O’Connell et al. 2019). Catalytic CO2 methanation is most
usually carried out over nickel-based catalysts due to their
high activity and low cost (Behrens et al. 2019; Ghaib and
Ben-Fares 2018) at temperatures between 200 and 550 °C, to
avoid potential formation of highly toxic nickel carbonyls at
200 °C and deactivation of catalyst by sintering and coking
at temperatures above 550 °C (Schaaf et al. 2014) and at
moderate pressures (1–100 bar) (Götz et al. 2016; Rego de
Vasconcelos and Lavoie 2019).

Since methanation reaction is exothermal, the increment
of temperature in the reactor may result in equilibrium
limitations in conversion and hydrothermal deactivation of
the catalyst (Götz et al. 2016). Therefore, different config-
urations of reactor, such as three-phase, heat exchanger,
fixed bed, fluidized bed and structured, are used to improve
the performance of the methanation process (Rego de Vas-
concelos and Lavoie 2019). Basically, there are two different
methanation reactor concepts: fixed bed reactor with inter-
mediate cooling steps, developed by TREMP/Haldor-
Topsoe, Hicom/British Gas Corp, RMP/Ralph, Lurgi and
Sasol/Lurgi GmbH reactors, and fluidized bed reactor,
developed by Comflux/Thyssengas GmbH and
Bi-Gas/Bituminous Coal Res reactors (Schaaf et al. 2014).
Other reactor concepts have also been brought to market,
such as catalytic wall tubular reactor and parallel plate
reactor (Schaaf et al. 2014). New reaction systems have also
been investigated to enable better temperature control, such
as suspended reactor, also known as “slurry-phase
bubble-column reactor”, magnetic fluidized bed reactor,
dielectric barrier discharge plasma reactor and micro-channel
reactor, which can inspire new developments of industrial
methanation reactors (Gao et al. 2015). There are also some
commercial Ni-based catalysts for substitute natural gas
production with high efficiency, lifetime, poison resistance
and thermal stability, developed, among others, by Johnson
Mathey (CRG), Haldor-Topsoe (PK-7R) and CLARIANT
(METH130/134/135).

Different countries, especially in Europe, driven by the
need to reduce greenhouse gas emissions and intensify the

share of renewable energy, initiated research and develop-
ment projects focused on Power-to-Methane technology
(Rego de Vasconcelos and Lavoie 2019). The
Power-to-Methane technology is currently in an advanced
stage of development leading to a technology readiness level
of up to 8–9 (O’Connell et al. 2019; Behrens et al. 2019).

Several Power-to-Methane pilot and demonstration
plants, both using catalytic and biological methanation, are
already in operation in different countries, and others are still
being developed. Most of the Power-to-Methane plants are
installed in Europe. A non-exhaustive list of plants or pro-
jects for Power-to-Methane is provided in Table 2 (Zhu
2019; O’Connell et al. 2019; Götz et al. 2016; Rego de
Vasconcelos and Lavoie 2019; Wulf et al. 2018; Bailera
et al. 2017; Thema et al. 2019). This table combines and
updates earlier reviews by Zhu (2019), O’Connell et al.
(2019), Götz et al. (2016), Rego de Vasconcelos and Lavoie
(2019), Wulf et al. (2018), Bailera et al. (2017) or Thema
et al. (2019), adding previously un-reviewed projects or
plants and including details such as plant operational status,
city and country of location of the plant, type of conversion
technology of carbon dioxide, technology readiness level,
CO2 source, plant capacity, expressed in terms of total
methane output in Nm3/h and installed power in kW cal-
culated from the lower heating value of methane product
gas, as well as main references.

In most of the plants the CO2 is sourced from biogas
upgrading or from CO2 fraction in biogas streams. In some
plants the CO2 is obtained from flue gas or industrial
emissions. A few plants use CO2 directly captured from air
(O’Connell et al. 2019).

In early 2019, substitute natural gas production capacity
was about 6–7 MW of methane, according to the capacity of
the plants of Power-to-Methane being in operation mostly in
Europe (O’Connell et al. 2019; Thema et al. 2019). For some
plants, the capacity is unknown. In addition, some plants are
announced, planned, projected or under construction.
Therefore, the estimated substitute natural gas production
capacity would be actually higher than 16 MW of CH4

(O’Connell et al. 2019). The European natural gas grid
consists of a more than 2 million km transport and distri-
bution network and approximately 800 TWh of underground
storage through Europe (Behrens et al. 2019), available to
absorb the potential substitute natural gas production.

Power-to-Methane technology can contribute to fulfill the
requirements of long-term and massive storage of fluctuating
renewable energy, resulting in a significant demand of
Power-to-Methane plants in the future (O’Connell et al.
2019). Extrapolation to the electricity demand of the Euro-
pean Union leads to about 25 GW of methane (O’Connell
et al. 2019). Furthermore, renewable transportation fuels are
also required in the European Union to achieve the target
reduction of greenhouse gas emissions. The final methane
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Table 2 Plants or projects for Power-to-Methane in Europe

Plant/project Status Location Capacity
Nm3/h
(kW) CH4

Tec TRL CO2 source References

Audi e-gas In operation Werlte (DE) 320 (3184) Cat 7 Biogas
upgrading

(Zhu 2019; O’Connell
et al. 2019; Götz et al.
2016; Rego de
Vasconcelos and Lavoie
2019; Wulf et al. 2018;
Bailera et al. 2017; Thema
et al. 2019; Kondratenko
et al. 2013)

ETOGAS ZSW In operation Stuttgart (DE) 12.5 (124) Cat 6 nda (Zhu 2019; O’Connell
et al. 2019; Rego de
Vasconcelos and Lavoie
2019; Wulf et al. 2018;
Bailera et al. 2017; Ghaib
and Ben-Fares 2018;
Zentrum für
Sonnenenergie-und
Wasserstoff-Forschung
Baden-Württemberg
(ZSW) 2020)

CoSin In operation Barcelona (ES) 10 (41) Cat 6 Biogas
upgrading

(O’Connell et al. 2019;
Naturgy 2020; Guilera
et al. 2020)

P2G Rozenburg In operation Rozenburg (NL) 2 (2.75) Cat 6 nda (O’Connell et al. 2019;
Wulf et al. 2018; Bailera
et al. 2017; Thema et al.
2019; Vlap et al. 2015)

Stromspeicherung
Wunsiedel

Planned/announced Wunsiedel (DE) 7960 Cat Flue gas (O’Connell et al. 2019)

BioPower2Gas In operation Allendorf (DE) 60–220
(149)

Bio 6 Biogas
upgrading

(O’Connell et al. 2019;
Wulf et al. 2018; Bailera
et al. 2017; Thema et al.
2019; BioPower2Gas
2016; Müller et al. 2017)

P2G BioCat In operation Avedore (DK) 200 (1990) Bio 7 CO2 fraction in
biogas

(O’Connell et al. 2019;
Götz et al. 2016; Rego de
Vasconcelos and Lavoie
2019; Wulf et al. 2018;
Bailera et al. 2017; Thema
et al. 2019; BioCat Project
2016)

DemoSNG In operation Köping (SE) Nda Cat 6 Biomass
gasification
syngas /flue gas

(O’Connell et al. 2019;
Rego de Vasconcelos and
Lavoie 2019; Bailera et al.
2017; Thema et al. 2019)

Jupiter 1000 Under construction Fos sur mer (FR) 25 (249) Cat 7 Industrial
emission from
an
ASCOMETAL
factory

(O’Connell et al. 2019;
Wulf et al. 2018; Thema
et al. 2019; Jupiter 1000
2019)

EXYTRON In operation Rostock (DE) 1 (10) Cat 7 Flue gas (O’Connell et al. 2019;
Wulf et al. 2018; Thema
et al. 2019; Müller et al.
2017)

(continued)
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Table 2 (continued)

Plant/project Status Location Capacity
Nm3/h
(kW) CH4

Tec TRL CO2 source References

Eichhof In operation Bad Hersfeld (DE) 20 (199) Cat 6 CO2 fraction in
biogas

(O’Connell et al. 2019;
Wulf et al. 2018; Thema
et al. 2019)

RAG
underground-sun-conversion

Planned Pilsbach (AT) (10,000) Bio 6 nda (O’Connell et al. 2019;
Underground Sun
Conversion 2020)

STORE & GO In operation Falkenhagen (DE) 57 (567) Cat 7 Bioethanol
plant (biogas)

(O’Connell et al. 2019;
Rego de Vasconcelos and
Lavoie 2019; Wulf et al.
2018; Bailera et al. 2017;
Thema et al. 2019; Store &
Go 2020)

STORE & GO In operation Solothurn (CH) 11.5 (114) Bio 7 Waste water
treatment plant

(O’Connell et al. 2019;
Rego de Vasconcelos and
Lavoie 2019; Wulf et al.
2018; Bailera et al. 2017;
Thema et al. 2019; Store &
Go 2020; Hafenbradl 2017)

STORE & GO In operation Puglia–Troia (IT) 11 (100) Cat 7 Air capture (O’Connell et al. 2019;
Rego de Vasconcelos and
Lavoie 2019; Wulf et al.
2018; Bailera et al. 2017;
Thema et al. 2019; Store &
Go 2020)

Energiepark In operation Pirmasens-Winzeln
(DE)

50 (498) Bio 7 CO2 fraction in
biogas

(O’Connell et al. 2019;
Wulf et al. 2018; Thema
et al. 2019)

Energiepark extension In operation Pirmasens-Winzeln
(DE)

(996) Bio 7 CO2 fraction in
biogas

(O’Connell et al. 2019;
Thema et al. 2019;
Prüf-und
Forschungsinstitut
(PFI) Germany 2020)

Hybridge (AMPRION,
OGE)

Announced Southern Emsland
(DE)

(100,000)
(electrolyzer)

nda nda nda (O’Connell et al. 2019;
Thema et al. 2019; Wiede
and Land 2018)

CO2-SNG In operation Laziska Görne (PL) 4.5 (45) Cat 6 Flue gas (Wulf et al. 2018; Bailera
et al. 2017; Chwoła 2020)

Power to gas Hungary Projected nda (HU) (10,000)
(electrolyzer)

Bio 7–8 nda (Wulf et al. 2018; Thema
et al. 2019; Bertalan and
Hein 2016)

Symbio In operation Lyngby (DK) nda Bio 6 nda (Wulf et al. 2018; Bailera
et al. 2017; Thema et al.
2019; Technical University
of Denmark (DTU) 2013)

Swisspower
Hybridkraftwerk

Planned/Under
construction

Dietikon (CH) * 200,000 Bio nda Waste water
treatment plant

(Wulf et al. 2018; Thema
et al. 2019; SolarServer
2020; Swisspower 2020)

Greenlab Skive Planned Skive Kåstrup (DK) (10 MW
methanol)

Cat 6 nda (Wulf et al. 2018; Winther
Mortensen et al. 2019;
Danish Energy Agency
(DEA) 2020; State of
Green 2019)

Exytron
Zero-Emission-Wohnpark

Projected Alzey (DE) 2.5 Cat 7–8 nda (Wulf et al. 2018; Thema
et al. 2019)

(continued)
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demand for road, rail, aviation and navigation vehicles will
strongly depend on the level of electrification and on the fuel
mix of the future scenario of vehicles (O’Connell et al. 2019).

More specifically, the techno-economic and environ-
mental viability, industrial applicability and profitability of
the CO2 catalytic methanation technology are limited by the
lack of availability of cheap and renewable hydrogen and
electricity (Jarvis and Samsatli 2018). The greenhouse gas
mitigation capacity of CO2 catalytic methanation technology
is conditioned by the fact that the required hydrogen and
electricity come from renewable and carbon neutral or
negative sources (Jarvis and Samsatli 2018). According to
Artz et al. (2018), in a best-case scenario, carbon dioxide
emissions can be reduced by up to 87% for CO2 methanation
as compared to conventional production routes (Artz et al.
2018).

The estimated net CO2 utilization for the catalytic metha-
nation process is about 2.75 tCO2/tCH4. Considering a
global methane production capacity of about 1100–1500
MtCH4/y, the potential for CO2 uptake ranges between 3000
and 4000 MtCO2/y (Chauvy et al. 2019).

The estimated electricity consumption of the catalytic
methanation process is about 15.2 MWh/tCH4 (Götz et al.
2016; Jarvis and Samsatli 2018). Hydrogen production from

water electrolysis dominates both the capital expenditure and
operating cost for CO2 catalytic methanation, which ranges
between 35.8 and 38.8 M€ and 0.6−0.9 €/kWh, respec-
tively, for a substitute gas natural production rate of nearly
311 m3/h and a plant operational lifetime of 20 years (Götz
et al. 2016; Jarvis and Samsatli 2018). Therefore, consider-
ing a low heating value of methane of about 9.95 kWh/m3, a
net capital expenditure of about 918–994 €/tCH4 and a net
operational cost around 8338–12,507 €/tCH4 can be esti-
mated. Other techno-economic studies estimated a methane
production cost between 1500 and 6800 €/tCH4 depending
on the type of Power-to-Methane technology and carbon
dioxide source utilized (Panzone et al. 2020). The product
price for substitute natural gas is assumed to be equal to the
current European Union natural gas import price of about
924 €/tCH4 (YCharts 2020). Therefore, the financial via-
bility of the Power-to-Methane technology is still lacking
under the present conditions.

Power-to-Methane technology could play an important
role in the future energy system, although there are still a
number of technical and economic barriers, such as low
efficiency and high costs, which need to be successfully
resolved prior to its commercialization. In the case of cat-
alytic methanation of CO2, pending research areas include:

Table 2 (continued)

Plant/project Status Location Capacity
Nm3/h
(kW) CH4

Tec TRL CO2 source References

Power-to-Flex Planned (NL-DE) nda Bio 6–7 nda (Wulf et al. 2018; Thema
et al. 2019)

MeGa-stoRE 2 In operation Heden (DK) 60 Bio 6 nda (Wulf et al. 2018; Thema
et al. 2019; Danish Gas
Technology Centre
(DGC) 2017)

Power to Gas Biogasbooster nda Straubing (DE) 0.4 (40) Bio 6 nda (Wulf et al. 2018; Thema
et al. 2019)

IET Rapperswil nda Rapperswil (CH) Pilot Cat 6 Air (Wulf et al. 2018; Thema
et al. 2019; Institut fur
Energietechnik (IET) 2017)

Infinity 1 Under construction
(starting up 2020)

Pfaffenhofen (DE) * 70 (700) Bio 7 Waste water
treatment plant

(Wulf et al. 2018; Thema
et al. 2019; Nagengast
2017)

MeGa-stoRE com 1 Planned nda (DK) 10,000,000
(electrolyzer)

Cat nda nda (Thema et al. 2019; Biogas
2015)

MeGa-stoRE com 2 Planned nda (DK) 10,000,000
(electrolyzer)

Cat nda nda (Thema et al. 2019; Biogas
2015)

This table compiles Power-to-Methane pilot and demonstration plants or projects currently in operation, announced, planned, projected or under construction
in Europe, as reported in literature. This table includes details about plant operational status, city and country of location of the plant, type of methanation
technology, technology readiness level, CO2 source and plant capacity, which give an idea of the level of development, deployment and sustainability of
methanation technologies and the substitute natural gas production capacity thorough Europe.
Tec Technology, TRL Technology Readiness Level, nda no data available, DE Germany, Catcatalytic, ZSW Zentrum für Sonnenenergie- und
Wasserstoff-Forschung Baden-Württemberg, nda no data available, ES Spain, P2G Power-to-Gas, NL Netherlands, Bio biological, DK Denmark, SE
Sweden, FR France, AT Austria, CH Switzerland, IT Italy, PL Poland, HU Hungary, NL-DE Dutch-German collaboration, IET Institut fur Energietechnik
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addressing catalyst robustness under intermittent and
unsteady-state operation; exploring compact, efficient and
intensified methanation reactors suitable for fluctuating
operating conditions, such as plate reactors, micro-reactors
and milli-reactors and sorption-enhanced and membrane
reactors; acquiring more information on the operation
dynamics of the methanation reactors to define the size of
the hydrogen storage; optimization, control and management
of the heat release during methanation reaction to minimize
carbon deposition, prevent formation of toxic nickel car-
bonyls and increase the energy efficiency of the overall
Power-to-Methane process; and development of new cata-
lysts with high activity and poison tolerance at lower tem-
peratures (200–300 °C) and with high mechanical strength
and hydrothermal stability at high temperature (above 550 °
C), given the high exothermicity of the reaction (Götz et al.
2016; Rego de Vasconcelos and Lavoie 2019; Behrens et al.
2019; Schaaf et al. 2014; Gao et al. 2015; Centi et al. 2013;
Hu and Urakawa 2018; Mutz et al. 2015).

The European demonstration projects currently running
will supply the basis for planning full-size installations by
providing information on long-term performance, opera-
tional limitations and flexibility of methanation systems
(Behrens et al. 2019; Bailera et al. 2017).

2.2 Methanol

Methanol has a relatively high energy density, of about 4.4
kWh/dm3, and octane rating, of around 110, storage stabil-
ity, easiness of handle and transport and established usage
(Rego de Vasconcelos and Lavoie 2019; Onishi et al. 2018).
Methanol has a big potential as an energy, fuel or hydrogen
liquid carrier (Behrens et al. 2019). Methanol can be utilized
for power generation directly, in methanol fuel cells, or
indirectly, after conversion to hydrogen or gasoline,
respectively, in fuel cells or in internal combustion engines
(Ganesh 2014; Goeppert et al. 2014; Al-Saydeh and Zaidi
2018).

Methanol is also an important feedstock material for the
fabrication of different chemical intermediates and industrial
products, such as olefins, dimethyl ether, aromatics, liquid
fuels, paint and polymers, becoming a clean and
cost-competitive alternative to fossil fuels (Ganesh 2014;
Goeppert et al. 2014; Behrens et al. 2019; Dang et al. 2019).

On an industrial scale, methanol is currently synthesized
from CO2-containing syngas, obtained mainly by natural gas
reforming, using catalysts consisting of copper, zinc oxide
and alumina (Kondratenko et al. 2013; Olah et al. 2009). In
recent years, different companies, such as Methanex in
Canada and Qatar Fuel Additives Company Limited
(QAFAC) in Qatar, have implemented technologies that
reduce the carbon footprint of methanol synthesized from

natural gas, called “low-carbon methanol”, by injecting
waste CO2 into the methanol production process (Hobson
and Márquez 2018). There are also several research and
development projects which focus on low-carbon methanol
synthesis from renewable energy and CO2-containing syn-
gas, such as Carbon2Chem in Germany and FRESME in
Sweden (Hobson and Márquez 2018).

Methanol can also be produced, more sustainably, by
hydrogenation of recycled carbon dioxide with hydrogen
produced by water electrolysis using renewable electricity,
via the Power-to-Methanol process (Centi 2009; Rego de
Vasconcelos and Lavoie 2019; Ali et al. 2015; Saeidi et al.
2014; Sankaranarayanan and Srinivasan 2012; Ham et al.
2012).

Renewable methanol production, via the Power-to-
Methanol process, can avoid investment for energy storage
and distribution, absorb and transform the excess of elec-
tricity and hydrogen into valuable chemicals and fuels in a
competitive and efficient way and reduce carbon dioxide
emissions associated with industry and transportation (Ber-
gins et al. 2015).

Methanol can be synthesized directly from CO2, or in two
steps, indirectly from intermediate syngas via the reverse
water gas shift reaction.

The CAMERE process for carbon dioxide hydrogenation
via the reverse water gas shift reaction was developed to a
pilot plant level of 100 kg CH3OH/d by the Korean Institute
of Science and Technology in Korea (Joo et al. 1999).

The hydrogenation of carbon dioxide directly to methanol
occurs at 250–300 °C and 50–100 bars over same
copper-based industrial catalyst modified with different
additives and promoters (Behrens et al. 2019; Centi et al.
2013; Saeidi et al. 2014; Jadhav et al. 2014; Ma et al. 2009;
Wang et al. 2011; Yan et al. 2014).

Direct CO2 hydrogenation technology for methanol pro-
duction can be considered almost ready to be commercial-
ized (Centi 2009; O’Connell et al. 2019; Behrens et al. 2019;
Wilson et al. 2015). According to O’Connell et al. (2019),
Power-to-Methanol technology has already been developed
to a technology readiness level of nearly 9 (O’Connell et al.
2019). The technical feasibility of the technology was firstly
confirmed, at the pilot plant level of 100 tCH3OH/y, by
Mitsui Chemicals Osaka Works in Japan, using an own
developed catalyst (Sankaranarayanan and Srinivasan 2012;
Huang 2014). At the industrial level, the first plant for
production of methanol from carbon dioxide was the George
Olah plant, implemented by Carbon Recycling International
in Iceland (Kondratenko et al. 2013; Sankaranarayanan and
Srinivasan 2012; Huang 2014). However, compared to
commercial technology to obtain methanol from CO, direct
CO2 hydrogenation suffers from higher consumption of
hydrogen and lower productivity (Kondratenko et al. 2013).
Today, some companies, such as Süd-Chemie Mitsubishi
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Gas Chemical, Sinetix, Ceramatec and Haldor-Topsoe, are
commercializing highly active and stable catalysts for
methanol production by CO2 hydrogenation (Kondratenko
et al. 2013; Al-Saydeh and Zaidi 2018).

Until now, only a few Power-to-Methanol plants are
currently operational and projects targeting at constructing
pilot and demonstration plants are in progress, especially in
Europe, driven by the need to reduce greenhouse gas
emissions and intensify the share of renewable energy
(O’Connell et al. 2019; Rego de Vasconcelos and Lavoie
2019; Al-Saydeh and Zaidi 2018). A non-exhaustive list of
Power-to-Methanol plants and projects is provided in
Table 3 (Zhu 2019; O’Connell et al. 2019; Rego de Vas-
concelos and Lavoie 2019; Behrens et al. 2019; Wulf et al.
2018; Bailera et al. 2017; Al-Saydeh and Zaidi 2018; Hob-
son and Márquez 2018). This table combines and updates
earlier reviews by Zhu (2019), O’Connell et al. (2019), Rego
de Vasconcelos and Lavoie (2019), Behrens et al. (2019),
Wulf et al. (2018), Bailera et al. (2017); Al-Saydeh and Zaidi
(2018) or Hobson and Márquez (2018) adding previously
un-reviewed projects and including details such as plant
operational status, city and country of location of the plant,
technology readiness level, CO2 source, plant capacity,
expressed in terms of total methanol production, in t/y, and
installed power in kW, calculated from the lower heating
value of methanol product, as well as main references.

In most of the plants, the CO2 is sourced from waste
gases of power plants and industrial processes. A few plants
use CO2 captured directly from air.

According to the size of Power-to-Methanol plants cur-
rently in operation in Europe (see Table 3), methanol pro-
duction capacity is about 4300 tCH3OH/y or nearly 3 MW
of methanol, according to the methanol low heating value
(O’Connell et al. 2019). The capacity of some plants is
unknown. In addition, some plants are, announced, planned,
projected or under construction. Therefore, the estimated
methanol production capacity could be actually higher.

Methanol is one of the most important materials in the
worldwide chemicals and energy markets with a continu-
ously growing demand (Jadhav et al. 2014). Global metha-
nol annual demand is approaching 100 million tons in 2020
(Methanol Institute 2020). Methanol synthesized from CO2

can be used to produce almost all industrial products that are
currently derived from fossil fuels, leading to the same
associated demand.

The methanol demand will potentially expand even fur-
ther in the future, as the use of methanol as energy, hydrogen
and fuel vector increases. In fact, Power-to-Methanol tech-
nology would contribute to fulfill the requirements of
long-term and massive renewable energy storage, resulting
in a significant demand of Power-to-Methanol plants in the
future (O’Connell et al. 2019). Furthermore, renewable
transportation fuels are also needed in the EU to achieve the

target reduction of greenhouse gas emissions. The final
methanol demand for road, aviation, rail and navigation
vehicles will strongly depend on the level of electrification
and transportation fuel mix of the future scenario of vehicles
(O’Connell et al. 2019).

The estimated net CO2 utilization of Power-to-Methanol
process is about 1.4 tCO2/tCH3OH (Chauvy et al. 2019;
Jarvis and Samsatli 2018; Kiss et al. 2016). Considering an
installed global production capacity of methanol of about
110 million ton of methanol per year (Methanol Institute
2020), the potential of CO2 utilization is about 154 million
tons of carbon dioxide per year. Direct CO2 hydrogenation
to methanol emits about 0.226 tCO2/t methanol, while
conventional methanol synthesis releases 0.768 tCO2/
tCH3OH (Pérez-Fortes et al. 2016b). Therefore, the net
amount of CO2 avoided by the Power-to-Methanol process
is about 2 tCO2/tCH3OH (Jarvis and Samsatli 2018).
According to Artz et al. (2018), in a best-case scenario,
carbon dioxide emissions can be reduced by up to 93% for
Power-to-Methanol process as compared to conventional
production routes (Artz et al. 2018).

The electricity needed for methanol synthesis by direct
CO2 hydrogenation is about 170 kWh/tCH3OH, but can
reach up to 550 kWh/tCH3OH if hydrogen production by
water electrolysis is integrated (Kiss et al. 2016). Therefore,
powering the CO2 hydrogenation with electricity from
renewable sources is indispensable to keep a neutral or
negative carbon balance for the process (Jarvis and Samsatli
2018).

Methanol production by CO2 hydrogenation results also
in a low water footprint compared to conventional methanol
production from syngas, each with a consumption of water
of about 26.4 tH2O/tCH3OH and 90 tH2O/tCH3OH, corre-
spondingly (Jarvis and Samsatli 2018).

According to a study by Pérez-Fortes et al. (2016b), the
capital expenditure and annual operating and maintenance
cost for a carbon dioxide hydrogenation to methanol plant
were about 200 and 293 million euros, respectively, con-
sidering an annual plant production capacity of 440,000 tons
of renewable methanol and a plant operational lifetime of
20 years (Jarvis and Samsatli 2018; Pérez-Fortes et al.
2016b). A net capital cost of about 23 €/tCH3OH and a net
operational cost of around 666 €/tCH3OH were assessed,
each slightly lower and considerably higher than for a con-
ventional syngas-based plant, respectively (Pérez-Fortes
et al. 2016b). In accordance with a recent study by Zhang
et al. (2019), the total cost associated with methanol pro-
duction by CO2 hydrogenation with integrated solid-oxide
electrolyzer was about 500 €/tCH3OH, considering an
annual plant production capacity of 100,000 tons of
renewable methanol (Zhang et al. 2019). Other
techno-economic studies estimated a methanol production
cost between about 500 and 1900 €/tCH3OH, depending on

10 E. Ruiz Martínez and J. M. Sánchez Hervás



Table 3 Plants or projects for Power-to-Methanol

Plant/project Status Location Capacity t/y
(kW) CH3OH

TRL CO2 source References

Greenfuel In operation Essen (DE) 0.91 4–5 Air captured (O’Connell et al. 2019; Kanacher and
Innogy 2017)

George Olah Plant In operation Svartsengi (IS) 4000
(*2500)

7–8 Flue gas
geothermal
power plant

(Zhu 2019; (O’Connell et al. 2019;
Rego de Vasconcelos and Lavoie
2019; Wulf et al. 2018; Al-Saydeh
and Zaidi 2018)

MefCO2 Under
construction

Niederaussem
(DE)

1 t/d (*230) 6 Flue gas of
power plant

(O’Connell et al. 2019; Rego de
Vasconcelos and Lavoie 2019;
Behrens et al. 2019; Wulf et al. 2018;
MefCO2 2020; Europe 2020a; Spire
2030 2020; Cuesta Pardo and Everis
2018; Kourkoumpas et al. 2016)

FResMe Planned
(*2019)

Luleå (SE) 2.5 t/d
(*575)

6 Steel plant
gases

(O’Connell et al. 2019; Cuesta Pardo
and Everis 2018; Fresme project
2017; Bonalumi et al. 2018; Europe
2020b; Energy research Centre of the
Netherlands (ECN) 2017)

E2fuels Planned Haßfurt (DE) (507) nda nda (O’Connell et al. 2019; Albert J,
Chemical Reaction Engineering
(CRT) University of
Erlangen-Nuremberg 2020)

E-CO2MET Planned Leuna (DE) MW scale nda Industrial
concentrated
CO2 from
refinery

(Knowledge Energy Institute
(KEI) 2019; TOTAL 2019; News
Green Hydrogen 2019)

Power-to-Methanol
Antwerp BV

Announced Lillo (BE) 8000
(*5000)

nda Captured
CO2

(O'Reilly 2020; Taylor 2020; Friis M,
Blue World Technologies 2019)

Power2Met phase
1- Aalborg
university

Planned
(*2019)

Aalborg (DK) * 198
(*124)

nda nda (Friis M, Blue World Technologies
2019; Søren 2020; Hydrogen Valley
2020)

Power2Met phase 2 Planned
(*2020-)

nda (DK) * 791–
1,582
(*495–991)

nda Biogas plant (Friis M, Blue World Technologies
2019; Søren 2020; Hydrogen Valley
2020)

Power2Met phase 3 Planned
(*2022–)

North Jutland
main power
plant (DK)

* 1.1 t/h
(*6000)

nda nda (Friis M, Blue World Technologies
2019; Søren 2020; Hydrogen Valley
2020)

BASF/BSE Projected nda (DE) 1.55 t/h
(8587)

7 Flue gas (Zhu 2019; Wulf et al. 2018;
Bartmann and Wranik 2017;
Schweitzer C- bse Engineering 2017)

Silicon Fire (SLF) In operation Altenrhein,
Kanton St.
Gallen (CH)

33 kg/h
(*183)

6 nda (O’Connell et al. 2019)

Silicon Fire (SLF
15)

Planned nda (CH) 12 t/d (2770) 9 Biogenic or
waste-CO2

(O’Connell et al. 2019; Swiss Liquid
Future 2016)

Carbon2Chem In operation Duisburg (DE) nda 6–7 Steel plant
gases

(Hobson and Márquez 2018; Bender
and Thyssenkrupp 2018; Fona 2016)

Haldor-Topsoe Announced Foulum (DK) 10 kg/h (55) nda Biogas (Ravn and Haldor-Topsoe 2019)

This table compiles Power-to-Methanol pilot and demonstration plants or projects currently in operation, announced, planned or under construction
in Europe, as reported in literature. This table includes details about plant operational status, city and country of location of the plant, technology
readiness level, CO2 source and plant capacity, which give an idea of the level of development, deployment and sustainability of
Power-to-Methanol technology and the renewable methanol production capacity thorough Europe.
TRL Technology Readiness Level, DE Germany, IS Iceland, SE Sweden, nda no data available, BE Belgium, DK Denmark, SLF Swiss Liquid
Future, CH Switzerland.
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the type of electrolysis technology and carbon dioxide
source utilized (Panzone et al. 2020). According to Metha-
nex Corporation, the market price for methanol is currently
260 euros per ton of methanol (Methanex 2020). Therefore,
direct CO2 hydrogenation is not yet commercially compet-
itive to industrial syngas route for methanol production, due
to the low price of methanol.

Power-to-Methanol technology could play a crucial role
in chemical industry and energy system in the future. The
current technological challenges include increasing energy
efficiency while reducing the cost of the carbon dioxide
hydrogenation process. Clearly, the development of novel
catalysts and process designs is needed to accelerate wide-
spread penetration of greener CO2 to methanol processes.

Some commercial catalysts are already available for the
carbon dioxide hydrogenation process, but there are still a
number of opportunities to improvement (Centi 2009;
Kondratenko et al. 2013; Sankaranarayanan and Srinivasan
2012; Ma et al. 2009; Yan et al. 2014), such as: increase
conversion to methanol at low temperature by using the
Cu/ZnO/Al2O3 catalyst promoted with ZrO2, La2O3, Ga2O3

and SiO2 (Kondratenko et al. 2013; Ali et al. 2015; Saeidi
et al. 2014; Sankaranarayanan and Srinivasan 2012; Ham
et al. 2012; Ma et al. 2009; Wang et al. 2011; Yan et al.
2014; Huang 2014), the use of catalysts based on Pd or Ag
supported on ZnO, ZrO2, MCM-41 and SBA-15, to improve
tolerance to inhibition by water, with alkali promoters, to
increase the conversion, or on carbon nanotubes, to improve
selectivity (Ali et al. 2015; Ham et al. 2012; Ma et al. 2009;
Wang et al. 2011; Yan et al. 2014), or on metal carbides,
such as TiC, Mo2C, Fe3C, SiC and TaC, to improve activity,
selectivity and resistance to deactivation (Ma et al. 2009;
Yan et al. 2014).

Water generated in the carbon dioxide hydrogenation
reaction inhibits the formation of methanol and cause
hydrothermal deactivation of catalyst incremented by the
exothermicity of the reaction (Centi et al. 2013; Ali et al.
2015; Sankaranarayanan and Srinivasan 2012; Ma et al.
2009; Wang et al. 2011).

There are also opportunities for optimizing reactor
design, such as the development of fluidized bed membrane
reactors with water-cooled walls and two-stage reactors with
intermediate cooling to reduce hydrothermal deactivation
and extending lifetime of the catalysts and recirculation of
the feed for getting higher conversions while improving heat
transfer in the reactor (Saeidi et al. 2014). Another possi-
bility to improve reaction system is the development of
membrane reactors for the separation of water from the
reaction medium to shift the equilibrium to the product side,
with the consequent increase in methanol production while
reducing reagent consumption, facilitating operation at lower
pressures and higher temperatures, preventing catalyst inhi-
bition and deactivation by water and promoting reaction

kinetics with reduced residence time and reactor size (Ham
et al. 2012; Jadhav et al. 2014; Wang et al. 2011).
A two-stage fixed bed reactor design also enables a smoother
temperature profile along the length of the tube and increases
catalyst lifetime and activity (Jadhav et al. 2014; Ma et al.
2009). Another system studied is a reactor consisting of
two stages with two types of membranes: one selective to
hydrogen and one to water, the so-called dual-type perm-
selective membrane reactor. The dual-type perm-selective
membrane reactor allows overcoming the limitation of
thermodynamic equilibrium, improving kinetically limited
reactions and controlling the hydrogen to carbon dioxide
ratio in the reactor feed (Wang et al. 2011).

2.3 Dimethyl Ether

Dimethyl ether is a gas at ambient temperature and pressure,
but liquefies by slight compression or cooling, making
dimethyl ether ease to transport and storage. Dimethyl ether
is a potential substitute for liquefied petroleum gas in
domestic, transportation and industrial applications. Due to
its good ignition features and relatively high cetane number,
around 55–60 versus 40–55 for diesel, dimethyl ether can be
burned, with negligible modifications, in compression igni-
tion engines as an alternative to conventional diesel fuel for
transportation, power generation and household applications.
In addition, the combustion of dimethyl ether leads to lower
emission of pollutants, such as nitrogen oxides, sulfur
compounds, soot and carbon monoxide, than conventional
fuels. Dimethyl ether can also be transformed into olefins
and hydrocarbons (Álvarez et al. 2017; Li et al. 2018; Wang
et al. 2009).

Commercially, dimethyl ether is obtained by catalytic
dehydration of methanol. One-step synthesis of dimethyl
ether from synthesis gas reached the demonstration level at a
100 t/d plant in JFE Steel Corporation in Japan (Olah et al.
2009; Yotaro et al. 2006).

Korea Gas Co. (KOGAS) has developed a proprietary
catalyst and a process for the synthesis of dimethyl ether
from syngas derived from the tri-reforming of methane,
CO2, and H2. KOGAS demonstrated the indirect synthesis of
dimethyl ether on a scale of 10 tDME/y. KOGAS has still to
commercialize its dimethyl ether production process due to a
lack of economic viability (Chung et al. 2012).

Dimethyl ether can be also produced by direct hydro-
genation of carbon dioxide with renewable hydrogen over
bi-functional catalysts combining an active catalyst for the
synthesis of CH3OH from CO2, such as CuO-ZnO-Al2O3 or
CuO-TiO2, and an acid catalyst for dehydration of CH3OH
to dimethyl ether, such as Al2O3 or zeolites, in the same
fixed bed or suspended reactor (Álvarez et al. 2017; Centi
et al. 2013; Wang et al. 2011, 2009; Li et al. 2018; Naik
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et al. 2011). Optimization of catalysts for CO2 hydrogena-
tion to dimethyl ether in a one step includes the addition of
promoters to increase the production of dimethyl ether, such
as Pd and MoO3, the selectivity to dimethyl ether, such as
Ga2O3 and Cr2O3, and the lifetime of the catalyst, such as
NaHZSM5 (Wang et al. 2011). The single-step technology
for dimethyl ether synthesis directly from carbon dioxide
and hydrogen enables to produce dimethyl ether with higher
efficiency, by overpassing thermodynamic equilibrium lim-
itations for CO2 conversion by in-situ dehydration of the
produced methanol, and with lower capital and operating
costs, because both methanol synthesis and dehydration
takes places in a single process, with no need for methanol
purification (Olah et al. 2009; An et al. 2008).

In recent years, the production of dimethyl ether from
carbon dioxide and hydrogen in a single step has advanced
considerably toward demonstration, reaching a technical
readiness level of 6 (Wulf et al. 2018). A new demonstration
plant was developed and built over the past two years as part
of the ALIGN-CCUS project funded by the European
Commission and Member States. The demonstration plant is
located at RWE’s Innovation Centre at Niederaussem power
plant in Germany. The commissioning of the ALIGN-CCUS
plant started at the end of 2019. The dimethyl ether synthesis
unit was supplied by Mitsubishi Hitachi Power Systems
Europe and can produce up to 50 kg per day of dimethyl
ether from 180 kg of CO2 and 22 kg of hydrogen using an
innovative catalyst and reactor system. CO2 will be captured
from the flue gas of the coal power station in a
post-combustion amine scrubbing plant available on-site.
The hydrogen will be obtained from water electrolysis in an
alkaline electrolyzer with a capacity of about 120 kW sup-
plied by Asahi Kasei Europe (O’Connell et al. 2019; RWE
Power 2019).

The easiness of transport and storage, the clean com-
bustion performance, and the relatively high energy density
of dimethyl ether, makes the direct conversion of recycled
CO2 and renewable H2 to dimethyl ether very attractive for
long-term chemical storage of renewable energy and as a
source of clean, renewable and climate-friendly alternative
fuel.

Almost all of the dimethyl ether is currently produced by
catalytic dehydration of coal-derived methanol. In China, 20
million tons of dimethyl ether production capacity were
expected by 2020 (Methanol Institute 2016) at a market
price close to 1600 Є/t (China Petroleum and Chemical
Industry Federation 2020).

According to the analysis made by Michailos et al.
(2019), the total cost associated with dimethyl ether pro-
duction by direct hydrogenation of captured CO2 with
integrated electrolysis ranges between 1828 and 2322 €/
tDME depending on the price of renewable electricity
(Michailos et al. 2019). Therefore, dimethyl ether produced

by direct CO2 hydrogenation is currently not competitive as
compared with dimethyl ether derived from fossil.

The estimated net CO2 utilization of the direct CO2

hydrogenation to dimethyl ether process is about 1.9 tCO2/
tDME (Chauvy et al. 2019). Therefore, considering a global
dimethyl ether production capacity of about 20 million tons
of dimethyl ether per year (Methanol Institute 2020), the
potential of CO2 utilization is about 38 million tons of car-
bon dioxide per year.

The market size estimated for dimethyl ether by 2020 was
for 8 billion Є (Fleisch et al. 2012). Therefore, assuming a
market price of about 1600 Є/tDME, the global demand in
2020 is roughly 5 million tons of dimethyl ether. China
consume more than 90% of the global dimethyl ether
demand and mainly for heating and cooking applications
(Prabowo et al. 2017). The demand of dimethyl ether will
increase exponentially in the future if dimethyl ether is
adopted as alternative fuel for transportation and power
generation.

The demand of dimethyl ether as alternative fuel for
transportation expects to increase, especially for heavy
vehicles, such as trucks and ships, which cannot be easily
electrified. The demand of dimethyl ether as blended fuel for
vehicles driven by liquefied petroleum gases will increase,
because infrastructures for distribution and end-use are
already available. One the other hand, the demand of
dimethyl ether as a cleaner substitute for diesel fuel in
transportation applications is foreseen to increase, because
the use of dimethyl ether will help vehicle manufacturers and
end-users comply with the severer regulations (Methanol
institute 2016; Fleisch et al. 2012; Prabowo et al. 2017).

The use of dimethyl ether as an alternative fuel to natural
gas for efficient power generation could play a key role in
the future, in special for power plants at isolated locations
where the transportation of natural gas is challenging
(Methanol institute 2016; Fleisch et al. 2012; Prabowo et al.
2017).

2.4 Formic Acid

Formic acid is broadly used in the industry, not only as
insecticide, preservative, and antibacterial and reducing
agent, but also as C1 building block for the production of
various chemicals, as well as fuel for direct energy genera-
tion in fuel cells (Álvarez et al. 2017; Panzone et al. 2020;
Rego de Vasconcelos and Lavoie 2019; Huang et al. 2018).

Despite its relatively low hydrogen content, formic acid
decomposes reversibly and selectively releasing hydrogen at
relatively low temperature, enabling its potential application
as liquid carrier of energy and hydrogen (Álvarez et al. 2017;
Panzone et al. 2020; Rego de Vasconcelos and Lavoie 2019;
Singh et al. 2016).
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The most common process for industrial production of
formic acid consists of the synthesis of methyl formate from
carbon monoxide and methanol and subsequent hydrolysis
of methyl formate to formic acid at high pressure and in the
presence of a huge excess of water. Formic acid can be
produced in greener way by direct carbon dioxide reduction,
enabling carbon dioxide utilization and chemical storage of
renewable energy and hydrogen (Álvarez et al. 2017; Pan-
zone et al. 2020; Pérez-Fortes et al. 2016a; Rego de Vas-
concelos and Lavoie 2019; Huang et al. 2018).

Carbon dioxide hydrogenation to formic acid usually
occurs over homogeneous catalysts in aqueous medium.
Catalysts based on noble metals, especially on Ru, showed
good catalytic performance. However, the homogeneous
catalysts are difficult to separate from the reaction products
and the yield to formic acid is still low, hindering the
development of the process beyond a technology readiness
level of 5 (Álvarez et al. 2017; Jarvis and Samsatli 2018;
Panzone et al. 2020; Pérez-Fortes et al. 2016a; Rego de
Vasconcelos and Lavoie 2019). Homogeneous catalysts
require further enhancements in selectivity to formic acid
and stability to become potentially applicable (Panzone et al.
2020). Some companies like British Petroleum (BP) and
BASF acquired patents on the carbon dioxide hydrogenation
to formic acid over homogeneous catalysts (Pérez-Fortes
et al. 2016a; Pérez-Fortes and Tzimas 2016). Carbon dioxide
hydrogenation to formic acid over immobilized homoge-
neous catalysts or heterogeneous catalysts was recently
studied to deal with the problem of final separation of
reaction products (Panzone et al. 2020; Rego de Vasconcelos
and Lavoie 2019).

The global production of formic acid was estimated to
surpass 760 million tons of formic acid by 2019 (Jarvis and
Samsatli 2018; Rego de Vasconcelos and Lavoie 2019;
Huang et al. 2018). The demand for formic acid is presently
led by its use as chemical feedstock, but the potential
application of formic acid as energy and hydrogen vector
would increase its demand in the future (Jarvis and Samsatli
2018; Singh et al. 2016).

A techno-economic study by Pérez-Fortes et al. (2016a)
utilizes a market price of formic acid of 650 €/t (Pérez-Fortes
et al. 2016a), in line with the current market price of formic
acid around 400–620 €/t (Made in China 2020). The cost
estimated for the production of formic acid by carbon
dioxide hydrogenation using homogeneous catalysts and
considering a plant with a production capacity of 12 kt/y and
a lifetime of 20 years was about 1591 €/t, corresponding to
the sum of capital costs, of about 67 €/t, and operational
costs, of about 1524 €/t (Pérez-Fortes et al. 2016a). There-
fore, the production of formic acid by carbon dioxide
hydrogenation is not economically viable yet.

According also to the study by Pérez-Fortes et al.
(2016a), formic acid production by carbon dioxide

hydrogenation leads to lower consumption of steam and
heavy fuel oil, lower water footprint and to higher electricity
consumption, of about 4.1 Mwh per ton of formic acid, as
compared to the conventional method of formic acid pro-
duction (Jarvis and Samsatli 2018; Pérez-Fortes et al.
2016a), resulting in a tenfold potential reduction in the
greenhouse gas emissions associated with formic acid pro-
duction (Gunasekar et al. 2016). Therefore, formic acid
production by carbon dioxide hydrogenation is advanta-
geous, in terms of environmental impact, compared to its
conventional counterpart, as long as the electricity needed
for the carbon dioxide hydrogenation and hydrogen pro-
duction by water electrolysis comes from a renewable source
(Jarvis and Samsatli 2018; Rego de Vasconcelos and Lavoie
2019). In addition to lower associated emissions of carbon
dioxide, the process of carbon dioxide hydrogenation to
formic acid has a net CO2 utilization of 0.7 tons of CO2 per
ton of formic acid, resulting in a net amount of avoided CO2

emissions of 2 tons of CO2 per ton of formic acid and in a
potential of CO2 utilization in the range of 4–21 million
metric tons of carbon dioxide per year only in Europe (Jarvis
and Samsatli 2018; Pérez-Fortes et al. 2016a).

The electrochemical reduction of carbon dioxide to for-
mic acid involves the conversion of CO2, protons and
electrons to formic acid at the cathode of an electrolytic cell.
Oxygen is obtained as by-product at the anode of the elec-
trochemical system (Jarvis and Samsatli 2018). The elec-
trochemical reduction of carbon dioxide to formic acid
typically operates at ambient temperature and pressure, with
current efficiencies up to 100% (Jarvis and Samsatli 2018).
The maturity of electrochemical reduction of CO2 to formic
acid is currently limited to a technology readiness level
range of 5–6 (Chauvy et al. 2019; Pérez-Fortes and Tzimas
2016), mainly due to the high over-potentials and low
selectivity in formic acid formation (Rego de Vasconcelos
and Lavoie 2019).

Various life-cycle and techno-economic studies identified
electro-reduction of CO2 to formic acid as a promising
technology for further scale-up and commercialization
(Agarwal et al. 2011; Jarvis and Samsatli 2018; Pérez-Fortes
et al. 2016a).

There are some projects aiming at demonstrating the
process of carbon dioxide electro-reduction to formic acid in
a relevant scale and environment, especially in Europe
(Pérez-Fortes and Tzimas 2016).

Det Norske Veritas (DNV) (2007) and Mantra Venture
Group (Mantra 2014, 2015) are exploring the electro-
reduction of carbon dioxide to formic acid at pilot scale
(Pérez-Fortes et al. 2016a; Pérez-Fortes and Tzimas 2016).

Det Norske Veritas developed the ECFORM process for
the direct electro-reduction of CO2 to formic acid and for-
mate salts, with oxygen as by-product (Zhu 2019). DNV
tested the ECFORM process in a small-scale demonstration
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plant, of 350 kg of formic acid per year (Chauvy et al. 2019;
Pérez-Fortes et al. 2016a; Pérez-Fortes and Tzimas 2016;
Det Norske Veritas (DNV) 2007; Robledo-Díez 2012).

Mantra Venture Group has finished the engineering work
on a pilot plant to be installed and operated at Lafarge
Cement in Canada (Mantra 2014, 2015). The pilot plant can
produce 35 tons of formic acid per year by electrochemical
reduction of carbon dioxide (Pérez-Fortes et al. 2016a;
Pérez-Fortes and Tzimas 2016; Mantra 2014).

A new pilot plant was developed and built as part of the
CELBICON project funded by the European Commission.
The pilot plant includes an electrolytic cell for testing the
electrochemical reduction of carbon dioxide captured from
air to formic acid in a relevant environment, that is to say at a
technical readiness level of 5 (HYSYTECH 2020; Jarvis and
Samsatli 2018).

Recently, Twence, a waste incineration company, laun-
ched the development of a pilot plant for the electrochemical
conversion of carbon dioxide captured from flue gases into
formic acid. The pilot plant is based on an electrochemical
reactor previously developed and tested in cooperation
between Coval Energy, VoltaChem/The Netherlands Orga-
nization for Applied Scientific Research (TNO), and Tech-
nical University of Delft (Voltachem 2019).

The electrochemical reduction of carbon dioxide is ready
for scaling-up, but substantial technological developments
are required before applying this process to the production of
formic acid at large scale. Outstanding challenges for elec-
trochemical reduction of carbon dioxide to formic acid
comprise increasing the selectivity, stability and durability
of catalyst-electrodes and the development of less energy-
intensive approaches to separate formic acid from the
aqueous stream of products and of process in continuous for
synthesis of formic acid by carbon dioxide electro-reduction
(Zhu 2019; Agarwal et al. 2011; Pérez-Fortes et al. 2016a;
Pérez-Fortes and Tzimas 2016; Rego de Vasconcelos and
Lavoie 2019).

Based on a study by Agarwal et al. (2011), a net capital
cost of about 94 € per ton of formic acid and a net opera-
tional cost of around 760 € per ton of formic acid were
assessed (Agarwal et al. 2011; Jarvis and Samsatli 2018),
resulting in total production cost of 854 € per ton of formic
acid, considerably higher than market price for formic acid
indicated above, of approximately 650 € per ton of formic
acid. Therefore, electrochemical reduction of CO2 to formic
acid is not yet economically viable.

According also to Agarwal et al. (2011), the economic
viability of the process of electrochemical reduction of car-
bon dioxide to formic acid may increase by utilizing waste
water at the anode and by separating and selling by-products
of the reaction such as oxygen and hydrogen (Agarwal et al.
2011).

The production of formic acid by electrochemical
reduction of carbon dioxide is environmentally beneficial
because of its operation at ambient temperatures and pres-
sures resulting in a less energy and carbon intensive process.

Based on the study by Agarwal et al. (2011), a net CO2

utilization of about 0.5 tons of CO2 per ton of formic acid
and an electricity requirement of about 1.1 MWh per ton of
formic acid were assessed (Agarwal et al. 2011; Jarvis and
Samsatli 2018). However, the use of renewable electricity
for the production of formic acid is decisive to avoid com-
promising the mitigation capacity of carbon dioxide of the
electrochemical reduction process.

2.5 Ethanol

Ethanol is commonly used as fuel additive and platform
chemical and, in some countries is blended, mainly with
gasoline, as transportation fuel. Ethanol has a relatively high
energy density of about 7.4 kWh/kg (Handler et al. 2016).
Ethanol is currently produced by direct or indirect ethylene
hydration or biomass fermentation (Panzone et al. 2020;
Bordiga and Lercher 2019).

Ethanol can be also obtained by direct hydrogenation,
electrochemical reduction or biochemical conversion of CO2

(Panzone et al. 2020; Rego de Vasconcelos and Lavoie
2019). Among the different technologies currently under
development for the production of ethanol from CO2, bio-
chemical conversion is the only one that has reached a
degree of maturity sufficient as to consider its possible
commercialization (O’Connell et al. 2019).

A promising process for biochemical conversion of car-
bon dioxide to ethanol at industrial level is gas fermentation.
Feedstocks for gas fermentation include syngas from gasifi-
cation of biomass and municipal solid waste, CO-rich gas
from industrial exhausts and even reformed biogas and
mixtures of captured carbon dioxide and electrolytic hydro-
gen (Zhu 2019; O’Connell et al. 2019; Anggraini et al. 2018).

The gas fermentation process consists of reception,
compression and fermentation of the syngas and separation
and/or purification of ethanol. Fermentation takes place at
nearly atmospheric pressure and ambient temperature,
resulting in a less energy-intensive route for ethanol pro-
duction with reduced carbon footprint and operating cost
(Zhu 2019; O’Connell et al. 2019; Bordiga and Lercher
2019; Liew et al. 2016).

The advantages of gas fermentation in terms of efficiency,
diversity of feedstocks and product selectivity resulted in the
scaling-up of fermentation process for ethanol production at
commercial scale (Liew et al. 2016).

LanzaTech is the leading company in process develop-
ment for ethanol production by gas fermentation. LanzaTech
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demonstrated the gas fermentation process at pilot and
pre-commercial scales. LanzaTech is currently scaling up its
process, and some commercial plants are under construction
or planned (Zhu 2019; O’Connell et al. 2019; Liew et al.
2016). Accordingly, the ethanol production by gas fermen-
tation is a mature technology with a technology readiness
level of 9 (O’Connell et al. 2019).

Table 4 shows pilot, pre-commercial and commercial
plants based on the LanzaTech process. This table combines
and updates earlier reviews by Zhu (2019), O’Connell et al.
(2019) and Liew et al. (2016), including details such as plant
operational status, city and country of location of the plant,
CO2 source, plant scale and capacity, expressed in terms of
total ethanol production, in t/y, and installed power in kW,
calculated from the lower heating value of ethanol product,
as well as main references.

The global annual production of ethanol is currently
about 87 million tons (Renewable Fuel Association

(RFA) 2020). The global annual demand of ethanol is pre-
sently around 47.5 million tons (Renewable Fuel Associa-
tion (RFA) 2020).

A techno-economic study by Medeiros et al. (2020)
estimated a minimum ethanol selling price of about 811 €/t
for the production of ethanol via syngas fermentation to
become economically feasible (Medeiros et al. 2020). The
current market price of ethanol is around 976 €/t (Global
petrol prices 2020). Therefore, the production of ethanol by
fermentation of carbon dioxide-rich streams can be eco-
nomically competitive depending on the source of syngas, as
the minimum ethanol selling price depends on the type of
gas utilized (Medeiros et al. 2020).

According to a life-cycle analysis by Ou et al. (2013),
ethanol production by gas fermentation is advantageous in
terms of energy savings and reduction of greenhouse gas
emissions compared to most bioethanol production routes
(Ou et al. 2013).

Table 4 Pilot, pre-commercial and commercial plants based on the LanzaTech process for ethanol production by gas fermentation

Plant Status Location Capacity t/y
(kW) C2H5OH

Scale CO2 source References

LanzaTech
Blue Scope

In operation Auckland
(NZ)

45 (38) Pilot Steel mill off gas (Zhu 2019; O’Connell et al.
2019; Lane 2015)

LanzaTech
BaoSteel

In operation Shanghai
(CN)

300 (255) Pre-commercial Steel mill off gas (Zhu 2019; O’Connell et al.
2019; Liew et al. 2016; Lane
2015)

LanzaTech
Shougang

In operation Caofeidian
(CN)

300 (255) Pre-commercial Steel mill off-gas (Zhu 2019; O’Connell et al.
2019; Liew et al. 2016; Lane
2015)

LanzaTech
WBT

In operation Kaohsiung
(TW)

36 (31) Pilot Steel mill off gas (Zhu 2019; O’Connell et al.
2019; Liew et al. 2016)

LanzaTech
Sekisui

In operation North
Japan (JP)

15 (13) Pilot Syngas MSW
gasification

(Zhu 2019; Sekisui Chemical
Co., LTD. and LanzaTech
2017)

LanzaTech
Freedom
Pines

nda Georgia
(US)

30 (26) Pilot Syngas Biomass
gasification

(Zhu 2019; Lane 2015)

LanzaTech
Shougang

In operation Caofeidian
(CN)

46,000
(40,900)

Commercial Steel mill off-gas (Zhu 2019; O’Connell et al.
2019; Liew et al. 2016)

LanzaTech
ArcelorMittal

Under
construction

Gent (BE) 62,000
(53,600)

Commercial Steel mill off gas (O’Connell et al. 2019;
Steleanol Project 2019)

LanzaTech
Indian Oil

Under
construction

Panipat
(IN)

33,000
(28,100)

Commercial Refinery off-gas (Zhu 2019; O’Connell et al.
2019)

LanzaTech
Aemetis

Under
engineering

California
(US)

36,000
(30,600)

Commercial Syngas Biomass
gasification

Zhu 2019; O’Connell et al.
2019)

LanzaTech
Swayana

Under
construction

South
Africa
(ZA)

57,000
(43,400)

Commercial Ferroalloy off-gas
and Titania
smelter

(Zhu 2019; O’Connell et al.
2019)

This table compiles pilot, pre-commercial and commercial plants based on the LanzaTech process for ethanol production by CO2-containing gas
fermentation worldwide. This table includes details about plant operational status, city and country of location of the plant, CO2 source, plant scale
and capacity, which give an idea of the level of development, deployment and sustainability of ethanol production by gas fermentation around the
world.
NZ New Zealand, CH Switzerland, TW Taiwan, JP Japan, MSW Municipal Solid Waste, nda no data available, US United States of America, BE
Belgium, IN India, ZA South Africa
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The production of ethanol via gas fermentation has a net
CO2 utilization of 1.9 tons of CO2 per ton of ethanol,
resulting in a potential of CO2 uptake of about 165 million
tons of carbon dioxide per year worldwide (Chauvy et al.
2019; Handler et al. 2016).

2.6 CO2-Fischer–Tropsch Liquid Fuels

Liquid fuels, such as diesel, gasoline, and jet fuel or kero-
sene, are extensively utilized for transport. Much of the CO2

emitted into the atmosphere results from the combustion of
fossil fuels in vehicles, making necessary the development
of methods, such as the Power-to-Liquids technology, for
the production of liquid transportation fuels from CO2, water
and renewable electricity. Power-to-Liquids technology
enables to decrease the greenhouse gas emissions associated
with the transportation sector while obtaining an economic
benefit and storing renewable energy (O’Connell et al. 2019;
Schmidt et al. 2016).

Fuels derived from carbon dioxide take on special
importance in the aviation sector, where the use of other
low-carbon energy carriers, such as electricity or hydrogen,
is particularly challenging (International Energy Agency
(IEA) 2019).

There are two main ways for the production of gasoline,
diesel and jet fuel or kerosene via Power-to-Liquids tech-
nology: methanol synthesis and conversion and Fischer–
Tropsch synthesis and subsequent upgrading. Both Fischer–
Tropsch and methanol pathway consist of three steps:
hydrogen production by water electrolysis powered by
renewable electricity, carbon dioxide conversion to the
intermediate product, carbon monoxide or methanol, and
synthesis of liquid hydrocarbons and subsequent upgrading
or conversion to the target fuel, respectively (O’Connell
et al. 2019; Panzone et al. 2020; Schmidt et al. 2016).

In case of the Fischer–Tropsch route, CO2 is firstly
converted to CO, by reverse water gas shift reaction or by
co-electrolysis of CO2 and water, and then, to long-chain
hydrocarbons by the Fischer–Tropsch reaction in the pres-
ence of cobalt or iron catalyst (Jarvis and Samsatli 2018).
The obtained synthetic crude requires subsequent conven-
tional upgrading processes, by hydrocracking, isomerization
and distillation, to gasoline, diesel or kerosene (Schmidt
et al. 2016). In case of the methanol route, methanol is
converted to gasoline, diesel and kerosene by a series of
reactions including dimethyl ether synthesis, olefin synthe-
sis, oligomerization and hydrotreating (O’Connell et al.
2019; Panzone et al. 2020; Schmidt et al. 2016; Rego de
Vasconcelos and Lavoie 2019).

Both Power-to-Liquids routes, via Fischer–Tropsch or
methanol, has a high level of technology readiness. The
methanol-to-liquid fuel process is a mature and

commercially available technology with a technology
readiness level of 9 (O’Connell et al. 2019). The
Power-to-Liquids technology, via syngas production by
reverse water gas shift and subsequent Fischer–Tropsch
synthesis, is almost ready for commercialization with a
technology readiness level between 8 and 9 (O’Connell et al.
2019; Schmidt et al. 2016).

Integration of the individual processes involved in
Power-to-Liquids technology at large scale is still under
development (Schmidt et al. 2016). By the time being, a
small number of Power-to-Liquids plants are currently
operational and some demonstration projects are in progress,
especially in Europe, driven by the need to decrease green-
house gas emissions and increase the share of renewable
energy. There are also some plants announced and planned
in Switzerland, Norway and Canada (Zhu 2019; O’Connell
et al. 2019; Panzone et al. 2020; Rego de Vasconcelos and
Lavoie 2019; Wulf et al. 2018).

A non-exhaustive list of Power-to-Liquids plants or
projects for the production of gasoline, diesel and kerosene
is provided in Table 5 (Zhu 2019; O’Connell et al. 2019;
Panzone et al. 2020; Rego de Vasconcelos and Lavoie 2019;
Wulf et al. 2018). This table combines and updates earlier
reviews by Zhu (2019), O’Connell et al. (2019), Panzone
et al. (2020), Rego de Vasconcelos and Lavoie (2019) and
Wulf et al. (2018), including details such as CO2 conversion
route, plant operational status, city and country of location of
the plant, target product, CO2 source, plant capacity,
expressed in terms of total syncrude production, in t/y, and
installed power in kW, calculated from the average lower
heating value of syncrude, as well as main references.

According to the Power-to-Liquids plants currently in
operation in Europe (see Table 5), the installed production
capacity of renewable transportation fuels is still low, nearly
160 tons of syncrude per year or about 200 KWh, consid-
ering a low heating value of 11.94 kWh/kg for the syncrude.
For some plants, the capacity is unknown. In addition, there
are many commercial-scale plants announced or planned.
Therefore, the production capacity of renewable fuels can
considerably increase in the short term.

Renewable transportation fuels with almost zero net
greenhouse gas emissions are essential in reducing green-
house gas emissions in order to meet the Paris agreement
(Schmidt et al. 2016). The final demand of renewable fuels
for road vehicles, locomotive, aviation and navigation will
strongly depend on the level of electrification of the trans-
portation sector (O’Connell et al. 2019). According to a
study by O’Connell et al. (2019), even for highly electrified
vehicle scenarios, roughly 347 GW or, based on low heating
value of syncrude and assuming a full load period of the
Power-to-Liquids plant of 4000 h/year, 116 thousands of
tons per year of Power-to-Liquids have to be installed in the
European Union by 2050.
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The estimated net CO2 utilization of the Power-to-Liquids
process via the Fischer–Tropsch route is about 2.6 t CO2/t
liquid fuel (Jarvis and Samsatli 2018). Therefore, consider-
ing a production capacity of Power-to-Liquids of about 116
thousands of tons per year, only in Europe, the potential of
CO2 utilization would be about 302 thousands of tons of
carbon dioxide per year by 2050.

The energy consumption of the Power-to-Liquids process
via the Fischer-Tropsch route is about 6.8 kWh per ton of
liquid fuel produced (Jarvis and Samsatli 2018).Therefore,
the Power-to-Liquids process has neutral or negative carbon
balance only if the energy required for the production of the
liquid fuel comes from renewable sources and if carbon

dioxide is captured directly from air or from renewable
sources (Jarvis and Samsatli 2018; Panzone et al. 2020).

The production of fuels through the Fischer–Tropsch
route has the lowest water demand, land requirements and
greenhouse gas emissions and the highest energy efficiency,
as compared to other production technologies, such as bio-
fuels, biomass-to-liquid, carbon-to-liquid and gas-to-liquid
(Panzone et al. 2020; Schmidt et al. 2016).

Different techno-economic studies estimated a production
cost for liquid fuels synthetized via the Fischer–Tropsch
route ranging between about 536 and 1992 € per ton of
liquid fuel depending mainly on the type of electrolysis
process and carbon dioxide source utilized, while the

Table 5 Plants or projects for Power-to-Liquids

Plant/project Route Status Location Capacity t/y
(kW) Fuel

Target Product CO2

source
References

Sunfire PtL RWGS/coSOEC-FT In
operation

Dresden (DE) * 46
(*63)

Diesel Air
captured
CO2

(Zhu 2019; O’Connell
et al. 2019; Panzone
et al. 2020; Rego de
Vasconcelos and
Lavoie 2019)

Audi PtL RWGS-FT Announced Laufenburg
(CH)

* 320
(*435)

Diesel Biomass
plant

(O’Connell et al. 2019;
Höpfner 2017)

GreenPower2Jet RWGS-FT Announced Stade/Lingen
(DE)

10,000
(*14,000)

Kerosene Air
captured
CO2

(O’Connell et al. 2019;
Bio-based News 2019;
Neuling and
Kaltschmitt 2019)

KEROSyN100 methanol Announced Heide (DE) nda Kerosene Waste
CO2

from
refinery

(O’Connell et al. 2019)

Nordic Blue
Crude

coSOEC-FT Planned Herøya (NO) 8,000
(*10,000)

Diesel Air
captured
CO2

(Zhu 2019; O’Connell
et al. 2019; Panzone
et al. 2020; Sherrard
2017)

Powerfuel RWGS-FT In
operation

Karlsruhe
(DE)

* 90
(*120)

Kerosene Air
captured
CO2

(O’Connell et al. 2019;
Zitscher et al. 2019)

SOLETAIR RWGS-FT In
operation

Lappeenranta
(FI)

21 (*30) Gasoline Air
captured
CO2

(O’Connell et al. 2019;
Panzone et al. 2020;
Soletair 2020)

Sundance Clean
Methanol/Blue
fuel Energy

Methanol Announced British
Columbia,
(CA)

693,500
(*950,000)

Gasoline + diesel Flue gas (O’Connell et al. 2019;
Blue Fuel Energy
2020)

Carbon
Engineering—
Air to fuel
system

RWGS + FT Planned nda * 80,000
(*100,000)

Syncrude Air
captured
CO2

(Zhu 2019; Rego de
Vasconcelos and
Lavoie 2019; Design
Engineering 2019)

This table compiles Power-to-Liquids plants or demonstration projects for the production of gasoline, diesel and kerosene currently in operation,
announced or planned mainly in Europe, as reported in literature. This table includes details about plant operational status, city and country of
location of the plant, target product, CO2 conversion route, CO2 source and plant capacity, which give an idea of the level of development,
deployment and sustainability of Power-to-Liquids technology and the potential for producing alternative gasoline, diesel or kerosene
transportation fuels from carbon dioxide mostly at European level
RWGS Reverse Water Gas Shift, coSOEC Co-electrolysis of water and CO2 in Solid Oxide Electrolyte Cells, FT Fischer–Tropsch, DE Germany,
CH Switzerland, nda no data available, NO Norway, FI Finland, CA Canada
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production cost of the same liquid fuels from fossil sources
ranges between roughly 272 and 320 € per ton of liquid fuel,
depending on the type of fuel (Panzone et al. 2020).
Therefore, transportation fuels produced via Power-to-
Liquids are not yet cost-competitive as substitute for con-
ventional fossil fuels.

CO2 can be also converted directly into liquid fuels, such
as gasoline (Schmidt et al. 2016; Wei et al. 2018, 2017; Choi
et al. 2017; Liu et al. 2019) via the CO2 hydrogenation
reaction over iron based catalysts. However, the product
distribution can be wide depending on the structure and
composition of the catalysts. Hydrocarbons products mainly
consisted in low molecular weight hydrocarbons, such as
paraffins and olefins, instead of heavier products with higher
added value as liquid transportation fuels. Different types of
co-catalysts, such as copper and cobalt, promoters, such as
potassium, and metal oxide supports, such as alumina, silica,
titania and zeolites, are employed to tune the product dis-
tribution toward heavier hydrocarbons (Choi et al. 2017).
According to literature, the combination of iron, potassium
and zeolites, makes the catalyst highly active and selective
for CO2 hydrogenation to long-chain hydrocarbons (Ye et al.
2019).

The CO2 hydrogenation to liquid fuels is considered as a
modification of the traditional Fischer–Tropsch process,
which uses syngas, a mixture of CO and H2, to produce
liquid fuels (Panzone et al. 2020). However, the use of a
single reactor for direct CO2 hydrogenation is advantageous
compared to the classical Fischer–Tropsch route due to its
ease of operation and lower CO2 conversion cost (Ye et al.
2019).

One of the main challenges for advancing CO2 hydro-
genation to liquid fuels is increasing the energy efficiency
and reducing the investment and operating costs of the
process and the integration of renewable energy sources in
the process (Whipple and Kenis 2010). The tendency is to
maximize the yield to desired product with a minimum
renewable energy input. However, the synthesis of hydro-
carbons from CO2 over conventional heterogeneous cata-
lysts is favored at high pressures (high compression power)
and low temperatures (exothermic) and are slow processes,
which implies the use of high residence times (high reactor
volume) or feed recycling ratios (high power consumption)
to obtain significant conversions. In addition, it is necessary
to improve activity, selectivity and stability of the catalyst
and to minimize carbon deposition and undesirable methane
formation.

Different processes have been developed in fixed bed
reactors operating at high pressure, between 10 and 40 bar,
and low temperature, between 200 and 350 °C, using cata-
lysts based on iron over different supports, such as alumina,
silica, titania and zeolite, or a combination of them, and
improved with promoters, such as potassium, rubidium,

zirconium, magnesium, copper, zinc, chromium, vanadium
and lanthanum, or a combination of them (Schaaf et al.
2014; Kondratenko et al. 2013; Centi et al. 2013; Saeidi
et al. 2014; Wang et al. 2011; Rodemerck et al. 2013).

Some reactor configurations, such as fluidized bed and
slurry reactors, facilitate the removal of the heat generated
by the carbon dioxide hydrogenation, leading to improved
conversion of carbon dioxide to hydrocarbons. Other reac-
tion configurations, such as serial or recirculating reactors,
allow for increased residence time, and thus higher pro-
duction of hydrocarbons in the reactor (Saeidi et al. 2014).
Another way to improve the conversion of carbon dioxide to
hydrocarbons is by removing in situ water using a
perm-selective silica membrane integrated into a membrane
catalytic reactor (Centi et al. 2013).

2.7 Carbon Monoxide—Syngas

Both syngas, a mixture of carbon monoxide and hydrogen,
and pure carbon monoxide are crucial building blocks for
industrial production of several fuels and chemicals (Keim
1989). Syngas is conventionally produced from fossil sour-
ces by partial oxidation of hydrocarbons or coal or by cat-
alytic steam reforming of natural gas. Pure CO is obtained
from syngas by gas separation (Jarvis and Samsatli 2018;
Lavoie 2014).

Given that syngas is a feedstock for conventional pro-
duction of methanol and higher hydrocarbons by mature
synthesis technologies (Behrens et al. 2019; Prieto 2017),
the development of technologies for carbon dioxide con-
version to syngas represents a more climate-friendly route
for sustainable production of fuels and chemicals.

One method to produce syngas from carbon dioxide and
methane is the catalytic dry reforming of methane. Dry
reforming of methane has many environmental, technical
and economic advantages compared to conventional tech-
nologies for syngas production. The dry reforming process
operates at milder temperatures and pressures than steam and
autothermal reforming processes (Mondal et al. 2016) and
uses recycled carbon dioxide instead of water for reforming,
avoiding energy consumption associated with steam gener-
ation and decreasing the carbon footprint associated with the
syngas production (Jarvis and Samsatli 2018; Er-rbib et al.
2012; Schwab et al. 2015).

Dry reforming of methane produces a syngas with a
hydrogen to carbon monoxide ratio more compatible with
some downstream synthesis processes such as Fischer–
Tropsch synthesis (Jarvis and Samsatli 2018; Lavoie 2014;
Schwab et al. 2015). According to a study by Mondal et al.
(2016), the cost associated with methanol synthesis from dry
reforming of methane is lower than the equivalent cost of
methanol production from steam reforming of methane
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(Jarvis and Samsatli 2018; Mondal et al. 2016). Dry
reforming is also a more cost-effective alternative to partial
oxidation for syngas production in plants with medium and
small size (Schwab et al. 2015).

The industrial application of dry reforming of methane
for valorization of carbon dioxide is still limited (Er-rbib
et al. 2012), having a technology readiness level of up to 6.
The Linde Group built a dry reforming pilot plant at Pullach
in Germany (The Linde Group 2015). Nowadays, after
completion of the testing at pilot scale, the Linde Group is
aiming at upscaling the catalyst on the way for commercial
application (The Linde Group 2020).

Catalysts utilized in carbon dioxide reforming of methane
comprise nickel, noble metals, cobalt and metal carbides in
fixed bed reactors (Lavoie 2014). The main technological
challenge for dry reforming of methane is the readiness of
cheap and widely available catalysts resistant to deactivation
by coking and with high selectivity to syngas (Jarvis and
Samsatli 2018; Behrens et al. 2019; Kim 2017).

Other way to obtain carbon monoxide from carbon
dioxide is the reverse water gas shift reaction. In the reverse
water gas shift reaction, carbon dioxide reacts with renew-
able hydrogen to form carbon monoxide and water, but
subsequent removal of water is needed before the down-
stream Fischer–Tropsch or methanol synthesis in order to
avoid catalyst inhibition and equilibrium limitation by water,
enabling milder operating conditions for the synthesis pro-
cess (Behrens et al. 2019; Wang et al. 2011). The reverse
water gas shift reaction is not currently available at industrial
scale (Behrens et al. 2019), being at a technical readiness
level of about 6 (Jarvis and Samsatli 2018; Schmidt et al.
2016). The technical viability of the CAMERE process
concept, consisting of three consecutive steps: reverse water
gas shift reaction, water removal and conventional methanol
synthesis, was demonstrated, but additional research and
development is needed for commercial application of the
process, due to a lack of economic feasibility (Joo et al.
1999).

Strategies to increase the yield of carbon monoxide via
the reverse water gas shift reaction include removing prod-
ucts, mainly water, in situ from the reaction medium and
using high temperatures, given the endothermicity of the
reaction. The main challenge in the development of catalyst
for reverse water gas shift reaction is the improvement of
stability and selectivity of the catalyst at high temperature in
order to avoid hydrothermal deactivation of the catalyst and
undesirable methane formation, respectively (Behrens et al.
2019; Wang et al. 2011).

Other method for carbon monoxide production from
carbon dioxide is the electrolysis of carbon dioxide directly
to carbon monoxide and oxygen. Electrolysis of carbon
dioxide operates either at high temperature in solid oxide

electrolysis cells or at low temperature in gas diffusion or
solution-phase electrolysis cell (Qiao et al. 2014).

Haldor Topsoe has developed and commercialized a
modular technology called eCOs™ for onsite production of
pure carbon monoxide from carbon dioxide via solid oxide
electrolysis, with plant capacities up to a few hundred of
normal cubic meter of carbon monoxide per hour (Zhu 2019;
Andersen 2017; Haldor-Topsoe 2020). The first commercial
system, having a capacity of 12 Nm3/h, commenced oper-
ating in 2016 at Gas Innovations in Texas (Mittal et al.
2017).

Major challenges for increasing the deployment of solid
oxide electrolysis of carbon dioxide include improving the
stability of the electrodes and the ionic conductivity of the
electrolytes, and enhancing the tolerance to impurities (Qiao
et al. 2014).

The electrolysis of carbon dioxide at low temperature is
still under development.

Siemens tested carbon dioxide electrolysis on larger-scale
gas diffusion electrodes, of 10 and 100 cm2, in flow cell
configurations (Jeanty et al. 2018). Next, Siemens collabo-
rated with Evonik in the development of a hybrid system for
the production of chemicals by connecting their small
electrolyzer with a fermentation process (Haas et al. 2018).

Dioxide Materials explored the electrolysis of carbon
dioxide and the co-electrolysis of water and carbon dioxide
in an anion-conductive membrane-based electrolyzer,
resulting in the production of carbon monoxide and syngas,
respectively at realistic rates (Kutz et al. 2017; Liu, et al.
2016). Remaining challenges for the low-temperature elec-
trolysis of carbon dioxide to become feasible include
improving stability and durability of electrodes, minimizing
loss of carbon dioxide to the liquid electrolyte and reducing
overall energy requirement under operating conditions at
practical production rates of carbon monoxide (Liu et al.
2016).

3 CO2 Chemically Derived Materials

CO2 can also be chemically utilized for the production of
materials with different applications.

3.1 Polymers

Polymers, such as polyurethanes and polycarbonates, are
used in the manufacturing of plastics, resins and foams,
which have a wide range of applications, such as in build-
ings and cars (International Energy Agency (IEA) 2019; Qin
et al. 2015). Petroleum is the traditional feedstock for the
production of polymers. The carbon dioxide can partially
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replace petrochemicals as raw material for the synthesis of
polymers, such as in the copolymerization of epoxides with
carbon dioxide for the production of polycarbonates (Zhu
2019; Chauvy et al. 2019; International Energy Agency
(IEA) 2019; Ampelli et al. 2015).

Replacing petrochemical feedstocks with CO2 in polymer
production is potentially beneficial from an economic and
environmental point of view, owing to the relatively low
energy requirements and reduced impact on climate change
associated with processing polymers with CO2, and enables
the production of biodegradable polymers with innovative
features (Zhu 2019; Chauvy et al. 2019; International Energy
Agency (IEA) 2019; Ampelli et al. 2015; Alberici 2017;
Assen 2015).

Polycarbonates are classically synthesized by reaction of
1,2-diols with phosgene. Phosgene is toxic and corrosive.
An alternative route for the selective synthesis of polycar-
bonates is the copolymerization of epoxides, such as ethy-
lene oxide, propylene oxide, cyclohexene oxide, vinyl oxide
and styrene oxide, and CO2 over homogeneous or hetero-
geneous catalysts based on transition metals (Qin et al. 2015;
Lu and Darensbourg 2012; Poland and Darensbourg 2017).
In addition, according to Fukuoka et al. (2007), the carbon
dioxide copolymerization process has lower expenditure cost
as compared to conventional process using phosgene (Zhu
2019; Fukuoka et al. 2007).

There are many companies and institutions developing
and producing polymers based on carbon dioxide.

The Asahi Kasei Corporation commercialized the first
process for producing phosgene-free polycarbonate from
ethylene oxide and carbon dioxide with high selectivity and
yield to polycarbonates, avoiding the need for separation and
purification of the reaction products and the treatment or
disposal of residues (Zhu 2019; Chauvy et al. 2019; Inter-
national Energy Agency (IEA) 2019; Fukuoka et al. 2007).
Based on the Asahi Kasei copolymerization process, a
commercial facility in China produces about 150,000 tons of
polycarbonates per year from carbon dioxide (International
Energy Agency (IEA) 2019; Fukuoka et al. 2007). Asahi
Kasei Corporation licensed its technology to various com-
panies, leading to the construction of several plants in South
Korea, Russia and Saudi Arabia with a total polycarbonate
production capacity of 1.07 Mt/y by 2019, enabling the
incorporation of 0.185 MtCO2/y into the polycarbonates
produced (Zhu 2019).

Empower Materials currently sells polyethylene carbon-
ate made from ethylene oxide and carbon dioxide (Quadrelli
et al. 2011).

Econic Technologies in UK developed a catalytic process
for the production of polycarbonate polyols without signif-
icant by-product formation and using up to 50 percent by
weight of carbon dioxide captured in a coal-fired power
plant (Quadrelli et al. 2011; Broadwith 2015; Econic

Technologies 2018). Econic Technologies has released a
plant for demonstrating the full polycarbonates production
process from copolymerization reactor to the product treat-
ment system (Econic Technologies 2018).

Covestro developed a plant in Dormagen, Germany, for
the copolymerization of propylene oxide with carbon diox-
ide to produce 5000 t/y of polyether-polycarbonate polyols
suitable for polyurethane foam applications, without unde-
sirable by-products formation. The polymer, branded as
cardyon®, contains up to 20 Wt.% of carbon dioxide sourced
from waste gases of a nearby ammonia production plant
(Zhu 2019; Chauvy et al. 2019; Covestro 2020; Fernán-
dez-Dacosta, et al. 2017; Langanke et al. 2015).

Novomer Inc. developed a process for the copolymer-
ization of carbon dioxide and propylene oxide to
polypropylene carbonate polyols, branded as Converge®.
A commercial-scale facility in Texas, USA, annually pro-
duces several thousands of Converge® polyols incorporating
up to 50 wt.% of carbon dioxide. The Converge® polyols are
applicable to the formulation of polyurethane-based sealants,
coatings, adhesives and foams with improved performance,
weatherability and strength and with lower content of
petrochemical feedstock and polyols production cost (Zhu
2019; Korosec 2016; Novomer 2020).

There are also some producers of polymers based on
carbon dioxide in China. In 2015, Nanyang Zhongju Tian-
guan Low-Carbon Technology Company started to produce
25,000 t/y of biodegradable polypropylene carbonate by
copolymerization of propylene oxide, derived from its
ethanol production process, and carbon dioxide and was
constructing a new copolymerization plant with a production
capacity of 100,000 t/y. Jinlong Green Chemical Company
manufactures aliphatic polycarbonate polyols and
biodegradable polyurethane foam based on carbon dioxide.
Inner Mongolia Mengxi High-Tech Group Company fabri-
cates 3000 t/y aliphatic polycarbonate by copolymerization
of waste carbon dioxide from an own cement kiln (Zhu
2019). Jinioong-Cas Chemail Co. produces polyols with a
capacity of 10 kt/y (Aresta et al. 2014). Sinopec SABIC
Tianjin Petrochemical Co. is currently building a plant in
Tianjin for the production of 260,000 t/y polycarbonate. The
plant will be in operation by 2020 (Aresta et al. 2014;
Volkova 2019).

Newlight Technologies in USA developed a biocatalytic
process to produce a biodegradable thermo-polymer, trade-
marked as AirCarbon, from captured CH4 or CO2 emissions.
AirCarbon is claimed as a carbon-negative material cheaper
than its oil-derived equivalents. Commercial production of
AirCarbon started in 2013, and Newlight signed several
Production License Agreements with different companies to
sell several thousand tons of AirCarbon polymer by year
from different manufacturing plants (Newlight Technologies
2020).
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The synthesis of polycarbonates by copolymerization of
epoxides and CO2 is currently ready for industrial applica-
tion at large scale (Zhu 2019) with a technology readiness
level of 8–9 (Chauvy et al. 2019). However, despite the
relative maturity of this technology, there are still opportu-
nities for progressing. The carbon dioxide content in poly-
carbonates is currently limited to a maximum of 50% CO2

by weight. Therefore, the copolymerization process needs
further research and development to increase the incorpo-
ration of CO2 into the copolymers (International Energy
Agency (IEA) 2019; Quadrelli et al. 2011; Alberici 2017;
Assen 2015). In some processes, the scale of production of
polyether carbonates derived from CO2 is too small to
replace existing conventional polyol plants. Therefore, the
carbon dioxide polymerization technology requires further
development to produce polyols on a larger scale (Chauvy
et al. 2019).

Current research on copolymerization of CO2 focuses on
the development of catalyst for producing polymers with
tailor-made features and from renewable epoxides, such as
limonene oxide, cyclohexadiene oxide and a-pinene oxide
(Poland and Darensbourg 2017).

The estimated production and demand for polycarbonates
worldwide were approximately 5–6 Mt/y and 4–5 Mt/y,
respectively for 2016. The market price of polycarbonates
varied between 3120 and 3830 Є per ton during the last few
years, and it probably will decrease in the future as the
production process moves from the conventional method to
the copolymerization of carbon dioxide (Aresta et al. 2014).

Regarding the climate benefits of the synthesis of poly-
carbonates from carbon dioxide copolymerization in com-
parison with the conventional methods based on phosgene,
the estimated net CO2 utilization for the copolymerization
process is about 0.173 tons of CO2 per ton of polycarbonate
(Chauvy et al. 2019). Therefore, considering a global
installed capacity of 5 million tons of polycarbonates per
year (Aresta et al. 2014), the potential of CO2 uptake is
about 1 million tons of carbon dioxide per year.

3.2 CO2-Derived Building Materials

CO2 can be used in the production of building materials to
partially replace water as curing agent in concrete manu-
facturing or as a raw material in the fabrication of concrete
constituents, such as cement and construction aggregates
(International Energy Agency (IEA) 2019). Building mate-
rials can be obtained from CO2 via carbonation processes,
involving the reaction of a calcium or magnesium source
with carbon dioxide in the presence of water to produce
carbonates suitable for concrete applications (International
Energy Agency (IEA) 2019).

Alternative Ca or Mg sources for CO2 carbonation
include a variety of alkaline industrial residues from power
plants or industrial processes, leading to further economic
and environmental benefits, as the carbonation process
converts both solid wastes and captured CO2 into marketable
products and enables the permanent storage of carbon
dioxide and the stabilization of the toxic compounds con-
tained in wastes within the carbonated products (Zhu 2019;
Aresta et al. 2014).

The curing of concrete with CO2 is a mature and
encouraging technology for the utilization of CO2, while the
incorporation of CO2 in the manufacture of the cement itself
is at a lower level of development (International Energy
Agency (IEA) 2019).

A crucial challenge for the deployment of CO2 carbona-
tion at large scale is to speed up the carbonation reaction by
increasing temperature and pressure of the process and by
pre-treatment of the mineral or solid waste using mechanical
and chemical methods (Zhu 2019; Aresta et al. 2014).

(a) Cement-Concrete

The curing of concrete with CO2 entails converting CO2,
calcium silicate in cement and water into hydrated calcium
silicate and calcium carbonate via carbonation during the
mixing of concrete (International Energy Agency
(IEA) 2019). As carbonation is exothermal, the heat released
during the reaction accelerates the curing process, decreasing
the consumption of fossil fuels or steam for heating and
resulting in energy savings and emission reduction (Zhu
2019; Aresta et al. 2014).

CarbonCure Technologies and Solidia Technologies are
leading the development and commercialization of the
technology for curing concrete with CO2 (Zhu 2019; Inter-
national Energy Agency (IEA) 2019; CarbonCure 2020;
Solidia 2020).

The CarbonCure process for concrete curing with CO2

shows a series of advantages versus conventional methods,
such as operation under atmospheric pressure, simplifying
the design of the curing chambers and using shorter curing
times, resulting in cost savings, while obtaining a concrete
with the same or improved quality. However, the use of
liquid CO2 penalizes the economy of the curing process. The
net CO2 emission avoided by the CarbonCure process is
about 18 tons of carbon dioxide per cubic meter of concrete,
as a result of the reduced use of cement and the incorpora-
tion of carbon dioxide in the concrete in comparison with
concrete produced by traditional methods (Zhu 2019;
Monkman and MacDonald 2017; Monkman et al. 2016).

The CarbonCure process is easily integrated into con-
ventional systems for concrete production without disturbing
normal operation of the plants. The CarbonCure process is
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currently implemented in many facilities for ready-mix
concrete production, mostly in North America, and the ret-
rofit of more plants is planned. The application of the Car-
bonCure technology for the conversion of CO2 waste from
cement industry into concrete suitable for use in construction
was first demonstrated in 2018 in USA (Zhu 2019; Chauvy
et al. 2019; Sanna et al. 2014).

Solidia Technologies in USA commercializes processes
for the manufacture of cement and concrete using CO2 (Zhu
2019). The Solidia technology promises to simplify and
reduce the costs and the water and carbon dioxide footprints
of the carbonation process compared to traditional methods
of production, while obtaining cement and concrete with
improved performance. As an example, the Solidia concrete
requires 24 h to reach complete strength compared to the up
to 28 days needed for the curing of the concrete produced by
classical methods. In addition, the Solidia process for curing
concrete is easy to implement in existing manufacturing
facilities and is adjustable to different production methods,
concrete formulations and standards. The maximum capacity
of CO2 uptake of the Solidia process is about 0.3 tons of
CO2 per ton of cement used to make the concrete
(DeCristofaro and Opfermann 2015).

Solidia and CarbonCure reported a reduction in carbon
footprint of concrete about 70 and 80%, respectively (Car-
bonCure 2020; DeCristofaro and Opfermann 2015).

The market of concrete was about 32,000 Mt/y by 2014
and was foreseen to increase at an annual rate of 0.8–1.2%/y
until 2030 (Aresta et al. 2014). Therefore, the CO2 mitiga-
tion potential of the production of building materials by
carbon dioxide carbonation is substantial (Zhu 2019).

In summary, concrete cured with CO2 may have superior
performance, reduced manufacturing costs and lower water
and CO2 footprints as compared with concrete produced by
conventional methods (International Energy Agency
(IEA) 2019). However, compliance with existing quality
standards and regulations may delay the deployment of
carbon dioxide curing of concrete to the manufacture of
ready-mixed and precast concrete until long-term trials
demonstrate its environmental friendly performance (Inter-
national Energy Agency (IEA) 2019). Meanwhile,
non-structural uses of concrete, such as in the construction of
floors, ditches and roads, represent the target for early
application of concrete cured with CO2 (International
Energy Agency (IEA) 2019).

(b) Aggregates

Construction aggregates, small particles utilized in the fab-
rication of building materials, can be obtained via reaction of
carbon dioxide with wastes rich in magnesium or calcium,
such as steel and blast furnace slags, bauxite waste, cement

kiln dust, municipal waste incineration ash, air pollution
control wastes, mining residues, fly ashes and asbestos,
coming from power generation and other industrial sectors,
such as steel making, cement, paper and mining industries,
otherwise stored in landfills (International Energy Agency
(IEA) 2019; Quadrelli et al. 2011; Carbon8 2020).

Different companies are scaling up the technology of
waste carbonation leading to the consumption of about 75
kilotons of carbon dioxide per year (International Energy
Agency (IEA) 2019).

The British company Carbon8 Systems developed and
commercialized a technology to produce an aggregate from
captured CO2 and wastes (Zhu 2019; Chauvy et al. 2019;
Patricio et al. 2017; Sanna et al. 2014). The Carbon8 process
stored more carbon dioxide within the aggregate than the
CO2 emitted during the carbonation process, leading to a
carbon-negative balance for the process (Carbon8 2020). In
addition, the Carbon8 process resulted in lower water and
energy consumption, as uses rainwater for manufacturing of
the aggregate and electricity only to transport the materials
through the plant, without producing any waste by-product
(Zhu 2019; Carbon Upcycling 2020).

The first commercial plant based on carbon8 technology
is currently producing about 65,000 t/y of lightweight
aggregate using wastes from the air pollution control of an
incineration facility. Another plant for the production of
100,000 t/y was commissioned in 2016, and three additional
plants with the same production capacity or higher would
likely to be operational in 2018 (Zhu 2019; Carbon8 2020;
Carbon Upcycling 2020).

Skyonic developed the SkyMine process (Carbonfree
Chemicals 2020) for the capture and carbonation of carbon
dioxide to produce, among others, construction aggregates,
while also removing heavy metals and nitrogen and sulfur
oxides from exhaust gases of industrial and power plants
(Zhu 2019; Chauvy et al. 2019; Quadrelli et al. 2011). The
SkyMine technology was first integrated at Capitol
Aggregates cement plant in Texas, USA, in 2015. The
plant can save about 83,000 tons of CO2 by year (Zhu
2019; Chauvy et al. 2019; Sanna et al. 2014; Carbonfree
Chemicals 2020).

Mineral Carbonation International (MCi) developed a
technology for waste carbonation by combining CO2 from
industrial sources, such as flue gases of power generation,
cement and steel industries, with low-rank minerals or
wastes to manufacture of building products. MCI built a
pilot plant for scaling up and testing of the waste carbonation
technology in New South Wales, Australia, and is currently
moving ahead toward first industrial demonstration plants
for processing about 20,000 tons of carbon dioxide per year
(Chauvy et al. 2019; Mineral Carbonation International
(MCi) 2020).
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In summary, the manufacturing of construction aggre-
gates from wastes and carbon dioxide enables reduction of
carbon dioxide emissions and disposal of industrial wastes
while potentially producing marketable products. The CO2

mineralization technologies have the potential to take
advantage of the high volumes of CO2 emissions common in
the cement industry, leading to a huge potential of CO2

mitigation. However, the overall environmental and climate
benefits associated with the manufacturing of construction
aggregates from wastes and CO2 depend on the energy
requirements of the specific production process.

The use of CO2 for manufacturing of building materials
offers products with superior performance and lower cost as
compared with conventional methods of production of
building materials (Zhu 2019; International Energy Agency
(IEA) 2019).

Materials of construction based on CO2 and wastes can be
competitive versus commercial cement and aggregates as
they offset the costs associated with conventional waste
disposal. However, in terms of market penetration, tech-
nologies of waste carbonation are held back by the low costs
of alternative raw materials, such as limestone, adherence to
quality standards in the building sector and compliance with
end of waste regulations. In addition, the cement industry is
very conservative, and new construction materials are diffi-
cult to bring to market unless long-term trials demonstrate
their safe and environmental friendly performance (Chauvy
et al. 2019; International Energy Agency (IEA) 2019;
Quadrelli et al. 2011).

4 Conclusions

The chemical valorization of CO2 in the form of a wide
range of fuels, chemicals and materials through a number of
technologies is challenging but opens new research, indus-
trial and business opportunities. Different technological
routes for chemical valorization are being developed and
approach quickly to commercialization.

Different techno-economic and life-cycle studies of dif-
ferent chemical valorization processes showed that carbon
dioxide-derived products may have economic and envi-
ronmental benefits as provide energy saving, greenhouse
gas emission reduction and products with similar or
improved quality and with smaller carbon and water foot-
prints and production costs than traditionally produced
counterparts.

Some technologies for the catalytic, biochemical and
electrochemical conversion of carbon dioxide into chemicals
or fuels are already in operation at pre-commercial scale.
The most technologically mature pathway for chemical
valorization of CO2 to fuels and chemicals depends on the

target product, being direct or indirect carbon dioxide
hydrogenation for methanol, methane and dimethyl ether or
Fischer–Tropsch synthesis, respectively and gas fermenta-
tion, electrochemical reduction and solid oxide electrolysis
for ethanol, formic acid and carbon monoxide/syngas pro-
duction, respectively. However, there are still some key
barriers for further development and commercialization of
the chemical valorization technologies and products.

In the case of catalytic alternatives to react CO2, or
derived CO, and H2 for the synthesis of carbon based
products, the current technological challenges are increasing
energy efficiency while reducing the cost of the conversion
process.

Clearly, the development of novel catalysts/electrocatalyst/
biocatalysts and process designs are needed to accelerate
widespread penetration of greener processes for CO2 con-
version to fuels and chemicals by improving catalyst effi-
ciency, selectivity, stability and durability under long-term,
intermittent and unsteady operation, by optimizing catalyst-
reactor designs for better thermal control, renewable energy
integration and product separation, to surpass equilibrium
limitations and to avoid catalyst deactivation, as well as to
develop technologically and economically viable processes
for the conversion of CO2 into fuels and chemicals on a
commercial scale. Another bottleneck for the market com-
petitiveness of CO2-based fuels and chemicals is the cheap
production of carbon-free hydrogen and the availability of
low-cost renewable electricity and feedstock CO2.

CO2-derived fuels and chemical can provide greenhouse
gas emission savings, but the utilization of low-carbon
energy and hydrogen for their production is critical. In
addition, widespread testing is required for these products to
be accepted by outstanding quality standards.

The synthesis of polymers by copolymerization of
epoxides and CO2 is currently ready for industrial applica-
tion at large scale. However, despite the relative maturity of
this technology, there are still opportunities for progress. The
copolymerization process needs further research and devel-
opment to increase the incorporation of CO2 into the
copolymers and the scale of polymers production and for the
development of catalyst for producing polymers with
tailor-made features and from renewable epoxides.

The technologies for producing building materials by CO2

carbonation such as CO2-cured concrete and carbonated
aggregates are at higher level of development and some pro-
cesses are being commercialized. These technologies are easy
to set up or retrofit in the existing production facilities and
generate products with similar or better quality than conven-
tionally produced counterparts with reduced manufacturing
costs and lower water and CO2 footprints, but the fulfillment
of quality standards and end of waste regulations is still
retarding the widespread deployment of these technologies.
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Chemical valorization of carbon dioxide will continue
advancing in the short-to-medium term, especially in most
mature applications, such as the production of CO2-based
polymers, methane and methanol and the CO2 carbonation.
Chemical valorization of carbon dioxide will play a crucial
role in a future circular economy for sustainable production
of low-carbon fuels, energy and hydrogen vectors, chemicals
and materials.
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Progress in Catalysts for CO2 Reforming

Maria do Carmo Rangel

Abstract

Since the first catalyst proposed for CO2 reforming as
early as 1928 by Fischer and Tropsch, the publications on
the reaction and on catalysts as well as on new
applications and technologies have increased continu-
ously. Over the years, new catalysts with several formu-
lations even more complex have been developed, for
different reaction conditions and for several purposes and
applications. Moreover, the most promising formulations
have been improved by using new supports and promot-
ers. Also, the knowledge on kinetics and mechanism as
well as on the action of supports and promoters has
opened opportunities for designing new catalysts for the
reaction. In this chapter, the progress on the catalysts for
dry reforming was discussed over the years, focusing the
advances on formulations and on the action of the
catalysts at different conditions for several applications.

1 Introduction

In the last decades, mankind has faced even more negative
impacts of pollution on the environment as well as on the
biota. In fact, the frequent discharges of pollutants both in
the water bodies and in the air have greatly contributed to the
water scarcity and to the poor quality of air in several urban
centers (Rohi et al. 2020; Britto and Rangel 2008; Shah and
Shah 2020; Rangel and Carvalho 2003). Over the years, the
continuous pollution achieved dangerous levels causing
alarming consequences such as global warming and climate
changes (Bong et al. 2017; Töbelmann and Wendler 2020).

These pollutants are closely related to anthropogenic
activities, mainly those involving the ongoing combustion of
fossil fuels including natural gas and coal as well as
light/heavy crude oils during industrial, agricultural, and
domestic activities. Since pollution causes a severe threat to
the Earth's sustainability, many policies and legislations
have been adopted by governmental agencies to avoid or to
decrease emissions. During the Climate Change Conference
2015 hold in Paris, for instance, it had been agreed that the
greenhouse gas emissions should decrease to levels enough
to limit the increase of Earth temperature to values lower
than 2 °C of the temperature before industrialization
(UNFCCC, COP21 2015). However, according to the BP
Energy Outlook (BP Energy Outlook 2019) the carbon
dioxide emissions from combustion will continuously
increase in the next years achieving around 10% by 2040.
Based on this projection, the Intergovernmental Panel on
Climate Change recently recommended to limit the global
temperature increase to less than 1.5 °C (Global Warming
and of 1.5 ºC Report).

Although the greenhouse effect has been assigned mainly
to methane and carbon dioxide (Kischke et al. 2013), it is
known (Baird 1995) that methane is a greenhouse gas much
more powerful than carbon dioxide. However, carbon
dioxide can remain in the atmosphere for a longer time than
methane, and then its amount becomes much higher. It has
been reported (Bong et al. 2017) that the current amount of
carbon dioxide can remain up to 10,000 years in the atmo-
sphere causing climate changes. In addition, carbon dioxide
emissions increase each year and reached 33.1 Gt (an
increase of 1.7%) in 2018, hitting a new record because of
higher energy consumption, as reported by International
Energy Agency (IEA International Energy Agency 2018).
Therefore, carbon dioxide has been considered the most
important greenhouse gas, being responsible for the highest
percentage of global warming (60%). This pushes all the
countries to replace fossil with renewable energy and to look
for technologies for the capture, storage, and use of carbon
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dioxide (Mustafa et al. 2020; Saadabadi et al. 2019; Araújo
et al. 2008; Ahmed et al. 2020; Galadima and Muraza 2019).
Regarding electrical power, the main sources are still fossil
fuels whose use is expected to increase in the next thirty
years, achieving triple of the current values before 2100.
Therefore, the scientific community has been addressed to
find out new technologies to use the abundant carbon
dioxide coming from fossil fuels (Mustafa et al. 2020;
Galadima and Muraza 2019; Zhang et al. 2020). However,
this largely depends on the technologies for capturing and
stocking carbon dioxide.

2 Technologies for Capturing and Storing
Carbon Dioxide

The technologies for carbon dioxide capture and storage
(CCS) involve the trapping of this gas from emission units
(stationary and mobile), transportation, and disposal into
geological formations or other places (Ahmed et al. 2020;
Miranda-Barbosa et al. 2017). Different methods were pro-
posed for removing carbon dioxide gas from outlet gases at
power stations, including absorption and adsorption (Keller
et al. 2018). The use of amine scrubbing for absorbing
carbon dioxide from flue gas is a common method frequently
used in powerhouses. Nevertheless, this technology is lim-
ited by the corroding of pieces, the discharge of toxics, and
by the high energy consumption during regeneration (Tian
et al. 2018). To overcome these drawbacks, several tech-
nologies have been proposed such as starburst, oxyfuel
combustion, and after-combustion combined with tech-
niques of separation including absorption, adsorption as well
as membranes. Each one has advantages and disadvantages
for commercial applications. The absorption based in sol-
vents, for instance, is recognized as an efficient method but
requires high amounts of energy, and several dangerous
gases are discharged during the solvent recuperation. This
has motivated the research for adsorbents in solid phase
which require less energy, are eco-friendly, and absorb faster
than liquid absorbents. In addition, they remain unchanged
in severe conditions (Babu et al. 2013). Cost-effective and
environment friendly adsorbents such as porous carbons,
metal-organic frameworks (MOF), and zeolites, among
others, have also been considered. They usually have high
specific surface areas and are resistant against water and
chemicals. The renewable carbon-based materials are espe-
cially useful for capturing carbon dioxide due to the high
specific surface area and their hydrophilic and polarity, as
well as to the functional groups on the surface. The
adsorptive capacity of carbonaceous materials can be easily
tailored by modifying the functional groups on the surface
(phenolic carboxylic and amino, others) or by doping their
surface with other elements. Despite these advantages, the

commercial application of carbonaceous materials still
depends on overcoming some challenges (Ahmed et al.
2020).

In line with the development of different methods for
capture and storage of carbon dioxide, the use of this com-
pound is essential for keeping sustainable environment.
Therefore, incentives should be provided to industries for the
implantation of the Capture, Storage and Use of Carbon
Dioxide (CCSU) technologies to convert carbon dioxide into
renewable energy/fuel/chemicals by reusing the industrial
emissions (Ahmed et al. 2020). Besides capturing carbon
dioxide from industrial processes and punctual sources, one
should consider other techniques such as the Direct Air
Capture (DAC). This technique uses composite materials
able to sequester carbon dioxide at very low concentrations
to reduce global warming (Ahmed et al. 2020; Song et al.
2019).

However, the high cost for capturing, transporting, and
storing carbon dioxide largely restrains this technology
usage and then the growth of carbon dioxide market. To
overcome this difficulty, the governments have recently
established regulations and directives on CCS technologies
for making them safer and more environmentally friendly.
This has motivated several companies to develop more
economically advanced CCS technologies following these
directives. In addition, an increased number of power plants
and chemical industries which emit carbon dioxide are
installing CCS plants for industrial use (Watch).

3 Technologies for Using Carbon Dioxide

Although carbon dioxide is an abundant and low cost and a
nontoxic feed, its industrial usage is still difficulty. This
compound is thermodynamically stable, requiring high
energy that can be provided by co-reagents or electrore-
ductive processes. This is probably the main reason for the
most preferred use of carbon monoxide instead of carbon
dioxide in industrial operations. Indeed, several organic
syntheses using carbon dioxide have been studied but only
some of them are used in industry, such as the production of
urea and its derivatives, the manufactory of organic carba-
mates, and the electrochemical Kolbe-Schmitt for salicylic
acid production (Ma et al. 2009; Alper and Orhan 2017).

The market of carbon dioxide usage in 2013 was about
200 MtCO2 per year (Aresta et al. 2013), which can be
considered small when compared to around 14,000 MtCO2

per year emitted from big sources (Aresta et al. 2018).
Currently, this use tends to increase mainly due to industrial
applications of carbon dioxide, such as refrigeration, food
and beverages, chemical wholesaling, and pharmaceuticals.
It is expected a growth of 3.9% in the carbon monoxide
market, achieving USD 9.16 billion by 2026 (Watch). In
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addition, carbon dioxide can be used in oil recovery (Dai
et al. 2014) or as solvent in physical applications such as in
supercritical plants (Aresta and Forti 1987).

However, it has been recognized that the most efficient
approach is to valorize carbon dioxide by its conversion to
fuels (Jiang et al. 2010) or chemicals (Aresta 2010) just after
its capture, using different technologies (Mustafa et al. 2020;
Alper and Orhan 2017), as shown in Fig. 1. The first group
includes traditional processes whose energy demands are
provided by fossil sources. They include pure decomposition
of carbon dioxide, which requires high energy and an effi-
cient catalyst, as well as optimized reaction conditions since
the reaction is thermodynamically unfavorable (Mustafa
et al. 2020). Even though, the feasibility of the reaction was
demonstrated by some researchers (Yutaka and Bernard
1986; Itoh et al. 1993) using semipermeable membranes for
oxygen extraction. However, the high values of temperature,
the low conversions, and the risk of explosion by the carbon
monoxide and oxygen mixture made this process not
promising for commercial applications (Mustafa et al. 2020).

Other processes involve reactants with higher values of
Gibbs free energy (co-reactant) than carbon dioxide, such as

methane or hydrogen, which will provide the thermal energy
for the reaction. To produce methanol and syngas from
carbon dioxide, for instance, most of the conventional
reactions involve hydrogen or methane. There are other
hydrogen donors which can be used such as water and
glycerol (Mustafa et al. 2020). The dry reforming of methane
and of other carbon-containing compounds is included in
this category and will be discussed later. The hydrogenation
of carbon dioxide is another kind of reaction in which carbon
dioxide reacts with hydrogen to produce methanol (Olah
et al. 2008). This traditional approach is the most efficient
one in industrial conversion of carbon dioxide to valuable
chemicals (Mustafa et al. 2020). Other chemicals like ethene,
ethanol, and formaldehyde can also be obtained by these
processes, but they are not efficient and then other approa-
ches are adopted instead.

The utilization of carbon dioxide as solvent and/or as
reactant can also be convenient, providing carbon and/or
oxygen to produce chemicals by several processes. Various
works have demonstrated the advantages of using soft oxi-
dants such as carbon dioxide in other reactions like ethane
(Saito et al. 2019), propane (Kantserova et al. 2019),

Fig. 1 Traditional and new
technologies for carbon dioxide
conversion (based on Mustafa
et al. 2020)
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isobutane (Kraemer et al. 2016) and ethylbenzene dehy-
drogenation (Oliveira et al. 2008; Rangel et al. 2012), along
with the dry reforming of methane (Araújo et al. 2008; Alper
and Orhan 2017) and methane oxidative coupling (Mo et al.
2019). These works and others have demonstrated that car-
bon dioxide is particularly attractive in the dehydrogenation
of hydrocarbons, which are frequently reversible and limited
by equilibrium. The process is carried out at high tempera-
tures to achieve high conversions, but other reactions, such
as hydrocarbons cracking, are favored decreasing the pro-
cess efficiency. The use of carbon dioxide (instead of water)
and a suitable catalyst makes the reaction exothermic
allowing its performance at low temperatures, minimizing
the cracking reaction. In this case, conversion is no more
limited by thermodynamic factors (Bhasin et al. 2001).

As shown in Fig. 1, new processes for the conversion of
carbon dioxide based on renewable sources have also been
considered, like solar thermochemical, electrochemical,
biochemical, photochemical, and plasma-chemical. All of
them have limitations in practical applications. The photo-
chemical process is an emerging approach whose challenge
is to decrease the number of steps, by the selection of
appropriated semiconductors. Regarding biological technol-
ogy, the use of microbes is continuously expanding for
converting carbon dioxide into fuels and chemicals, several
microbial species being identified and efficiently contribut-
ing to the reaction. The electrochemical reduction technol-
ogy is considered a promising process in which the catalyst
is responsible for the efficiency of reaction. Plasma-chemical
technology has been used for carbon dioxide conversion
through cold and thermal plasma, the last one being con-
sidered the best option for dry reforming. The production of
oxygenates by the process of plasma-chemical looks
encouraging but needs to be more investigated. The process
of solar thermochemical technology seems to be promising
for using concentrated solar energy, which is commercially
used for power generation and for the reaction of carbon
dioxide and hydrogen to produce syngas, which can further
produce liquid hydrocarbons (Mustafa et al. 2020).

The potential of homogeneous catalysis to produce
high-value chemicals has been demonstrated. Carbonates,
carbamates, urethanes, lactones, and pyrones, as well as for-
mic acid and derivatives, can be obtained using homogeneous
catalysts. On the other hand, heterogeneous catalysis can be
technically more advantageous like the ease reactor, design
and easier carrying on, recovery and reutilization of the cat-
alyst (Ma et al. 2009). However, these approaches demand
carbon dioxide activation by heterogeneous catalysts.

The viability of carbon dioxide as a feed for chemical
processes has been pointed out some years ago by the pro-
duction of C1 building block chemicals (Bertau et al. 2010;
Ola et al. 2013; Aresta and Dibenedetto 2007), such as urea
(commodity), formaldehyde, methanol, ethylene carbonate,

formic acid, dimethyl carbonate, cyclic carbonates, copoly-
mers, and other compounds of fine chemicals (Alper and
Orhan 2017). For the industrial production of salicylic acid,
polycarbonates, urea, and cyclic carbonates 130 Mt per year
of carbon dioxide are used, the urea process being respon-
sible for the most consumption (Alper and Orhan 2017;
Aresta 2010).

4 Methane Dry Reforming Process

Because of the latest findings of abundant reserves of shale
gas and the further improvements in hydraulic fracturing
technologies (Coonrod et al. 2020; Klewiah et al. 2020), the
use of methane has been greatly increased worldwide,
mainly in the USA. In addition, biomethane has been suc-
cessfully obtained from biogas and landfill gas produced
through the anaerobic decomposition of wastes from differ-
ent kinds (Wasajja et al. 2020). This scenario, associated
with the advantages of the abundant and cheap carbon
dioxide, made the use of methane dry reforming extremely
favorable. Besides all these advantages, the process con-
sumes the most important greenhouse gases (Baird 1995).

Through the reaction betweenmethane and carbon dioxide,
synthesis gas or syngas (gaseous hydrogen and carbon
monoxide) can be obtained. The syngas is considered a sus-
tainable and alternative fuel to fossil sources, as well as an
important feedstock to many processes to produce methanol,
dimethyl ether (Saravanan et al. 2017), aromatics (Yang et al.
2020), olefins (Zhao et al. 2018), ethanol (Xu et al. 2017a),
higher alcohols and other high-value chemicals by Fischer–
Tropsch synthesis (Panzone et al. 2020). The last reaction is
the most used process worldwide to convert syngas to liquid
fuels to avoid the inconvenience of storing and transporting
gaseous fuels. Each chemical can require feedstocks with
different hydrogen to carbon monoxide molar ratios that can
be adjusted by the water gas shift reaction (Rangel et al. 2017).

As shown in Eq. 1, methane dry reforming is endother-
mic and is frequently performed at temperatures above700 °
C to obtain suitable conversions. According to stoichiome-
try, hydrogen to carbon dioxide (H2/CO) of 1.0 is expected
but other parallel reactions also occur (Eq. 2–6). The
decomposition of methane (Eq. 2), the disproportionation of
carbon monoxide (Eq. 3) and the hydrogenation of carbon
dioxide (Eq. 4) and of carbon monoxide (Eq. 5) are unde-
sirable reactions that lead to coke formation on the catalyst.
The reverse water gas shift reaction, RWGSR (Eq. 6), cau-
ses the lowering of hydrogen to carbon dioxide molar ratio
to lesser than 1.0, since it consumes carbon dioxide (Wang
et al. 1996; Zhang et al. 2018a).

CH4 þCO2 ! 2COþ 2H2 DH298K ¼ 248 kJmol�1 ð1Þ
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2CO $ CþCO2 DH
�
298K ¼ �172:6 kJmol�1 ð2Þ

CH4 ! Cþ 2H2 DH298K ¼ 75 kJ mol�1 ð3Þ

CO2 þ 2H2 $ Cþ 2H2O DH298K ¼ �90 kJmol�1 ð4Þ

H2 þCO $ H2OþC DH298K ¼ �5a1:3 kJmol� ð5Þ

CO2 þH2 $ COþH2O DH298K ¼ 41:2 kJmol�1 ð6Þ
These reactions can be controlled by the temperature of dry

reforming since each reaction has lower and upper limits to
occur. For instance, at values above 640 °C methane cracking
begins to occur while carbon monoxide disproportionation
(Eq. 2) and the RWGS (Eq. 6) are inhibited above 820 °C. In
the 557–700 °C range, methane cracking and carbon
monoxide disproportionation are favorable and then carbon
deposition occurs. In addition, methane dry reforming is
limited by equilibrium and is favored at temperatures
above727 °C. In these conditions, the disproportionation of
carbon monoxide (Eq. 2) is inhibited whereas methane
cracking (Eq. 3) will occur. At this condition, methane
cracking is the major responsible for deactivating the catalysts
by coke deposition (Wang et al. 1996; Zhang et al. 2018a).

Several studies have been performed on thermodynamic
simulations for different conditions of temperature (Wang
et al. 1996; Jang et al. 2016; Nikoo andAmin 2011), CO2/CH4

ratio (Nikoo andAmin 2011), pressure, and additional oxidant
(Wang et al. 1996; Jang et al. 2016), taking the contribution of
the reactions responsible for coke formation into account
(Nikoo and Amin 2011). It was concluded that the best
operation conditions for methane dry reforming are tempera-
tures higher than 850 °C and low pressures to achieve higher
conversions (Wang et al. 1996; Jang et al. 2016; Nikoo and
Amin 2011). In addition, carbon formation should be avoided
to operate the process stably (Wang et al. 1996; Jang et al.
2016; Nikoo and Amin 2011). Moreover, these works have
demonstrated that one cannot predict the conversion or coke
formation by thermodynamic calculation, because the rate
reactions strongly depend on the selectivity of the catalyst.

Besides the thermodynamic requirements, the occurrence
and the extension with which the Eqs. 1–6 occur largely
depend on the selectivity of the catalyst. Therefore, a lot of
work has been carried out over the years, aiming to find
active, selective, and stable catalysts, which cannot go on
deactivation.

4.1 Progress in Catalysts for Methane Dry
Reforming (1928–1989)

The first detailed investigation dealingwith dry reformingwas
reported in 1928 by Fischer and Tropsch (1928), who have

found severe carbon formation and then the deactivation of
nickel and cobalt-based catalysts. Twenty years later, Reit-
meier et al. (1948) have demonstrated the advantages of using
carbon dioxide to control the hydrogen to carbon monoxide
ratio in the synthesis gas obtained by steam reforming of
methane (Eq. 7), without producing coke. By equilibrium
considerations, as well as by laboratory and pilot plant
investigations over a nickel catalyst supported on a perforated
disk, they have found the reaction conditions in which the
syngas composition could be adjusted by changing the feed-
stock composition. This was the first work that pointed out the
suitable conditions to obtainH2/CO ranging from3 to 0.5 to be
used in Fischer–Tropsch synthesis for different purposes.
Depending on these values, the excess carbon dioxide in the
effluent gas could be recovered and recycled to the reactor.
These results were used to build an industrial plant for the
Bureau of Mines at Bruceton, Pennsylvania, USA.

CH4 þH2O ! COþ 3H2 DH298K ¼ 206 kJmol�1 ð7Þ
Table 1 shows the reports on dry reforming in the period

from 1928 to 1989. It can be noted that few works have been
carried out, most of them showing simple formulations of
catalysts. In this period, the research has been addressed to
find catalytically active metals or compounds. Only the
commercial catalysts for steam reforming have included
mixed supports or dopants. In fact, until 1990, most of the
research was addressed to steam reforming, the most
important industrial route to produce syngas and hydrogen
since that time. However, in the following years, the interest
for dry reforming has been increasingly motivated by the
incentives to consume carbon dioxide for decreasing global
warming and to develop technologies to produce clean
energy. In addition, it has been recognized the advantages of
producing syngas with low hydrogen to carbon dioxide ratio,
proper to Fischer–Tropsch synthesis, to obtain hydrocarbons
or oxygenates.

4.2 Progress in Catalysts for Methane Dry
Reforming (1990–1999)

The first works in the 1990s have been motivated by the
need of using dry reforming in the Chemical Energy
Transmission Systems (CETS) for energy storage and
transmission. Richardson and Paripatyadar (1990), for
instance, have evaluated a noble-based catalyst (0.5 wt.%
Rh/c-Al2O3) in a pilot plant and have proposed a model for
methane conversion, incorporating the rate and the internal
and external diffusion equations. The catalyst has shown no
coke deposition during dry reforming and has been suc-
cessfully tested in large scale experiments in solar receivers.
The choice of rhodium was based on the experience with
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noble metals in steam reforming, which showed that rho-
dium and ruthenium were ten times more active than nickel,
platinum, and palladium (Rostrup-Nielsen 1983). Although
nickel has been the most economical and used catalyst in
commercial processes of steam reforming (Ridler et al.
1989), it requires a lot of steam (to control coke deposition)
which decreases the efficiency of the CETS (Richardson and
Paripatyadar 1990).

Table 2 shows the progress on the catalyst development
from 1990 to 1999. During this decade, the studies have
been addressed to investigate new supports (pure or mixed)
that could interact with the metal and improve its catalytic
properties. In addition, the first studies have suggested
possible other roles of the support besides providing the
dispersion of metal particles. Moreover, the dopants have
begun to be used mainly in the supports.

Therefore, other supports have been evaluated, such as
europium oxide, Eu2O3 (Perera et al. 1991), for ruthenium or
iridium, the catalysts proving to be active and producing no
significant coke after several cycles. They have shown
similar performances as compared to alumina-based cata-
lysts (Ashcroft et al. 1991), suggesting that the kind of
support did not affect the catalytic mechanism. Mark and
Maier (1996) have come to the same conclusion studying
rhodium, ruthenium, and iridium supported on alumina,
titania, silica, and zirconia. However, silica, titania, and
alumina have been also evaluated by Nakamura et al. (1994),
who have noted a significant decrease in activity from rho-
dium supported on alumina to silica, titania showing an
intermediate value. In another work, Bitter et al. (1996) have
found the following order of stability of platinum on dif-
ferent supports: Pt/c-Al2O3 < Pt/TiO2 < Pt/ZrO2. This ten-
dency was related to coke deposition blocking the active
sites. In addition, it has been noted that for platinum-based
catalysts the active sites are located in the interface of metal
and support. This was confirmed in another study (Bitter
et al. 1998) by steady-state transient kinetics measurements
and other techniques. These contradictory results are prob-
ably associated with different reaction conditions as well as
different catalyst preparations. In a further report, Bitter et al.
(1999) have pointed out that the rates of carbon formation
and of deactivation depend on the stability of carbonates
coming from carbon dioxide on the supports. The replace-
ment of zirconia by alumina decreased the stability and
favored the growth of carbon particles.

Other researchers have reported strong effects of
acidity/basicity of support on the catalysts' performance.
Gronchi et al. (1995), for instance, have proposed that the
basic sites of lanthana were able to activate carbon dioxide,
inhibiting carbon deposition on rhodium-based catalysts.
Lercher et al. (1996) have also considered the role of the
acidity of the support on the catalyst efficiency and have
found a proportionality between the rate of coke production
and the concentration of Lewis sites on the support. In line
with these findings, Zhang et al. (1996) have considered that
the acidity of the support could affect the performance of
rhodium-based catalysts as well. They have found that the
initial intrinsic activity largely depended on the support
acidity, as suggested by the decreasing sequence:
yttria-stabilized zirconia (YSZ); Al2O3; TiO2; SiO2; La2O3

and MgO. Moreover, as the metal nanoparticle size
increased the catalyst activity and velocity of deactivation
diminished. The catalysts based on titania and magnesia
have shown the highest deactivation rates while those based
on YSZ and silica showed no deactivation during 50 h on
stream. The catalyst deactivation has been caused by coke
formation, sintering of the metal, and rhodium poisoning by
some species of the support. These effects on activity and on
deactivation were found to be dependent on the support,
suggesting that they are related to its interaction between
metal and support. In a further paper (Efstathiou et al. 1996),
the same group has investigated the dry reforming mecha-
nism over YSZ and alumina-supported rhodium. This was
the first report of experimental results for dry reforming
derived from steady-state tracing, allowing to prove the
origin of carbon species accumulated on rhodium surface
catalysts. It has been concluded that the YSZ-based catalyst
was the most resistant against carbon deposition because the
ability of the support for providing lattice oxygen species,
which react with carbonaceous species. These species could
spill over rhodium, favoring the formation of carbon
monoxide and water.

The role of the support in affecting the metal activity has
been also investigated at molecular level (Basini and San-
filippo 1995). The experiments were performed over rho-
dium, ruthenium, and iridium as a monolayer deposited on
a-alumina, magnesia, ceria, lantana, and titania with low
surface areas. It has been found that carbon dioxide could be
partially dissociated producing oxidic and carbonyl species
on metal surfaces. This reactivity was facilitated by surface

Table 1 Progress in catalyst
development (1928–1989)

Active phase Support Reference

Ni, Co Fischer and Tropsch (1928)

Ni, CuO, Fe2O3 SiO2 Sodesawa et al. (1979)

Rh > Pd > Pt � Ru Al2O3 Sakai et al. (1984)

Ni > Co � Fe Al2O3 Tokunaga and Ogasawara (1989)
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Table 2 Progress in catalyst development for dry reforming (1990–1999)

Active phase Support Promoter Reference

0.5 wt.% Rh c-Al2O3 Richardson and Paripatyadar (1990)

Ru, Ir Eu2O3 Perera et al. (1991)

Ru, Ir Al2O3 Ashcroft et al. (1991)

Ir, Rh, Ni > Pd > Ru Al2O3 Vernon et al. (1992)

MnO2 Mirzabekova et al. (1992)

CeO2 Otsuka et al. (1993)

Ru, Rh > Ir > Ni, Pt, Pd Al2O3-stabilized MgO Rostrup-Nielsen and Hansen (1993)

Rh > Ru > Ir > Pt > Pd MgO Qin and Lapszewicz (1994)

Re c-Al2O3 Claridge et al. (1994)

Rh Al2O3 > TiO2 > SiO2 Al2O3, TiO2,
MgO

Nakamura et al. (1994)

Ni Al2O3 La Blom et al. (1994)

Ni Al2O3 Pt, Rh-,
CeO2, La2O3,

Inui et al. (1994)

Ni, Pt ZrO2 > c-Al2O3 > a-Al2O3 K Seshan et al. (1994)

Ni SiO2, La2O3, MgO, ZrO2, TiO2, Al2O3-SiO2 Cu, K Swaan et al. (1994)

Co SiO2 > AC MgO Guerrero-Ruiz et al. (1994)

Ni MgO, SiO2 SiO2, MgO Takayasu et al. (1995)

Ni Al2O3, SiO2 MgO, CaO Tang et al. (1995)

Ni MgO, CaO, BaO, SrO Ruckenstein and Hu (1995)

Rh, Ru, Ir Al2O3, TiO2, SiO2, ZrO2 Mark and Maier (1996)

Pt Al2O3, TiO2, ZrO2 Bitter et al. (1996)

Rh YSZ > Al2O3 > TiO2 > SiO2 > La2O3 > MgO Zhang et al. (1996)

Pt, Ni TiO2, ZrO2, Al2O3 Lercher et al. (1996)

Ni, Cu, Co, Fe, Ru, Rh,
Pd, Ir, Pt

MgO, TiO2, SiO2, Activated Carbon, Cr2O3 Bradford and Vannice (1996a), Bradford and Vannice
(1998), Bradford and Vannice (1999)

Ni La2O3, c-Al2O3, CaO Zhaolong and Verykios (1996)

Ni Al2O3 MgO, CaO,
La2O3, CeO

Cheng et al. (1996)

Ni a-Al2O3 Fe, Co, Cu,
Ce

Halliche et al. (1996)

Ni Al2O3 Na, K, Mg,
Ca

Horiuchi et al. (1996)

Ni Pentasil-type zeolite K, Ca Chang et al. (1996)

MoS2, WS2 Osaki et al. (1997)

Ni0.03Mg0.97 Pt, Pd, Rh Chen et al. (1997a)

Rh NaY > HY Bhat and Sachtler (1997)

(Rh > Pt > Ir, Pd > Ru) ZrO2 Keulen et al. (1997)

Pt SiO2, ZrO2 Sn Stagg and Resasco (1997)

Ni Al2O3 La–Nd–Pr Slagtern et al. (1997)

Ni–Mg–O Cr2O3, La2O3 Chen et al. (1998)

Ru Activated carbon MgO Ferreira-Aparicio et al. (1998)

Pt ZrO2 Ce, La Stagg and Resasco (1998)

Ni CeO2–Al2O3, CeO2 Wang and Lu (1998)

Ni Al2O3 MoO3 or
WO3

York et al. (1998)

Rh SiO2 V Bradford and Vannice (1999)
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hydrogen atoms produced by dissociative hydrogen or
methane chemisorption. The reactivities of the hydridocar-
bonyl and oxidic species were considered as the center of the
catalytic cycle, during which one species was periodically
converted into the other one. The carbon growth reactions
have been inhibited by the high oxidative properties of the
noble metal-oxygen adducts.

In addition, Bradford and Vanice (1996a,1998) have
studied the metal-support interaction in nickel deposited on
magnesia, titania, silica, and on activated carbon (AC). Less
coking was noted for titania and magnesia-supported nickel,
the last one being active and stable for 44 h on stream. The
strong interaction of nickel and titania provided TiOx species
that decorated the surface of metal particles and then
destroyed the big ensembles of nickel, responsible for coke
formation. On the other hand, the nickel oxide-magnesium
oxide solid solution stabilized the reduced nickel, making
them resistant against coke formation. Moreover, the authors
proposed that the activity of the metal could be affected by
the support, changing the ability of reduced nickel for
donating electrons. In a further work (Bradford and Vannice
1999), they have elucidated the role of the support by
studying several metals (copper, cobalt, iron, nickel, ruthe-
nium, rhodium, paladium, iridium, and platinum) deposited
on silica or titania. It was found that both the support and the
percentage of d character of each metal affected the activity,
different trends being observed for metals on each support.
For silica, platinum showed the highest activity while
ruthenium exhibited the maximum activity for titania.

At that time, rhodium has seemed to be the most suitable
catalyst to dry reforming, but the high cost and low avail-
ability have pushed the investigation to improve the
nickel-based catalysts and to look for other active phases. In
line with this need, Swaan et al. (1994) have considered the
use of different supports and dopants, by studying nickel
supported on silica, lantana, magnesia, zirconia, titania,
alumina-silica, and potassium, and copper as dopants for
silica. The low activity of the catalysts based on magnesia,
titania, and potassium-doped silica was related to the
metal-support interactions which have made nickel reduction
more difficult. This led to the conclusion that the activity of
nickel was more related to nickel phase on each support.

Other dopants, such as magnesium oxide and/or calcium
oxide, have also been investigated for alumina and
silica-supported nickel catalysts (Tang et al. 1995). The
dopants improved silica-supported nickel, a fact that was
related to their basic character, depressing carbon deposition.
Horiuchi et al. (1996) have come to the same conclusion by
studying the role of basic metal (sodium, potassium, mag-
nesium, and calcium) oxides on deactivation of alumina-
supported nickel. It has been proposed that the promoters
decreased nickel activity in methane dehydrogenation. This
effect has also been investigated by Ruckenstein and Hu

(1995), doping nickel-based catalysts with alkaline earth
metal (magnesium, calcium, barium, and strontium) oxide.
The NiO/MgO catalyst was superior to the others, a fact that
was related to a nickel oxide and magnesium oxide solid
solution. In addition, Stagg and Resasco (1997,1998) have
noted that tin, cerium, and lanthanum were efficient pro-
moters for silica or zirconia-supported platinum for pre-
venting deactivation. In another work (Slagtern et al. 1997),
it has been found that different loadings of a rare-earth
mixture (La, Nd, Pr) or of pure lanthanum could efficiently
increase the catalytic activity of alumina-supported nickel as
well as its stability. Moreover, York et al. (1998) have found
that by adding molybdenum oxide (MoO3) or tungsten
(VI) oxide (WO3) to nickel supported on alumina, carbon
formation was strongly decreased, the tungsten-containing
samples showing no deactivation.

Besides promoting the support, other studies have been
carried out promoting the active phase. Halliche et al.
(1996), for instance, have found that the activity of nickel
supported on a-alumna changed in the order: nickel
* nickel-cobalt, nickel-cerium > níckel-copper � nickel-
iron. The action of these additives has been assigned to the
interaction of nickel with the other metals. Sometime later,
Chen et al. (1997a) have evaluated the effects of doping both
metal and support on the catalysts' performance by using
different amounts of Pt, Pd, and Rh on the catalysts based on
the Ni0.03Mg0.97 solid solution. An appreciable improvement
in activity and stability was noted, the last one being related
to the increased nickel reducibility. Moreover, Chen et al.
(1997b) have found that small amounts of trivalent-metal
oxides (Cr2O3, La2O3) have improved the resistance against
coke on Ni–Mg–O catalysts. This finding was related to the
ability of the dopants to create Schottky defects that
increased the oxygen anions mobility in the lattice, fastening
the oxidation of carbonaceous species. In addition, part of
the Schottky defects (cationic vacancies) may go to the
surface and favor nickel reducibility.

Another strategy adopted to improve the dry reforming
catalysts was the physical mixture of different metal oxides
and the catalysts, such as the study of Takayasu et al. (1995).
They have found that the addition of silica to magnesia-
supported nickel increased the activity and the resistance
against coke deposition, while no effect was noted for the
addition of magnesia, at 800 °C. It means that magnesium
oxide improved the activity as a support but not in a mixture.
The physically mixed silica decreased the amount of
deposited coke, this being related to its ability of storing
hydrogen and of spillover the CHx adsorbed species, pre-
venting carbon deposition.

The role of promoters has also been studied on
cobalt-based catalysts (Horiuchi et al. 1996) using silica and
activated carbon as supports in the range of 500–700 °C.
The role of the promoter was assigned to strongly adsorbed
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carbon dioxide species during reaction, which could react
with coke, preventing the catalyst deactivation. However,
magnesium oxide was not able to avoid the cobalt particles
sintering. Chang et al. (1996) have studied the role of pro-
moters (potassium and calcium oxides) as well but using a
pentasil-type zeolite-supported. They have noted that the
promoters decreased coke deposition, due to carbonate
species formed on alkaline promoters near nickel sites.

Other supports have also been investigated in the last
years of this decade. Bhat and Sachtler (1997), for instance,
have demonstrated the potential of zeolites to produce well
dispersed metals, such as rhodium on Y zeolite. The cata-
lysts showed high activity, selectivity, and stability, no
deactivation or coke being noted after 30 h on stream or
after repeated thermal cycles. NaY was superior to HY.

Other active phases were proposed in the last period as
well. New active phase, such as MoS2 and WS2 has been
studied by Osaki et al. (1997). No catalyst deactivation has
been noted on disulfides but the rate was smaller than on
Ni/SiO2. This was related to the poor ability of disulfides for
decomposing methane.

The effect of several parameters on deactivation of
silica-supported nickel catalyst has been studied by Kroll
et al. (1996). It has been proposed that at the beginning of
the reaction, carbide-like surface was formed rapidly and
then the activity changed according to the morphology of the
particles and to nickel reduction degree. During reaction,
nickel particles went on sintering and various forms of coke
were produced. In contrast with the activity in reforming
reaction, the rate of formation and the type of coke seemed to
be structure sensitive, this determining the aging of the
catalyst. Different types of aging can occur during reaction:
(i) the faceted and flat particles produced on stream do not
form coke or form low amounts of filamentary coke (toxic);
(ii) during the prereduction step, under hydrogen flow, the
spherical and small particles formed are able to produce
encapsulating coke (toxic) and (iii) at temperatures below
700 °C, few particles sinter and the rates of carbon deposi-
tion increase, in accordance with thermodynamics. At this
stage, the rate of deactivation no more depends on the
treatment and on the morphology of particles. Therefore, the
better condition for improving the stability of the catalyst is
700 °C in a reactor with minimized temperature gradients,
without prereducing the catalyst.

At the end of this period, some workers pointed out the
importance of the preparation methods for nickel supported
on alkaline earth metal oxides (Ruckenstein and Hu 1997),
early transition metal carbides (Lemonidou et al. 1998),
rhodium and nickel-containing catalysts prepared from
hydrotalcites (Basile et al. 1998), nickel-based catalysts
obtained by crystallization (Suzuki et al. 1998) and nickel
calcium aluminate catalysts (Lemonidou et al. 1998).
However, only few works have compared different

preparation methods (Chang et al. 1996; Lemonidou et al.
1998). The impregnation of the metal precursor on support
previously prepared or coprecipitation methods have been
used in most of the works.

On the other hand, a lot of studies have been carried out
dealing with kinetic models and mechanicist studies for
different catalysts with several active phases and supports
(Bradford and Vannice 1996b; Kroll et al. 1997; Schuurman
et al. 1997; Wang and Au 1997; Erdőhelyi et al. 1997;
Zhang and Verykios 1997; Cant et al. 1997; Hei et al. 1998;
O’Connor et al. 1998; Gronchi et al. 1998; Osaki et al.
1998). These works have shown that the kinetics and the
mechanisms depend on the catalyst and on the support but
generally, the following steps are involved: (1) methane
adsorption followed by successive dehydrogenation steps to
produce hydrogen and carbon on the surface; (2) dissociative
adsorption of carbon dioxide to produce surface oxygen and
carbon monoxide and (3) desorption of CO and hydrogen
(Wang et al. 1996). By studying nickel supported on alu-
mina and on lantana by isotopic tracing techniques
Tsipouriari and Verykios (1999) have demonstrated that
different reaction pathways may occur on different supports.
On lantana-supported nickel, the carbonaceous intermediates
species able to produce carbon monoxide are present in
larger amounts than those that form carbon dioxide. The
amount which produces CO is much less on alumina-
supported nickel. In the reaction condition, the compound
La2O2CO3 (produced by the reaction of lantana with CO2)
can be decomposed to form carbon monoxide and then
supply oxygen to oxidize the coke on the surface. Aiming to
explain the role of the alkaline metals on decreasing coke on
Ni/Al2O3, Mori et al. (1999) have proposed that these
dopants can decrease the activity to methane decomposition
and then decrease the concentration of hydrogen-deficient
hydrocarbon species (CHx,ad) on a nickel surface. This
provides a high concentration of adsorbed oxygen atoms or
COx species on the surface preventing coke. On the undoped
catalysts, methane was readily decomposed to carbon, while
carbon dioxide was not, resulting in the production of
carbon.

In addition, the carbonaceous species have been identified
by several techniques and their formation and decomposition
have been discussed (Chen et al. 1997b). Several mecha-
nisms for coke formation were proposed, depending on the
catalyst. Briefly, the process can occur both by carbon
dioxide molecular and methane molecular routes (Erdőhelyi
et al. 1997; Tsipouriari et al. 1994). Three types of car-
bonaceous species with different reactivities can be produced
on nickel catalysts: a-C, b-C, and c-C species. The first form
is supposed to be responsible for CO formation while the
others cause the catalyst deactivation (Zhang and Verykios
1994). Just the stable form (coming from the dispropor-
tionation of carbon monoxide) can poison nickel. Although
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the forms produced by the activation of methane accumulate
promptly on the surface, they are less toxic. It is believed
that coke is first produced as carbon atoms that is an
important intermediate because of their high reactivity.

During the period from 1990 to 1999, the main pro-
gresses in dry reforming catalysts were mostly related to the
knowledge of the role of support on affecting the active
phase and on the kinetic and mechanism, largely based on
the evaluation of different supports and on several tech-
niques of catalyst characterization. The use of dopants had
begun in this period and a lot of compounds were evaluated
but few works have explained their role. From the experi-
ments and modeling studies, it has been concluded that the
kind of support strongly affects the activity due to the
interaction with the active phase. During dry reforming,
carbon dioxide is adsorbed and dissociated, the basicity of
the support improving these processes. This was confirmed
by using different basic supports (La2O3, CaO) or basic
promoters which have proved to prevent coke formation.

4.3 Progress in Catalysts for Methane Dry
Reforming (2000–2009)

In this decade, most of the works have been addressed to
investigate more deeply the most promising catalysts for
methane dry reforming, aiming to improve these solids. In
addition, several new combinations of active phase, sup-
ports, and promoters have been proposed, resulting in new
and more complex formulations, as shown in Table 3.
Moreover, the knowledge that the methods of preparing the
catalysts could affect the catalysts' efficiency has addressed
the investigation to the comparison of catalysts prepared by
different methods.

Xu et al. (2000), for instance, have proposed nickel-
containing hexaaluminates, LaNiyAl5−yO19−d (y = 0.3, 0.6,
0.9, 1.0) as an optional catalyst for methane dry reforming.
The catalysts have been more active and stable alumina or
silica-supported nickel. Alumina intercalated laponite
(Al-laponite) has been also proposed as new support for
nickel catalysts (Hwang et al. 2001). The samples have been
prepared by different methods, the pore structure being
tailored through the surfactant. The catalyst has shown
well-developed porosity and high activity and stability. In
another work (Chen et al. 2001), it was found that platinum
supported on yttria-stabilized zirconia (YSZ) with different
amounts of yttrium led to higher conversions and stabilities
than platinum supported on alumina and silica. This finding
has been assigned to the increase of adsorption, activation,
and dissociation of CO2 on YSZ.

Aiming to create new interactions between the metal and
the support, the effect of previous deposition of a metal
oxide over the support has also been studied. Chen et al.

(2002) have prepared zirconia on silica and lanthana on
alumina with different loadings of zirconia, before deposi-
tion of platinum. It has been found that zirconia spreads
homogeneously on silica to form a stable surface-phase
oxide whereas lantana could not be well dispersed on alu-
mina and formed an amorphous compound with alumina.
The new catalysts were three to four times more active and
stable than the conventional silica and alumina-supported
platinum. These findings have been related to the activation
of carbon dioxide adsorbed on the basic sites of the catalysts.

Several kinds of zeolites have also been evaluated as
supports for different metals (Pt, Ni, Mo, Ni), such as 5A,
ZSM-5 X, Y, and K, as well as mesoporous materials
(SBA-15, MCM-41). Due to the high specific surface areas,
they usually provide high metal dispersion and low coke
deposition (Lacheen and Iglesia 2005).

Some unusual supports such as SiC monolithic foam have
been investigated, demonstrating to be promising for dry
reforming catalysts. An active and stable catalyst (7 wt
% Ni) has been obtained, which worked at 750 °C for 100 h
on stream. Mesoporous zirconia with 3% M2Ox (M = Ce,
La, and K) have also shown potential for support of
nickel-based catalysts, the sample containing 5 wt.% Ni
being active and stable 50 h on stream. The catalysts were
obtained by using Pluronic P53 surfactant (Rezaei et al.
2007). In addition, Zhang et al. (2008) have shown the
potential of nickel nanoparticle-embedded mesoporous
titania/silica catalysts prepared by impregnation of nickel in
a titanium-silica gel, no organic additives or templates being
used. The NiO (10 wt%) and TiO2/SiO2 (50:50 w/w) were
the most active catalysts.

The promoters both in the support and in the active phase
have also been studied. Montoya et al. (2000), for instance,
have evaluated the effect of promoters (CeO or MgO) on the
activity and stability of zirconia-supported nickel during the
dry reforming of methane. They have found that the addi-
tives prevented the t-ZrO2 transformation to m-ZrO2

increasing the thermal stability and activity. The doped
catalyst was stable for 200 h on stream, this being related to
the metal reducibility, crystal size, and dispersion, as well as
to metal-support interactions. Richardson et al. (2001) have
evaluated the traditional bimetallic catalyst (Pt-Re/c-Al2O3)
used in industrial process of naphtha reforming to produce
aromatics. They have noted that low amounts of rhenium
increased the deactivation rate, but higher amounts lead to
increased conversion and stability, the catalysts being stable
up to 750 h. It has been proposed that rhenium was active in
carbon dioxide dissociation releasing oxygen to remove the
carbon and to avoid carbon clusters. Table 3 shows some
examples of the different promoters proposed for the cata-
lysts of dry reforming in this decade.

By studying the influence of different preparation meth-
ods on catalyst performance, Tang et al. (2000) have
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Table 3 Progress on catalysts for dry reforming (1999–2009)

Active phase Support Promoter Reference

LaNiyAl12−yO19−d Xu et al. (2000)

Ni ZrO2 CeO2, MgO Montoya et al. (2000)

Pd CeO2 Sharma et al. (2000)

Ni, Ru LaMnO3 Pietri et al. (2000)

Ni–La2O3 5A zeolite Luo et al. (2000)

Ni Al2O3 Mn Seok et al. (2001)

Mo2O Sehested et al. (2001)

Pt YSZ Chen et al. (2001)

Ni Ru, Mn LaMO3 Pietri et al. (2001)

Pt c-Al2O3 Re Richardson et al. (2001)

Ni Al-laponite Hwang et al. (2001)

Pt ZrO2/SiO2, La2O3/Al2O3 Chen et al. (2002)

Mo2C, WC ZrO2 Naito et al. (2002a, b)

Ni Al2O3 Mo Quincoces et al. (2002)

Ni SiO2, H-ZSM-5 Ru Crisafulli et al. (2002)

Co c-Al2O3 Ruckenstein and Wang (2002)

Ru, Ni Ln1−xCaxO3 (La, Sm, Nd) Goldwasser et al. (2003)

Fe, Co, Ni CeO2 Asami et al. (2003)

Ni Al2O3 V Valentini et al. (2003)

LaNxCo1−xAl11O19+d Wang et al. (2003)

Ni CeO2, CeO2–ZrO2, ZrO2 Roh et al. (2004)

Ni MgO–c–Al2O4, MgAl2O4 Guo et al. (2004)

Mo2C SiO2 < ZrO2 < Al2O3 Treacy and Ross (2004)

Ni CeO2 Y2O3 Wang et al. (2004)

Ni a-Al2O3 Sn Hou et al. 2004)

Ni Al2O3–ZrO2 Li and Wang (2004)

Ir Ir/Ce0.9Gd0.1O2−x Wisniewski et al. (2005)

Pt Al2O3,Na–Al2O3, K–Al2O3, ZrO2 Ballarini et al. (2005)

Ni c-Al2O3 K, CeO2, Mn Nandini et al. (2005)

Mo H-ZSM-5 Lacheen and Iglesia (2005)

Ni, Co TiO2 Takanabe et al. (2005)

Ni SBA-15 Meili et al. (2006)

Pt MgO Yang and Papp (2006)

Ru, Rh, Ir, Pt, Pd Al2O3–MgO Rezaei et al. (2006)

Ni–Co (Fe, Cu, Mn)-Al–Mg Zhang et al. (2007a)

Ni–Ti–Al composite Sun et al. (2007)

Pd La2O3 Fernandes Júnior et al. (2007)

Rh CeO2–Al2O3, Al2O3 Wang et al. (2007a)

Co MgO, ZrO2, CeO2/SiO2–Al2O3 Mondal et al. (2007)

Ni KH zeolite Kaengsilalai et al. (2007)

Ni Sm2O3–CaO Zhang et al. (2007b)

Ni MCM-41 La Wang (2007)

Ni ZrO2–3%M2Ox; M: Ce, La, K Rezaei et al. (2007)

Ni ZSM-5 Pt Pawelec et al. (2007)

(continued)
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compared Ni/c-Al2O3 catalysts obtained by nickel impreg-
nation on a commercial and on a sol-gel made c-Al2O3,
using organometallic precursors. They showed similar
activities but the commercial support produced a catalyst
more susceptible to the deposition of heavy coke leading to
the interruption of reaction after 3.5 h. On the other hand,
the other catalyst showed almost no coke after 80 h on
stream, this being related to smaller size of initial nickel
particles. The relationship between the preparation method
and the activity and stability have also been studied on
carbides of molybdenum and tungsten (Naito et al. 2002a).
Mo2C did not deactivate when obtained by molybdenum
oxides nitridation followed by carburization. Tungsten car-
bides, prepared by carburization or nitridation followed by
carburization, showed close activities in the beginning but
that obtained from direct carbonization was more stable than
the other one. In another work (Naito et al. 2002b), it has
been noted that by supporting molybdenum carbide on zir-
conia the deactivation was suppressed, this being related to
the decrease of the rate of methane dissociation.

Several other works have been addressed the effects
coming from the changing of the sequence of impregnation
and coimpregnation on the catalytic properties. By studying
the dependence of activity and thioresistance as well as coke
deposition on the impregnation sequence, for molybdenum
and tungsten carbide catalysts, Quincoces et al. (2002) have
found that molybdenum addition strongly affected the car-
bon deposition and thioresistance, regardless the impregna-
tion sequence. On the other hand, Özkara-Aydınoğlu et al.
(2009) have compared the coimpregnation and sequential
impregnation in the preparation of platinum supported on
zirconia-doped cerium, noting that the effect of cerium on
activity and selectivity depended on cerium loading and on

the preparation method. The addition of 1 wt.% Ce by
impregnation improves the activity and stability of the cat-
alysts. Dias and Assaf (2003) have also investigated the
effect of changing the order of impregnation of nickel and
calcium precursors. They have found out that calcium
interacts with the support, competing with nickel, and favors
the production of nickel reducible species mainly when
nickel is added after calcium. In addition, Therdthianwong
et al. (2007) have compared the coimpregnation and suc-
cessive impregnation methods. They have noted that zirco-
nia inhibited coke deposition by increasing the dissociation
of carbon dioxide and then producing oxygen intermediates
near the ZrO2–Ni interface, where coke was gasified. The
co-impregnated catalyst was more active but the resistance
to coke was comparable for short-running period.

Besides impregnation methods, the sol-gel methods have
been used and compared with other methods in several
works. Xiancai et al. (2008), for instance, have compared the
preparation of nickel-containing catalysts obtained by
sol-gel and impregnation routes. They have found that the
sol-gel method produced catalysts with higher activity than
those prepared by impregnation. On the other hand, Kim
et al. (2000) have compared the conventional alumina-
supported nickel with aerogel catalysts obtained by sol-gel
route and then supercritical drying. Very small nickel par-
ticles evenly distributed over alumina were obtained for the
aerogel catalysts. Their activity increased with metal loading
and all aerogel samples produced low amounts of coke, a
fact that was related to the well dispersed metallic particles.
The filamentous carbon production was affected by nickel
particles size and was formed preferentially on particles
bigger than 7 nm. In further work, Sun et al. (2007) have
found that solids showing high specific surface area and with

Table 3 (continued)

Active phase Support Promoter Reference

Ni/Al/Al/Ce Daza et al. (2008)

Ni Al2O3 ZrO2 Therdthianwong et al. (2007)

Ni Ce0.75Zr0.25O2 Y3+, Pr4+/Pr3+ Wu and Zhang (2008)

Ni SBA-15 MgO Huang et al. (2008)

Ni SiO2 Gd2O3 Guo et al. (2008)

LaNi1−yMg(Co)ByO3 ± d Gallego et al. (2008)

Ni SiC foam Liu et al. (2008)

Ni La2O3 SiO2 Gao et al. (2008)

Ni TiO2–SiO2 Zhang et al. (2008)

Ni BaTiO3 Xiancai et al. (2008)

Ni La1−xPrxNiAl11O19 (hexaluminates) Zhang et al. (2009)

Ni–Ru BN Wu and Chou (2009)

Ru CeO2–Al2O3 Safariamin et al. (2009)
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narrow pore size distribution could be obtained by sol-gel
route, optimizing the hydrolysis ratio and the acid to
alkoxide ratio. However, the high-temperature calcination
led to a large decrease of specific surface area, because of
pore structure collapse and sintering of the particles. Adding
aluminum-containing precursor the specific surface area
increased even after calcining the solids at 973 K. The cat-
alyst was highly active and stable in dry reforming of
methane.

The effect of calcination or reduction temperatures on the
catalyst performance has been studied by several research-
ers. Nguyen et al. (2009) have investigated the influence of
gaseous mixture used in the pretreatment on the efficiency of
b-SiC extrudate-supported nickel. The pretreatment of the
catalyst by carbon dioxide and oxygen, instead of direct
activation under carbon dioxide and methane mixture,
improved the activity. The oxygen pretreatment was sup-
posed to stabilize the metallic nickel instead of the NiSi2
phase. By studying Ni–Mg-Al catalysts prepared by con-
tinuous coprecipitation, Perez-Lopez et al. (2006) have
found that the reduction temperature strongly affected the
activity and selectivity while the calcination temperature did
not. On the other hand, Wang and Ruckenstein (2001) have
found an influence of calcination temperature, by studying
the addition of cobalt to magnesia-supported nickel catalysts
in dry reforming. The catalyst with 8–36 wt.% Co and cal-
cined at 500 or 800 °C were highly active and stable, this
being related to the CoO–MgO solid solution. The effect of
calcination temperature has also been studied by Wang and
Ruckenstein (2001), on alumina-supported cobalt. They
have noted a strong dependence of the stability on cobalt
amount. Stable catalysts were obtained for some loadings
and calcination temperatures (6 wt% for 500 °C and 9 wt%
for 1000 °C) but the other catalyst was deactivated. Two
different deactivation mechanisms have been noted: coke
deposition and metal oxidation, whose balance determined
the stable activity.

The influence of metal amount, calcination temperature,
kind of support, and alkali additives on the performance of
nickel-based catalysts have been investigated by Xu et al.
(2001a). They have found that these variables can determine
the metal-support interactions and then the kind of active
sites. In addition, it has been concluded that nickel species in
weak interaction with the support were mobile and went on
sintering and coking.

Catalysts prepared from perovskites have been exten-
sively studied in this period, the precursors being obtained
by different methods. Pietri et al. (2001), for instance, have
investigated perovskites oxides such as LaMO3 (M = Ru,
Ni, Mn) prepared by sol-gel method using citrate, which was
compared to solids obtained by wet impregnation. The
LaRu0.8Ni0.2O3 perovskite produced the catalyst which
showed the highest activity and selectivity, being stable after

150 h on stream. On the other hand, Araújo et al. (2008)
have prepared perovskites LaRuxNi−xO3 (0.0 < x < 1.0) and
have found that nickel showed higher activity and selectivity
than ruthenium but the later led to more stable catalysts,
decreasing coke production. All catalysts produced fila-
mentous coke which was not toxic to the catalysts. The
LaNi0.8Ru0.2O3 catalyst was the most resistant against coke
deposition. The apparent contradiction between the two
works can be related to different conditions of preparation
and evaluation of the catalysts. In another work
(Batiot-Dupeyrat et al. 2003), it has been demonstrated that
after perovskite reduction the catalyst was made of
supported-lantana metallic nickel. Other perovskites have
been used to prepare catalysts for dry reforming such as Ln1
−xCaxRu0.8Ni0.2O3 (Ln = La, Sm, Nd). The highest perfor-
mance was showed by La0.8Ca0.2Ru0.8Ni0.2O3 and
La0.5Ca0.5Ru0.8Ni0.2O3 catalysts. It has been noted that the
kind of A-site cations of perovskite is related to the stability
and selectivity of the catalysts (Goldwasser et al. 2003).
Later, Batiot-Dupeyrat et al. (2005) have demonstrated the
efficiency of the auto-ignition method in the preparation of
LaNiO3 catalysts, which were highly active, stable, and
resistant to coke deposition.

The potential of nanoparticles for preparing catalyst for
dry reforming has also been demonstrated. Xu et al. (2001b)
have found that nanoparticles (MgO) produced more active
and stable nickel-based catalysts than the conventional
magnesium oxide. In another work, Chen et al. (2005) have
compared xerogel and aerogel catalysts (Ni/CeO2–Al2O3)
prepared by sol–gel combined with conventional drying and
supercritical drying, respectively. The aerogel catalyst was
more active, stable, and more resistant to sintering than the
other one. These and other studies (Kim et al. 2000; Xu et al.
2001c) have shown that nanoparticles were able to minimize
carbon deposition in fixed bed reactors, but their application
on industrial scale was not feasible because the nanometric
size of the particles would increase too much pressure drop
in the catalytic bed. Then, the fluidized bed has been con-
sidered as more suitable option for using nanoparticles,
because the pressure drop will not depend on particles
diameter. However, some challenges still have to overcome
such as the difficulty of fluidizing nanoparticles, because of
their strong cohesive forces. Other authors have proposed
soft alternatives to fluidize some nanopowders (aerogels)
(Yao et al. 2002). In addition, external excitations, por
instance, an acoustic field or vibration and a magnetic field,
among others, are needed to achieve soft fluidization for
nanopowders (Xu and Zhu 2006).

Several kinetics and mechanistic studies (Cui et al. 2006;
Wang et al. 2007b) of the most efficient catalysts have been
carried out in that period. Using steady-state tracing and
transient techniques and in situ FTIR spectroscopy, Verykios
(2003) has investigated the mechanism of dry reforming
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over alumina-supported rhodium. He concluded that the
number of carbonaceous species was higher (0.2) than the
amount of active oxygen (<0.02), both related to the for-
mation of carbon monoxide. During reaction, three kinds of
carbon-containing species (CxHy, y ≅ 0) on the catalyst
have been detected, the amounts of each one depending on
temperature. It has been found that coke comes mostly from
carbon dioxide than from methane whose contribution is
small. Over nickel-based catalysts, Wei and Iglesia (2004)
have proposed a simple and comprehensive mechanism for
dry and steam reforming, decomposition of methane and
water gas shift reaction, based on isotopic studies in which
transport and thermodynamic artifacts were excluded. It has
been found that both steam and dry reforming follow the
same mechanism confirmed by the same forward methane
rates, kinetic constant, kinetic isotopic effect, and activation
energies for these reactions. These reactions have been
shown to be limited only by C–H bond activation, which
was the unique kinetically relevant reversible step. It has also
been found out that activation of hydrogen, carbon dioxide,
and water was reversible and achieved a quasi-equilibrium
during reaction. The elementary reactions have allowed us to
propose a predictive model for the growth of coke filament.
It was noted that the carbon thermodynamic activity
depended on several kinetic and thermodynamic features of
elementary steps. These findings on nickel surfaces were
similar to those previously found for supported rhodium,
platinum, iridium, and ruthenium catalysts.

At the end of that decade, it was well-established that the
metal and promoter loadings, the kind of support, and the
preparation methods largely affect the catalysts' activity, and
stability. Therefore, the selection of preparation variables
combined with the kind of support and of promoters could
allow the tailoring of the metal-support interaction, the metal
size particles, and other characteristics leading to the possi-
bility of designing more efficient catalysts for dry reforming.

4.4 Progress in Catalysts for Methane Dry
Reforming (2010–2019)

In the last decade, the works have been developed by taking
the role of the support in creating the active sites and the
metal particles size into account, as well as the need of
decreasing coke by using basic supports. Several excellent
reviews have been devoted to the catalysts for methane dry
reforming (Aramouni et al. 2018; Zhang et al. 2018b; Aziz
et al. 2019; Abdulrasheed et al. 2019; Jang et al. 2019). In
these papers, aspects as the role of active phase, supports,
and dopants on the performance of the catalysts for dry
reforming, as well as the thermodynamics, kinetics, and the
mechanism of reaction have been discussed. Aramouni et al.
(2018) have reported a truly clear analysis of the dry

reforming catalysts addressing the requirements for design-
ing efficient catalysts. In addition, Praserthdam and Bal-
buena (2018) have reported a method for evaluating catalysts
for dry reforming through computational screening. More-
over, Jiang et al. (2019) have developed a fast screening of
ternary rare earth for dry reforming catalysts over CeLa and
CeZr oxides, by measuring the conversion and coke rates at
low pressures and long times on stream. The catalysts with
nickel and cobalt were the most stable, nickel strongly
interacting with mixed oxides, even in the reduced state.

The number of paper have strongly increased in this
period, motivated by new applications for the reaction as
well as by combining dry reforming with steam reforming
and/or partial reforming or autothermal reforming.

New catalysts have also been proposed in this decade,
Table 4 displaying some examples. Both new and conven-
tional catalysts have been prepared by several methods and
the differences in performances were discussed. For instance,
a new type of catalyst based on Ni3Al intermetallic com-
pound has proposed by Arkatova et al. (2011), by
self-propagating high-temperature method combined with
ion implantation. They have found that the addition of low
amounts of platinum (<0.1 wt%) decreased coke formation
and improved stability. These findings have been assigned to
the ability of platinum in avoiding nickel sintering and in
hindering coke formation by limiting bulk nickel carbide and
then the formation of carbon filament. On other hand, Gaur
et al. (2011) have investigated pyrochlore catalysts, such as
lanthanum rhodium (LRZ), lanthanum nickel (LNZ), lan-
thanum calcium rhodium (LCRZ), and lanthanum strontium
(LSZ) zirconium. LCRZ showed the highest performance in
methane dry reforming, being the most active, stable, and
resistant against coke deposition. The activity decreased in
the order calcium rhodium > rhodium > nickel > strontium
(no activity), this order being related to rhodium. The
nickel-based catalyst showed the highest amount of coke
while the calcium rhodium sample showed the lowest one.
Moreover, Chen et al. (2012) have proposed a microfibrous
entrapped composite catalyst (Cu-MFE-Ni/Al2O3), using a
sintered-locked microfibrous carrier (� 2 vol% of 8 lm
diameter copper microfibers) to entrap � 27 vol% of 0.15–
0.18 mm diameter Ni/Al2O3 particles. This arrangement has
the advantages of providing high heat and mass transfer
besides high mechanical resistance. These catalysts showed
higher activity and stability than alumina-supported nickel,
showing higher resistance to coke deposition. In addition,
these catalysts allow to combine small particles (0.15–
0.18 mm) with an open structure with void volume (71.3 vol
%) improving the mass transfer and thus preventing pressure
drop in the catalytic bed. In another study, Liu et al. (2016)
have prepared alumina nanofiber-supported nickel using
electrospinning technique to obtain nanostructured catalysts
for dry reforming. Metallic nickel nanoparticles were highly
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Table 4 Progress in catalyst for dry reforming (2010–2019)

Active phase Support Promoter Reference

Ni–Mg-Al–Ce Daza et al. (2010a)

La2NiO4/a–Al2O3 Barros et al. (2010)

Ni Phyllosilicates Sivaiah et al. (2010)

Ni Al2O3 Ba García-Diéguez et al. (2010)

Ni MCM-41 Rh Arbag et al. (2010)

Co ZrO2 La, Ce, Mn, Mg, K Özkara-Aydınoğlu and Aksoylu (2010)

Ru Ce0.75Zr0.25O2 Chen et al. (2010)

Ce–Zr–Ni-Co(Fe, Rh) Koubaissy et al. (2010)

Pt MCM-41 Co, Ni Liu et al. (2010)

Pt Ni3Al Arkatova et al. (2011)

Ni Al2O3–ZrO2 CeO2 Li et al. (2011)

Ni La2O3 Mg, Ca, Sr Sutthiumporn and Kawi (2011)

Ni SiO2 La, Mg, Co, Zn, Zhu et al. (2011)

Ni Ce–Zr-oxide Ru, Rh Horváth et al. (2011)

CoMgAl oxide Gennequin et al. (2011)

Rh Al2O3 TiO2, V2O5 Sarusi et al. (2011)

Co Al2O3 K, Sr San José-Alonso et al. (2011)

Ni CeO2ZrO2MgAl2O Corthals et al. 2011)

Ni Si3N4 Shang et al. (2011)

Ni CeZr Rh, Ru Pietraszek et al. (2011)

Co-Ni Al2O3 Ce, Pr Sm Foo et al. (2011)

La0.8Sr0.2Ni0.8M0.2O3 perovskite M = Bi, Co, Cr, Cu, Fe Sutthiumporn et al. (2012)

Ni c-Al2O3 Rare Earth Zeng et al. (2012)

Pd Al2O3 K, Ca, Y, Mn, Cu Shia and Zhang (2012)

Ni c-Al2O3 Yb Amin et al. (2012)

Ba-aluminates Gardner et al. (2013)

Ni SiO2 Mn, Zr Yao et al. (2013)

Ni SiC Yb2O3 Guo et al. (2014)

Co Activated carbon Zhang et al. (2014)

Ni SBA-15 Y2O3 Li et al. (2014)

Co c-Al2O3 Sr Fakeeha et al. (2014)

Ni-Co c-Al2O3 Sr Al-Fatesh (2015)

Ni-Co b-SiC/CeZrO2, c-Al2O3/CeZrO2 Aw et al. (2015)

Ni Diatomite Jabbour et al. (2015)

La1-xCexNi1-yZny O3 Marmarshahi et al. (2015)

La0.9M0.1Ni0.5Fe0.5O3 M = Sr, Ca Yang et al. (2015)

Co Activated carbon Zr Zhang et al. (2015)

Co Nd2O3 Ayodele et al. (2016)

Ni SiC Sm Bing et al. (2016)

Ni MgO–ZnO Singha et al. (2016)

Ni Ce1-xPrxO2-d Vasiliades et al. (2016)

Co Activated carbon Ca Zhang et al. (2017a)

C–Ni/MgO–Al2O3 Jin et al. (2017)

Activated carbon KMnO4 Zhang et al. (2017b)

(continued)
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dispersed (3.4 nm), leading to higher activity and resistance
against coke than a sample obtained by incipient impreg-
nation using commercial alumina. Aiming to find low cost
supports, Talkhoncheh et al. (2017) have studied Al2O3-
clinoptilolite-CeO2 with different Al2O3 and clinoptilolite
contents for supporting nickel nanoparticles, aiming to
replace alumina with clinoptilolite. It was found that nickel
crystallites decreased, and the specific surface area increased
with increasing aluminum content. The performance of the
catalyst with 60% of alumina was close to the catalyst with
80% of alumina which was the most efficient sample.

Several nanostructured materials have been prepared to
aim to obtain high metal dispersion. García-Diéguez et al.
(2010) have prepared nickel and platinum deposited on
nanofibrous alumina for methane dry reforming. Well dis-
persed metal particles were obtained and NiO was formed
instead of NiAl2O4 facilitating nickel reduction. Platinum
and the support improved the activity and stability and
decreased the operating temperature as compared to nickel
supported on commercial alumina. In another work, Arka-
tova et al. (2011) have used the surfactant-assisted precipi-
tation method to obtain nickel supported on magnesia
nanoparticles. The well dispersed of reduced nickel and the
basic support was believed to be responsible for the high
efficiency, regarding activity and stability) of the catalyst.
On the other hand, Rahemi et al. (2013) have prepared nickel
supported on alumina and on alumina–zirconia nanocatalysts
through impregnation and treatment with non-thermal
plasma. This treatment led to well dispersed nanoparticles
strongly interacting with the support. The Ni/Al2O3–ZrO2

nanocatalyst showed the smallest nickel particles and the
narrowest particles size distribution, as well as the highest
activity and stability. Singh and Madras (2016) have used
the sonochemical method to obtain well dispersed platinum
and ruthenium supported on titania. The catalysts were
highly active for methane reforming reaction, a fact that was
related to the high metal dispersion and high oxygen storage
capacity.

Frontera et al. (2012) have studied Ni-based silicalite
catalyst for drying reforming, aiming to state the action of
silanol groups on the efficiency of the catalysts. The amounts
of defect groups on silicalite were changed by the age of gel,
followed by heating, ionic exchange, and silylation proce-
dures. The last one favored the production of smaller and
more reducible nickel particles that improved conversion
and decreased coke deposition. In a further report (Frontera
et al. 2013), they have described the effect of silcalite,
MCM-41 and, ITQ-6 on the catalytic properties of
nickel-based solids for dry reforming and have found that
nickel species and then the catalytic activity depended on the
heterogeneity of the support surface.

By comparing the combustion and precipitation methods,
Daza et al. (2010a) have studied cerium-promoted nickel
catalysts by the reconstruction of Ni–Mg-Al periclase-type
mixed oxide. The combustion route improved the specific
surface areas and the basicity as compared to the precipita-
tion one, giving rise to high active and selective catalysts
with reduced coke. In a further work Daza et al. (2010b)
have studied the same catalysts but prepared them through
the reconstruction technique using the [Ce(EDTA)]−

Table 4 (continued)

Active phase Support Promoter Reference

Ni ZnAl2O4 Ce Movasati et al. (2017)

Ni SBA-16 N Huo et al. (2017)

SmCoO3 Osazuwa et al. (2017)

Ni-Co–CaO–ZrO2 Gurav et al. (2017)

Ni CeO2 Gd Stroud et al. (2017)

Ni CeO2–Al2O3 Sn Kwon et al. (2017)

Sr0.92Y0.08TiO3 Ni Ramezani et al. (2018)

Ni c-Al2O3 Mn, Mg Park et al. 2018)

Co ZrO2 Zn Al-Fatesh et al. (2018)

Ni–Co ZrO2–Al2O3 Rh Al-Fatesh et al. (2019)

Ni MCM-41 Gd Shah et al. (2019)

Ni TiO2–Al2O3 Li et al. (2019)

Ni MoCeZr/MgAl2O4–MgO Yentekakis et al. (2019)

Rh CeO2–ZrO Hossain et al. (2019)

Ni CaFe2O4 Jiang et al. (2019)

Ternary rare earth CeLa, CeZr oxides
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complex. In this case, the reconstruction of the mixed oxide
was only partial and occurred in the external edges of the
particles. They have also noted that the conversion
increased, and coke decreased as cerium loading increased,
this being related to the effects of [Ce(EDTA)]− on the basic
character and on the metal reducibility. In addition, Barros
et al. (2010) have compared the microwave assisted
self-combustion method with the incipient wetness impreg-
nation. Glycine or urea (fuel) and metal nitrates (oxidizers)
were used to obtain La2NiO4/a-Al2O3 catalysts precursors.
All samples prepared by combustion were active and stable
whereas the catalyst prepared by impregnation showed high
coke deposition, in the form of carbon nanotubes
(multi-walled). Moreover, Sivaiah et al. (2010) have used
hydrothermal synthesis to prepare phyllosilicates (PS) with
nickel to be used as catalyst precursors. The Ni-based 2:1
phyllosilicate catalyst showed higher thermal stability and
activity than the Ni 1:1 PS compounds than a conventional
catalyst. Nickel was partially reduced because of the ther-
mally stable PS, producing highly dispersed nickel oxide
nanoparticles.

Zeolites and mesoporous materials have continued to be
studied in that period. Ballarini et al. (2019), for instance,
have compared K-L zeolite with other basic solids
(potassium-doped alumina, potassium and magnesium-
doped Al mixed oxide, and magnesium oxide) for
platinum-based catalysts. They have found that the amount
of basic sites decreased from magnesia, potassium-doped
Mg-Al, potassium-doped alumina, and potassium-doped L
zeolite, which was the same order as the activity.
Magnesia-supported platinum showed the highest perfor-
mance because of its highest amount of strong basic sites.
On the other hand, Shen et al. (2011) have prepared ordered
mesoporous nickel-magnesium–aluminum oxides through
evaporation induce self-assembly, utilizing Pluronic P53
(soft template). These catalysts were more active in methane
dry reforming than the respective conventional solids. The
ordered mesoporous structure made nickel reduction easier,
allowing the decrease of nickel reduction temperature for
50–100 °C. The mesoporous structure made nickel reduction
easier and prevented sintering, besides improving the resis-
tance against coke deposition. Mesoporous ZSM-5-
supported nickel nanoparticles have also been prepared
(Sarkar et al. 2012), being active and stable up to 5 h during
methane dry reforming. The hard template methods have
also been used for preparing catalysts for dry reforming,
such as ceria using KIT-6 SiO2 as template (Djinović et al.
2012), which was further impregnated with a solution of
rhodium precursor. Well dispersed rhodium particles
(2.8 nm) on ceria were obtained. The catalyst was active and
stable showing 11% of decrease in activity after 70 h in
stream. Aiming to improve the nickel dispersion over the
support, Liu et al. (2014) have prepared nickel supported on

MCM-41 using glucose (Glu) and b-cyclodextrin (bCD).
The modified catalysts showed smaller nickel particles size
and higher activities and stability than Ni/MCM-41. In
addition, Xu et al. (2016) have prepared cobalt-based
ordered mesoporous materials containing magnesium and
calcium by facile evaporation induced self-assembly (EISA)
method. The in situ incorporated cobalt active centers were
stabilized by the mesoporous framework, preventing cobalt
sintering during reaction. Magnesium and barium increased
the surface basicity and then carbon dioxide chemisorption,
favoring coke elimination. In another work, mesoporous
nickel-lanthanum-silicon mixed oxides with different lan-
thanum amounts have been prepared by Chen et al. (2019)
using polyethylene glycol, tetraethoxysilane, and inorganic
salts, in a solution of nitric acid in water and ethylene glycol.
The solids showed narrow pore size distributions, high
specific surface areas, and nickel nanocrystallites (5–7 nm).
The catalysts were active and resistant to coke deposition,
lanthanum increasing the metal dispersion and stability. The
catalyst was able to inhibit the reverse water gas shift
reaction and showed near 100% of selectivity to hydrogen
over the catalyst with 3.0 wt% La.

The core/shell type catalysts obtained by different meth-
ods were also evaluated in dry reforming. Kang et al. (2011)
have prepared nickel supported on alumina and on
magnesia-alumina, using multi-bubble sonoluminescence
(MBSL). All catalysts led to conversions close to equilib-
rium and showed high stability, the sample 10% Ni being
stable for 150 h. On the other hand, Xu et al. (2017b) have
encapsulated nickel oxide-magnesium oxide nanoparticles
into silica matrices o obtain the core-shell structure. The
catalyst was active at low temperatures (670 °C) leading to
conversions above 80 and 70% of methane and carbon
dioxide, respectively. It has been concluded that the confined
structure improved the resistance against coke and prevent-
ing the sintering of active sites as compared to conventional
catalysts. By using the microemulsion method, Zhang et al.
(2019) have obtained a core–shell structure for nickel
nanoparticles supported on silica, with different particles
sizes and metal-support interaction after calcination at dif-
ferent temperatures. They showed different performances,
the catalyst calcined at 600 °C showing the highest activity
and stability. This was related to the smallest nickel
nanoparticles and to the lowest amount of deposited coke.

Hydrotalcites have also been used as catalysts precursors
in this decade. Yu et al. (2012) have prepared
lanthanum-doped nickel-magnesium–aluminum catalysts,
obtained from hydrotalcite prepared by precipitation. They
have found that the catalysts were slightly more active than
other lanthanum-containing solids. A combined support
obtained from hydrotalcite and SBA-15 have been proposed
by Zuo et al. (2013), by adding SBA-15 calcined at 550 °C
to the hydrotalcite suspension and then calcined at 550 and
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700 °C. Other catalysts were obtained by mixing the sus-
pensions of hydrotalcites and SBA-15. Another catalyst was
obtained by adding hydrotalcite calcined at 700 °C to a
hydrotalcite suspension. All catalysts were active and stable
at 800 °C for 50 h on stream. However, only the sample
prepared by adding hydrotalcite (calcined at 700 °C) to
SBA-15 suspension was stable for 500 h on stream. This
was related to the strong interaction between the metal and
the support and to the porosity of SBA-15. Hydrotalcites-
based catalysts have also been prepared using cold plasma.
Long et al. (2013) have prepared Ni-Co bimetallic catalysts
by cold plasma jet decomposition, followed by reduction of
hydrotalcites based on nickel, cobalt, magnesium, and alu-
minum. The hydrotalcite-like precursors were totally
decomposed and partly reduced by cold plasma jet. The
catalyst with Ni/Co = 8/2 showed the highest activity and
stability (100 h). This has been associated with the well
dispersed metal, leading to the smallest metal particles size
and to the improved interaction between nickel and cobalt,
provided by the preparation method.

Carbonaceous materials have been more studied in this
decade than in the past. Xu et al. (2014) have compared the
catalytic performance of raw activated carbon or modified
with HNO3 and NaNO3 in dry reforming. It has been found
that the activities were different at low temperatures but
similar at high temperatures. NaNO3 was more efficient to
produce mesopores, surface oxygenated groups, and a cat-
alyst more resistant against coke formation. On the other
hand, HNO3 produced a catalyst active in methane cracking.
Carbon nanotubes have also been evaluated as catalytic
support for drying reforming. Aiming to state the effect of
the position of active sites, Ma et al. (2013) have deposited
nickel nanoparticles on the external and internal sides of
carbon nanotubes using the wet chemical method. The cat-
alyst with inside nanoparticles was more active and stable
than the others. This finding was related to a different electric
densities between inside and outside nanotubes as well as to
the confinement effect. In another work, Jin et al. (2017)
have used carbon obtained from sucrose to prepare a
carbon-magnesia-supported nickel-alumina composite from
nickel-magnesium–aluminum layered double hydroxide
(LDH) as nickel precursor. It has been found that the pre-
treated temperature of LDH, the carbonization temperature
of composite, and the sucrose/layered double oxide
(LDO) mass ratio affected the structure and the catalytic
performances. Carbon caused an increase of specific surface
area, prevented coke, and inhibited nickel sintering, resulting
in catalytic stability. The highest activity and stability were
shown by LDH pretreated at 350 °C, carbonized at 800 °C,
and obtained using a sucrose/LDO ratio of 1.2. In addition,
Li et al. (2018) have prepared nanoparticles of biochar
(BC)-supported molybdenum carbide by carburization of

molybdate salts. The catalysts were prepared by incipient
wetness impregnation followed by carburization and have
shown to be promising for dry reforming.

The solid solution has also shown potential for drying
reforming catalysts. Lu et al. (2018) have found that cerium,
zirconium, or co-doped flower-like NiO–MgO solid solution
catalysts, obtained by solvothermal synthesis, were promis-
ing catalysts for dry reforming. When cerium and zirconium
were added to Ni0.1Mg0.90, the activity and the coke resis-
tance of (111) facets were increased, due to smaller nickel
particles, resulting from the stronger metal-support interac-
tions. In addition, the amount of surface oxygen increased
improving CO2 adsorption. The Ce/Zr(molar = 0.01:0.001)
was the most active and stable catalyst.

Silica foam has been also considered in the formulation of
the catalysts for dry reforming. Daoura et al. (2017) have
prepared nickel supported on mesocellular silica foam
(MCF) catalysts and used different methods for adding
nickel: impregnation, two-solvents post-synthesis, and direct
one-pot synthesis introduction. The last one produced the
most promising catalyst since it increased the metal-support
interaction and then produced the smallest nanoparticles.

4.5 Current Status in the Catalysts for Methane
Dry Reforming

Figure 2 shows a summary of the progress in the catalysts
for methane drying reforming over the years. We can see
that the greatest progress in the knowledge of the reaction
and of the catalyst action has occurred from 1990 to 1999.
Using this understanding, in the following decades, the
research has been addressed to new preparation methods to
achieve suitable interactions among the catalyst components
as well as to produce small metal particles. During all dec-
ades, new materials have been proposed and prepared by
different methods. Since the end of 2000–2009, the under-
standing of the role of each component of the catalysts, as
well as of the kinetics and mechanism, have allowed the
researcher to design the catalysts for drying reforming
(Aramouni et al. 2018) by exploring different preparation
methods to achieve the desirable properties. From 1928 to
April 2020, the number of research and review papers has
increased over the years, as shown in Fig. 3. The strong
increase noted in the last decade is mostly related to the use
of steam or oxygen in dry reforming and dry reforming of
biogas, as well as the interest in the reaction for other
applications.

Up to April 2020, the same tendency has been noted. The
preparation methods have continued to be developed and
used for obtaining known and new catalysts. Some examples
included the preparation of nickel-based catalyst by steam
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gasification and impregnation-pyrolysis-reduction (Zhang
et al. 2020), perovskites-derived catalysts (Anil et al. 2020),
hydrotalcites-derived catalysts (Zhan et al. 2020),
hydroxyapatite-supported nickel catalysts (Li et al. 2020)
and Ni-CeO2 nanocrystallites decorating Al2O3 nanoparticle
clusters (Liang et al. 2020), among others. In addition, Shah
et al. (2020) have carried out the design and optimization of
nanocrystalline mesoporous nickel-based catalyst using a
statistically designed experiment. A significant improvement
of the catalysts has been demonstrated, because of the
optimization, for platinum supported on titania-alumina
mixed oxide with magnesium as promoter. The optimized
catalyst showed high stability on stream for 100 h and no
coke deposition or metal sintering was noted.

5 Dry Reforming of Other Compounds

Besides methane, other hydrocarbons have been evaluated in
dry reforming. As early as 1984, Sakai et al. (1984) have
investigated the potential of alumina-supported rhodium in
dry reforming of toluene, heptane, cyclohexane, and
methylcyclohexane. At temperatures around 550 °C, they
were all reactive, although lesser than methane. The reac-
tivity of cyclohexane and methylcyclohexane was much
higher than of toluene and heptane, this being assigned to
simultaneous dehydrogenation of naphthene to its aromatic
compound. Then, their intrinsic reactivity to form carbon
monoxide is expected to be comparable to that of toluene.

Over the years, several catalysts have been evaluated in dry
reforming of propane (Sudhakaran et al. 2018), light alkanes,
C2–C4 (Olafsen et al. 2006), n-heptane (Puolakka and Krause
2004), toluene (Chen et al. 2013), dimethyl ether (Ma et al.
2012), ethanol, glycerol, and others (Aziz et al. 2019). In a
paper in which the benefits of using carbon dioxide in
hydrocarbons reforming were discussed, Adesina (2012) has
emphasized the additional benefits of carbon dioxide such as
the possibility of tailoring the H2:CO ratio to provide the
required ratio to produce olefins or oxygenates improved
product yield, and catalyst longevity. Recently, Aziz et al.
(2019) have published an excellent review discussing several
aspects of the reaction such as thermodynamics, kinetics, and
the requirements of the catalysis for the reaction.

Fig. 2 Progress in catalysts for
methane dry reforming over the
years

Fig. 3 Number research and review papers over the years
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6 Use of Steam or Oxygen in Dry Reforming
of Methane and Other Compounds

Over the years, several works have demonstrated that the
main limitation for the commercial use of drying reforming
is the fast carbon deposition, which deactivates the catalyst.
In order to overcome this drawback, several catalysts have
been improved or new catalysts have been proposed. Other
alternative to make dry reforming a viable commercial
process is the addition of water or oxygen to the feed pro-
viding an additional oxygen source for the removal of coke.
This procedure has some practical advantages such as the
possibility of controlling the H2/CO ratios in syngas, by
adjusting the CO2/H2O/O2 feed ratio. In addition, as dry
reforming is highly endothermic, its combination with the
exothermic partial oxidation would minimize the energy
requirement and then decrease the process costs.

Several papers have been published on these combined
processes so-called oxy-reforming. Choudhary et al. (1998),
for example, have evaluated the simultaneous utilization of
steam and carbon dioxide on catalysts based on
magnesia-supported nickel and have obtained syngas with
H2/CO � 2. They also confirmed that the syngas composi-
tion could be adjusted by varying the amount of steam and
carbon dioxide in the feed, as previously reported by
Richardson and Paripatyadar (1990). In another work,
(Huang et al. 2008) the influence of magnesia on the prop-
erties of Ni/SBA-15 has been studied. The catalysts were
evaluated in combined steam and carbon dioxide reforming
of methane. The simultaneous use of these gases has chan-
ged the performance of the undoped catalyst while the doped
catalysts operated for 620 h showing a drop of conversion.
The main reasons for deactivation were coke deposition and
nickel sintering. Magnesia doping improved nickel disper-
sion through nickel-magnesia interactions and this also
increased the carbon dioxide adsorption, depressing coke
formation. Moreover, Guo et al. (2008) have evaluated
Ni/SiO2 catalysts doped with different amounts of Gd2O3 to
obtain a catalyst with higher ability to adsorb and activate
carbon dioxide because of carbonate species produced on the
surface. A strong interaction among nickel, Gd2O3 and SiO2

was detected, improving the nickel dispersion. The doped
catalysts showed activity and stability in combined oxy-CO2

reforming of methane.
In the last years, tri-reforming of methane also has

received attention because of the possibility of obtaining H2/
CO ratio for methanol production and Fischer–Tropsch
synthesis. This process combines steam reforming, partial
oxidation, dry reforming, and the water–gas shift reaction
(Abdullah et al. 2017).

7 Solid Oxide Fuel Cells Fueled with Biogas

Aiming to meet the global demands for efficient and green
technologies for generating energy, the fuel cell fed with
biogas emerges as one of the most promising options.
A solid oxide fuel cell (SOFC) is an electrochemical device
in which chemical energy of a fuel and an oxidant gas (air) is
converted into electricity without irreversible oxidation.
Because it does not have limitations by Carnot cycle, this
device can achieve higher electrical efficiencies than the
internal combustion engines. When fueled with hydrogen,
the SOFC produces only water, avoiding pollution. There-
fore, many works have been devoted to speed up the com-
mercialization of SOFCs. Moreover, it has been recognized
that the generation of hydrogen on board, from other fuels, is
more feasible for practical applications.

From the environmental viewpoint, the utilization of
biogas to fuel the SOFCs is extremely attractive, proving the
generation of clean electric energy with high efficiency.
Biogas is constituted by methane (50–60%), carbon dioxide
(40–50%), and some impurities, produced by the anaerobic
fermentation of biomass. Due to its composition, the most
suitable process for generation of hydrogen on board a
SOFC is the dry reforming of methane. Therefore, several
papers have been devoted both to the development of
SOFCs and to dry reforming of biogas. The viability of this
technology has already been demonstrated by Barelli and
Ottaviano ( 2019). Recently, Saadabadi et al. (2019) have
pointed out the potential and the constraints of this tech-
nology. Regarding the internal reforming of biogas on the
anode of SOFCs, they have pointed out some limitations for
commercial operations. One problem is that only a few
studies have been addresses to kinetics of biogas reaction
and to the conditions of anode, besides the lack of research
on the influence of contaminants (H2S) found in biogas.
Therefore, the developing of sulfur tolerant anodes can
contribute to the development of the biogas-SOFC. More-
over, the conventional Ni-based anodes might decrease
carbon deposition.

8 Commercialization of Dry Reforming
Process

Despite the economic and environmental incentives, the dry
reforming process is not a mature technology for commercial
applications. Besides the inherent advantages of consuming
two greenhouse gases, this process can operate at lower
temperatures and pressures, such as 850 °C and 1 bar,
achieving 100% of conversion (Mondal et al. 2016). In
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addition, dry reforming produces hydrogen to carbon
monoxide ratio limited to 1 while the steam methane
reforming and the autothermic reforming produces rates of
around 3 and 2.5, respectively (Lavoie 2014; Martins et al.
2016). This makes dry reforming extremely advantageous to
Fischer–Tropsch synthesis to obtain long-chain hydrocar-
bons and several other chemicals, such as methanol (Peña
et al. 1996). Moreover, methane steam reforming is a mature
technology used in commercial processes to produce pure
hydrogen (Balthasar 1984).

Regarding industrial applications, in 1994 Rostrup-
Nielsen (Jarvis and Samsatli 2018) has demonstrated that
dry reforming of natural gas was a feasible technology, the
replacement of steam by carbon dioxide in the reforming
reaction having no significant impact on the reaction
mechanism. However, this replacement increased the carbon
formation, this being solved by using noble metal catalysts
or sulfur-passivated nickel catalysst. It was noted the same
sequence obtained in steam reforming: ruthenium,
rhodium > iridium > nickel, palladium, platinum but the use
of carbon dioxide instead of steam decreased the activity
depending on the metal. No coke was formed over the noble
metals a fact that was assigned to their ability in not dis-
solving surface carbon as does nickel. However, the avail-
ability of these metals is limited and then they may be
important only for specific applications. The sulfur-
passivated nickel catalyst represents a less expensive solu-
tion for large scale applications. In this case, sulfur blocks
the arrangement of nickel sites active in nucleation of carbon
avoiding coke formation, while enough active nickel clusters
are kept for catalyzing dry reforming. In these studies, it has
also been pointed out that the addition of carbon dioxide in
catalytic autothermal reforming is beneficial for the reaction,
such as in industrial steam reforming. Therefore, dry
reforming may contribute to large scale conversion when
carbon dioxide-rich natural gas or carbon dioxide-rich
streams are available. However, the feasibility of the reac-
tion depends on several factors including the availability of
cheap oxygen for the competing partial oxidation processes.

Therefore, this technology still has many difficulties to be
overcome, the main one related to catalyst development with
a long life on stream at a price enough low for providing
profit-oriented commercialization (Aramouni et al. 2018).
The conventional catalysts quickly deactivate because of
coke deposition and sintering (Muraza and Galadima 2015).
Also, the industrial application for CCU in dry reforming is
still limited (Er-Rbib et al. 2012), although it is currently
developed on a commercial scale for the steel industry.
Another limitation (Jangam et al. 2019) is the endother-
micity of reaction which, however, can be currently over-
came using renewable energy sources such as solar energy.

Even though, in 2015 the Linde Group has installed the
first pilot facility of dry reforming at Pullach near Munich

(The Linde Group. 2015), as a result of a research effort in
partnership with BASF and others. The process used two
catalysts based on nickel and on cobalt, aiming to get data at
longer-term and longer-scale to study and optimize different
approaches which could be used in the design of a com-
mercial plant. This initiative greatly motivates the research
efforts for the commercial application of dry reforming to
produce syngas (Jarvis and Samsatli 2018). The other two
industrial pilot plants successfully implemented are the
SPRAG and CALCOR projects (Er-Rbib et al. 2012).

The studies involving the industrial scale of dry reform-
ing have been performed by Mortensen and Dybkjær (2015),
leading to the conclusions that this reaction is very similar to
steam reforming and then the kinetic models, rate controlling
steps, and reaction mechanism can be handled similarly
across the two reactions. The tendencies for catalyst activity
are also very close, nickel being the most used catalyst
because of its activity (close to noble metals) and low price.
This justifies the efforts on improving nickel catalysts by
suitable support and promoters. These industrial scale stud-
ies also have shown that carbon deposition is indeed the
biggest challenge of dry reforming since the stoichiometry of
reaction implies favorable conditions for carbon formation.
This can be controlled by suitable operating conditions or by
the nickel particles size, but water cannot be completely
excluded from the reaction. It means that dry reforming is
difficult to operate on a large scale with realistic feedstocks
and some water should be added.

The current design of the catalysts for dry reforming
involves the use of intrinsic properties of catalyst compo-
nents and their synergistic interactions for optimum perfor-
mance and longevity. Over the years, different catalyst
configurations and morphologies have been evaluated to
study how the synergistic interactions among the compo-
nents affect the catalyst properties such as metal dispersion,
basicity, redox property, oxygen mobility, particle size, size
distribution, reducibility, and mass transfer limitations of
catalysts. The balance between the catalyst cost and its
performance is the main challenge for industrial scale of dry
reforming.

9 Conclusions

Over the years, the research on dry reforming has continu-
ously increased, leading to the development of new and
more efficient catalysts allowing the use of the reaction for
several purposes and applications. The greatest progress in
the catalyst development occurred from 1990 to 1999.
Currently, the design of the catalysts takes the intrinsic
properties of catalyst components and of their synergistic
interactions into account to obtain optimum performance and
longevity. Over the years, different catalyst configurations
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and morphologies have been evaluated to study how the
synergistic interactions among the components affect the
catalyst properties such as metal dispersion, basicity, redox
property, oxygen mobility, particles size, particles size dis-
tribution, reducibility, and mass transfer limitations of cat-
alysts. The balance between the catalyst cost and its
performance is the main challenge for industrial scale of dry
reforming. In spite of the inherent advantages of consuming
two greenhouse gases and the operation at low temperatures
and pressures (850 °C, 1 bar) the process is not a mature
technology for commercial applications. The main difficulty
is related to catalyst development with a long life on stream
at a price enough low for commercialization. Another limi-
tation is the endothermicity of reaction which can be cur-
rently overcome using renewable energy sources.
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Abstract

Aware of the uncontrolled increase in greenhouse gas
emissions, and designated as the main contributor, carbon
dioxide (CO2), until now, has been the hottest point in
research on gaseous waste management. Thus, the use of
CO2 is attracting more and more interest in renewable fuel
generation processes. In this sense, this chapter aims to
compile a wide range of applications for the use of CO2 as
an essential raw material in the conversion of fuels.
Beyond briefly discussing the technologies for direct
chemical conversion of CO2 for the generation of
alternative fuels, our approach focused on examining in
more detail the biological use of CO2, through
microalgae-based processes. Finally, the chapter presents
some recommendations for the future exploration of CO2

generation technologies for fuels.
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1 Introduction

Since the beginning of the industrial revolution, economic
growth has skyrocketed at the expense of environmental
quality. This is because the increased requirements for fossil
fuels have resulted in direct consequences in terms of
greenhouse gas emissions (Ike et al. 2020). Recently, carbon
dioxide (CO2) emissions showed exponential behaviors,
reaching a historical high above 33 Mt CO2 in 2019 (IEA
2020). As a result, the considerable dependence on fossil

fuels and a rapid increase in energy demand has resulted in
high environmental burdens, threatening global sustainabil-
ity in the short and medium-term worldwide (O’Ryan et al.
2020).

Current sources of fossil fuel are insufficient to meet
global energy consumption, as they will double in the next
thirty years and it is estimated to triple before the 2100s
(Mustafa et al. 2020). Faced with this scenario, two distinct
aspects emerge. The first is the importance of highlighting
bioenergy systems: What will be the fraction of the use of
renewable fuels in the coming years? Subsequently, to
encourage the technology choices for the generation of clean
fuels. Indeed, do public policies address the continued uti-
lization of fossil fuels as a global emergency issue? (Man-
tulet et al. 2020).

On the other hand, aware of the imminent environmental
collapse, significant research and development efforts
focused on alternatives for reducing and controlling carbon
(Sun et al. 2020). Among the alternatives, employing neg-
ative emission technologies have been developed, and the
concept of CO2 capture, storage, and use have become the
main target of modern industrial progress (Zhu et al. 2020).
In this way, the relentless search for the promise of reducing
environmental impacts, through the recycling of CO2,
enabling the generation of fuels represented a set of complex
systems to be elucidated.

As widespread, CO2 conversion is scientifically a chal-
lenging task, but it has expressive advantages. Theoretically,
some techniques, such as the direct conversion of CO2 into
fuels such as syngas and methanol, have been proposed.
However, inherent characteristics of the reaction, as the low
applicability and lack of thermodynamic improvement, are
still determining factors for the non-consolidation of these
technologies (Kumaravel et al. 2020).

In contrast, it is believed that the processes of capture and
biological use of carbon are by far the most promising
alternative (Severo et al. 2018). The technology-mediated by
processes based on microalgae, use the photosynthetic
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apparatus to convert CO2 in the presence of light and water,
resulting in biomass available for the most diverse sources of
biofuels (Andrade et al. 2020). However, despite its notori-
ous potential, its large-scale application is still not practiced
commercially in a major portion due to the unfavorable
economics of the process (Vadlamani et al. 2019).

Given that, this chapter objectives to highlights and
describe the main current technologies for the direct con-
version of CO2 into fuels, aiming at the capture and miti-
gation of greenhouse gases. Besides, a more in-depth
approach to the importance of biological carbon capture and
storage systems for the generation of biofuels from
microalgae was also noteworthy.

2 Approaches for Directly Converting CO2
to Fuels

2.1 Pure CO2 Decomposition Technology

Originating in the mid-1980s, driven mainly by increased
industrial activity and the oil energy crisis, prospective
studies have resulted in considerable progress in investi-
gating the potential of carbon dioxide as a reagent in energy
synthesis, more precisely as a final product of biofuel,
hydrocarbons (Freund and Roberts 1996).

Under stoichiometric aspect, the partition of the CO2

molecule can be approached through Eq. 1:

CO2ðgÞ ! COðgÞþ 1
2
O2 DH

� ¼ þ 293 kJ=mol ð1Þ

However, a priori, the partition of the molecule provides
such a high value of H°. To date, pure CO2 decomposition is
ineffective due to the high stability of the molecule. So is
because the free energy of Gibbs formation has values in the
order of −397 kJ/mol, for the bond between the carbon and
oxygen molecules. As a result, the thermal demand for
energy is extremely high, in addition to requiring a highly
active catalyst and requiring ideal conditions for the chem-
ical reaction to occur (Mustafa et al. 2020). Furthermore,
thermodynamically, both enthalpy and entropy are unfa-
vorable for conversion.

Therefore, even though initial attempts have described
direct CO2 decomposition as potential alternatives, in fact,
only from a theoretical point of view, this technology has
shown promise. In this way, we portray a simplified
approach just to provide a complete perspective on the topic.

2.2 Reagent-Based CO2 Conversion Technology

Based on previous studies, it can be observed that the direct
division of CO2, demands high energy values, and,

therefore, an alternative to circumvent this process bottle-
neck, presents itself in the practical approach of the con-
version of CO2 associated with the use of a co-reagent.

Given the relationship between energy exchanges and
heat availability of a chemical reaction, it is strongly
favorable to convert CO2 in the presence of a reagent whose
Gibbs energy values are higher. Among the main ones, we
can mention methane and hydrogen. In short, both the
chemical energy of the hydrogen in the methane molecule
and the hydrogen in the hydrogen gas serve as support in the
conversion of CO2.

Currently, most of the conventional processes for con-
verting CO2 into energy sources, more precisely in methanol
and syngas, use methane and hydrogen as co-reagents.
Under the thermodynamic aspects, the combination of water
and carbon dioxide is of interest for exploration, since it does
not have any conventional approach and results in high
value-added chemicals.

Among the main CO2 conversions with their respective
co-reagents, two main methods stand out, namely the dry
deformation of methane and the hydrogenation of CO2. In
this sense, more details about these technological advances
are discussed below.

2.2.1 Dry Deformation of Methane Technology
Fisher and Tropsch were the first to investigate dry methane
reform (DRM) in the mid-1928s (Arora and Prasad 2016).
Conceptually, this process is known to utilize the major
greenhouse gases, that is, residual carbon dioxide and
methane, for the chemical synthesis of natural gas (Gan-
gadharan et al. 2012).

As noted in Eq. 2, the dry reform reaction is known to be
an endothermic reaction that uses catalysts favorable to
accelerate the reaction. Among some catalysts used, it is
known that noble metals such as ruthenium and rhodium
demonstrated superior catalytic performance and resistance
to coke, however, most of the processes under test make use
of level and copper-based catalysts (Gao et al. 2020).

CH4ðgÞþCO2ðgÞ ! 2COðgÞþ 2H2ðgÞ
DH

�
298k ¼ þ 247 kJ=mol

ð2Þ

This promising technology has long received broad
interest due to environmental concerns and commercial rel-
evance. Due to its numerous advantages, the dry methane
reform ensures the reduction of greenhouse gases, concur-
rent with a fuel generation process, in addition to eliminating
the separation of gases from the final products, resulting in
more available process costs (Abdullah et al. 2017). In
principle, the products derived can be applied as energy
resources for the chemical industries, power plants, as well
as for existing vehicles (Song et al. 2020). However, to date,
this process is not widely used on an industrial scale, as
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some bottlenecks still require more in-depth clarifications
such as the formation of coke in the catalyst, beyond the
substantial heat demand necessary for the reaction to take
place (Egelske et al. 2020).

2.2.2 Catalytic Hydrogenation of CO2

A consistent approach for recycling CO2 released into the
ecosystem can be associated with the processes of hydro-
genation of CO2. In theory, the production of valuable
chemicals, such as methanol, has been exploited mainly for
presenting promising characteristics of efficient technology
in reducing greenhouse gases (Huff and Sanford 2011).

Nowadays, it is estimated that the demand for methanol
represents about 78 million tons per year in the global
market (Kothandaraman and Heldebrant 2020). Among the
most diverse applications, methanol can be used as a final
product, but also as an intermediate product for the pro-
duction of unsaturated hydrocarbons, fuel mixtures, the
formation of acetic acid, beyond formaldehyde.

Chemically, the hydrogenation of CO2 is given by the
Eq. 3:

CO2ðgÞþ 3H2ðgÞ ! CH3OHðgÞþH2O
DH

�
298k ¼ �49:9 kJ=mol

ð3Þ

Under the stoichiometric aspects, the reaction has an
exothermic character, competing with the methanation
reaction. Because of this obstacle, there is a substantial need
to use catalysts with high adsorption and CO2 activation,
without breaking the chemical bond of the molecule. Thus,
the synthesis of methanol has equilibrium characteristics
limited by high temperatures, and therefore the need for
catalysts operating effectively at temperatures below 450 K
(Al-Saydeh and Zaidi 2018).

Given this scenario, operating restrictions make the pro-
cess complex in performance. Therefore, the most diverse
catalysts were evaluated. In the current state, industries opt
for raw materials of metal nanoparticles supported on an
oxide substrate. Likewise, copper-based catalysts have been
widely marketed for more than 50 years. Technically, these

catalysts do not allow the cleavage of molecular bonds,
preventing the formation of methane. However, lower
hydrogenation activities are observed at temperatures below
500 K (Rodriguez et al. 2015).

Although much progress has been achieved, and its
importance in terms of mitigating CO2 emissions have been
recognized, to date, no large-scale adoption has yet been
made (Li et al. 2020). Therefore, more theoretical and
experimental investigations are needed at the laboratory
level and pilot scales, to improve the effective applicability
of catalysts to increase the performance of the process and
thus consolidate this technology.

3 Biological CO2 Fixation for Fuels

As previously seen, the current technologies for converting
CO2 into fuels are far from being consolidated because they
present significant technical challenges, as well as economic
and environmental hurdles around the world. Thus, the
development of biological technologies that aim to capture
and use CO2 for biofuels is of great importance (Singh et al.
2020).

Currently, the biological capture of CO2 based on
microalgae is considered a promising method to mitigate
CO2 emissions, given its vital role in determining CO2

capture rates and levels of biomass production (Cheng et al.
2019). This can be attributed to its metabolic versatility since
microalgae can assimilate inorganic carbon via photosyn-
thesis, after a sequence of carboxylation, reduction, and
regeneration reactions. Given these proprieties associated
with photosynthesis, microalgae can fix variable carbon
sources, including CO2 from the atmosphere, industrial
exhaust gases, and soluble carbon builders (Table 1) (Syd-
ney et al. 2010).

As a result of the photosynthetic process, the CO2 intake
is transformed into lipid carbohydrates, and proteins, which
can later be bioconverted into various potential renewable
biofuels (Table 2). However, the differences in the

Table 1 Data of biomass
productivity and CO2 fixation rate
from microalgae

Microalgae strain Biomass
(kg/m3/d)

CO2 fixation rate
(kg/m3/d)

References

Spirulina platensis 0.15 0.32 Sydney et al. (2010)

Chlorella Vulgaris 0.13 0.25 Sydney et al. (2010)

Synechocystis aquatilis 0.03 0.05 Zhang et al. (2001)

Anabaena sp. 0.31 1.45 López et al. (2009)

Botryococcus braunii 0.21 0.50 Sydney et al. (2010)

Dunaliella tertiolecta 0.14 0.27 Sydney et al. (2010)

Aphanothece microscopica
Nageli

0.30 0.56 Jacob-Lopes et al.
(2009)

Adapted from Sydney et al. (2019).
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composition of the microalgal biomass can be attributed to
several factors, which are specific to the species, as well as
external factors that influence the metabolic apparatus such
as temperature, light intensity, pH, carbon availability
(Andrade et al. 2019).

In this sense, microalgae are gaining strength on the
bridge between carbon reduction and bioenergy production,
since microalgae biomass is considered a CO2 neutral sub-
stitute for fossil fuels, using the net transport of atmospheric
CO2 to biomass (Choi et al. 2019a). Besides, as microalgae
can proliferate throughout the year, they can produce target
products during all seasons, becoming promising candidates
for the application of fuel generation (Choi et al. 2019b;
Tang et al. 2020).

However, for microalgal biomass to be used as a feed-
stock for renewable fuels, it is necessary to understand the
type of biomass conversion technology that is adequate,
given its peculiar characteristics (Choudhary et al. 2020). To
that end, more details will be discussed below in the ther-
mochemical and biochemical conversion technologies con-
version of biomass microalgae (Choo et al. 2020).

3.1 Thermochemical Conversion

The conversion of microalgae biomass into useful
energy-rich products is gaining prominent significance, and
there has been a growing focus in this area of research over
the past few years. Thermochemical conversion provides a
more straightforward route to produce biofuels as they
involve controlled heating and/or oxidation of biomass to
produce heat or energy (Chen et al. 2015; Fan et al. 2020).

Based on the literature, thermochemical technologies
associated with microalgae biomass show great promise for
the production of fuels and renewable electricity, as it helps

to comply with the production standards established in many
places (EIA 2012). Besides, in some cases, the thermo-
chemical production renewable of electricity, fuels, and its
derivative products is the most effective use of biomass for
displacing fossil energy (Tanger et al. 2013).

Among several processes, the most fundamental ther-
mochemical conversion technologies involve torrefaction,
pyrolysis, liquefaction, gasification, and direct combustion
(Ong et al. 2019). Figure 1 summarizes the different types of
thermochemical conversion processes, their classification,
process conditions, and the types of biofuels formed. Also,
Table 3 shows numerous studies that can be found in the
literature on microalgae, specifically to obtain renewable
fuel.

3.1.1 Torrefaction
Torrefaction is a promising pretreatment technique or also
known as pre-pyrolysis, as it operates at milder temperatures
when compared to other processes (between 200 and 300 °
C). In torrefaction, biomass is thermally degraded to remove
total moisture and low molecular weight organic volatile
content. This technique was implemented in order to over-
come the disadvantage of the low calorific values of
microalgae by increasing the density and their energy con-
tent by 30% when compared to conventional biomass (Koo
et al. 2014).

Recently, roasting has been recognized as an effective
method to produce hydrophobic solid fuels with low operat-
ing costs, since this technology can improve its homogeneity,
heating value, grinding, and resistance to biodegradation. The
main products generated are biochar, bio-oil, and biogas, in
which biochar is the main product produced during this pro-
cess (Dai et al. 2019; Gan et al. 2019).

During the torrefaction process, the most important
parameter is the temperature, followed by the duration time

Table 2 Biochemical
composition of microalgae
expressed on a dry matter basis
(% dry weight)

Microalgal species Protein (%) Carbohydrates (%) Lipid (%)

Scenedesmus obliquus 50–56 10–17 12–14

Scenedesmus dimorphus 8–18 21–52 16–40

Chlorella vulgaris 51–58 12–17 14–22

Chlorella pyrenoidosa 57 26 2

Dunaliella bioculata 49 4 8

Dunaliella salina 57 32 6

Euglena gracilis 39–61 14–18 14–20

Porphyridium cruentum 28–39 40–57 9–14

Spirulina platensis 46–63 8–14 4–9

Spirulina maxima 60–71 13–16 6–7

Synechoccus sp. 63 15 11

Anabaena cylindrica 43–56 25–30 4–7

Adapted from Becker (1994), Suganya et al. (2016).
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(Kumar et al. 2017). In fact, some authors report that an
increase in roasting temperature and residence time
increased the content of carbon, ash, and fixed carbon, as
well as the grinding index of HHV (higher heating values) in
microalgae, such as Spirulina platensis and Scenedesmus
obliquus (Wu et al. 2012). Chen et al. (2014a) also
demonstrated that higher temperatures showed better thermal
degradation of Chlorella sorokiniana and Chlamydomonas
sp. However, despite increasing the quality of fuel, more
severe conditions consume more energy and lead to lower
energy efficiency. Consequently, the optimization of the
process (in terms of time and temperature) becomes essential
in the selection of the ideal operating conditions in terms of
fuel quality and energy consumption.

3.1.2 Pyrolysis
Pyrolysis is the thermal decomposition of biomass at high
levels of temperatures in the absence of oxygen. Products
formed after thermal decomposition include biochar,
bio-oil, and gases (such as syngas), in which their values
and qualities are mainly influenced by the type of reac-
tion, operating conditions, and properties of the biomass
used (Mathimani et al. 2019). In this case, pyrolysis from
microalgae biomass is more advantageous because it has
more stable properties and achieves higher bio-oil yields
than lignocellulosic biomass, for example (Fan et al.

2020). Furthermore, the properties of the biochar pro-
duced from pyrolysis by microalgae biomass can be
transformed into excellent raw material for other pro-
cesses, such as adsorption cleansing in fuel processing, or
renewable holder for advanced batteries (Baldinelli et al.
2018).

The pyrolysis process is based on moisture dehydration,
decomposition of organic structures, and disintegration of
residual solids, divided into different reactions depending on
the rate of heating. First, slow pyrolysis is optimized to
produce solid fuel (coal) at a relatively low temperature
(300–500 °C) over a longer residence time, ranging from
minutes to hours (Kumar et al. 2017). At this stage,
fixed-bed reactors are most commonly employed.

Fast or instant pyrolysis, with waiting times ranging from
seconds to minutes, is optimized for the production of
high-quality bio-oil and gas production by secondary
decomposition at elevated temperatures (Ong et al. 2019).
This process generally occurs at temperatures ranging from
350 to 700 °C. It is considered the most viable technique for
the future replacement of fossil fuels by the high bio-oil
yield, reaching a conversion rate of 95% from biomass to
liquid (Brennam and Owend 2010). Here, the use of
fluidized-bed reactors also provides some more advantages,
mainly due to high heating rates, rapid devolatilization, and
better process control (Grierson et al. 2009).

Fig. 1 Biomass thermochemical conversion. Adapted from Chen et al. (2015)
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Pyrolysis of catalytic biomass, which is another way to
improve product quality, is also a process of interest. In this
process, in which the temperature range is around 500 °C,
catalysts are introduced to improve the quantity and quality
mainly of gaseous products and make it more useful for
obtaining energy through combustion (Goyal et al. 2008).

Furthermore, microwave-assisted pyrolysis (*700 °C) has
advantages that include internal heating consistent to particle
size, simplicity of control, and much more uniformity.
However, until the moment few studies of microalgae
pyrolysis with microwave-assisted heat were reported (Chen
et al. 2015; Fan et al. 2020).

Table 3 The main products generated by microalgae in different thermochemical technologies

Technology Microalgae Fuel References

Torrefaction Chlamydomonas sp Biochar, bio-oil Chen et al. (2016, 2018)

Chlorella sorokiniana Biochar Chen et al. (2014a)

Chlorella vulgaris Biochar Bach and Chen (2017)

Nannochloropsis oceanica Biochar Chen et al. (2018)

Scenedesmus obliquus Biochar, bio-oil Chen et al. (2014b)

Spirulina platensis Biochar Wu et al. (2012)

)Pyrolysis Chlorella protothecoides Bio-oil Maliutina et al. (2018)

Chlorella sp. Bio-oil Borges et al. (2014)

Chlorella vulgaris Bio-oil Belotti et al. (2014), Chang et al. (2015)

M. aeruginosa Bio-oil, biochar Chen et al. (2016)

Nannochloropsis sp. Bio-oil Chen et al. (2016), Borges et al. (2014)

Pavlova sp. Bio-oil Aysu et al. (2017)

Scenedesmus sp. Bio-oil, biochar Chaiwong et al. (2013), Kim et al. (2014)

Schizochytrium limacinum Syngas Hong et al. (2017)

Spirulina sp. Bio-oil Anand et al. (2017)

Liquefaction Chlorella pyrenoidosa Bio-oil Zhang et al. (2013)

Chlorella sp. Bio-oil Jazrawi et al. (2013), Biller et al. (2015)

D. tertiolecta Bio-oil Chen et al. (2015)

Desmodesmus sp. Bio-oil Torri et al. (2012), Alba et al. (2012)

Nannochloropsis sp. Biocrude,
Bio-oil

Brown et al. (2010), Faeth and Savage (2016), Saber et al. (2016a)

Spirulina platensis Bio-oil Jena et al. (2012), Elliott et al. (2015)

Scenedesmus dimorphous Biocrude Biller et al. (2012)

Gasification Chlorella vulgaris Syngas Bach and Chen (2017), Liu et al. (2017)

Chlorella pyrenoidosa Syngas Duan et al. (2018)

Nannochloropsis gaditana Syngas Soreanu et al. (2017), Caputo et al. (2016)

Nannochloropsis oculata Syngas Adnan et al. (2017)

Nannochloropsis sp. Syngas Koo et al. (2014)

Spirulina sp. Syngas Yang et al. (2013)

Tetraselmis sp. Syngas Alghurabie et al. (2013)

Direct
combustion

Arthrospira platensis Energy Markou et al. (2015)

Chlamydomonas reinhardtii Energy Choi et al. (2019a)

Chlorella sp. Energy Rizzo et al. (2013)

Chlorella prothotecoides Energy Peng et al. (2001)

Chlorella vulgaris Energy Markou et al. (2015)

Neochloris oleoabundans Energy Choi et al. (2019a)

Spirulina platensis Energy Rizzo et al. (2013)

Tetraselmis suecica Energy Giostri et al. (2016)
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Despite presenting several types of pyrolytic conversion,
research studies have focused mainly on rapid pyrolysis
processes, since the disadvantages of slow pyrolysis involve
secondary cracks, condensation, and polymerization of the
product, which reduces HHV and the high demand for
energy (Kumar et al. 2017). In addition, the yield and HHV
of bio-oil from the microalgae biomass may vary from 18 to
72 wt% and 24–41 MJ/kg, respectively (Kim et al. 2014;
Miao et al. 2004; Wang et al. 2013).

3.1.3 Thermochemical Liquefaction
Among the thermochemical processes, thermochemical liq-
uefaction, or also called hydrothermal, is usually applied to
the liquefaction of raw material to produce liquid fuel
through the decomposition of their structures, where the
water acts as an organic solvent and hydrogen donor (Fan
et al. 2020). In general, liquefaction is carried out for less
than 60 min at moderate temperatures below 400 °C and
pressures up to 20 MPa to keep the solvent in a liquid state
(Galadima and Muraza 2018; Saber et al. 2016b).

Hydrothermal liquefaction (HTL) is a substitute for
pyrolysis. It attracts much attention due to its advantage of
converting wet biomass into energy, which eliminates the
use of expensive pretreatments, such as biomass drying
methods (Chen et al. 2015; Brennam and Owend 2010). In
this case, microalgae are excellent raw materials for lique-
faction due to their high mass fraction of water in about 80–
90%. Furthermore, the small microalgae particles end up
facilitating the thermal transfer and improve the process
conditions. Indeed, these factors imply a more straightfor-
ward implementation and reduced costs (Mathimani et al.
2019).

Briefly, the mechanistic pathway of microalgae biomass
under HTL conditions reveals that macromolecules are
hydrolyzed and decomposed to produce some fragments of
fatty acids, amino acids, and monosaccharides through a
series of reactions such as dehydration, deoxygenation, and
decarboxylation (Kumar et al. 2017). Subsequently, the
small, highly reactive, and unstable compounds are poly-
merized and separated into different products depending
mainly on operational conditions and the end-use of the
application (Chen et al. 2015; Fan et al. 2020).

The main product obtained from this process is bio-oil or
biocrude, a liquid synthetic fuel similar to crude oil, which
can be converted into hydrocarbon fuels or co-refined for use
in various other applications (Galadima and Muraza 2018;
Saber et al. 2016b). Biocrude is defined as a complex liquid
mixture of hydrocarbons, nitrogenous and oxygenated cyclic
compounds, fatty acids, esters, among others. These fuels are
similar to heavy oil, although they have a higher nitrogen
and oxygen content, coming up to 7% and 19%, respectively
(Barreiro et al. 2013; Guo et al. 2015).

Although still at a very early stage of development, HTL
bio-oils are thought to tend to be more stable than pyrolysis
bio-oils due to the lower levels of reactive oxygenated
species (Jena and Das 2011; Palomino et al. 2020). How-
ever, little research has examined the effects of physico-
chemical properties during the storage of biocrude from
microalgae in the HTL process. What is known so far is that
similar fuels report an increase in their viscosity, density,
and molecular weight, during transport and long-term stor-
age (Palomino et al. 2020; Kosinkova et al. 2016). Given
this scenario, the use of microalgae biomass is still a chal-
lenging issue that HTL will need to overcome to become a
real alternative to biofuel production.

3.1.4 Gasification
Gasification is another type of thermochemical conversion
process used to convert carbonaceous polymers from bio-
mass at high temperatures (800–1000 °C) in the presence of
gasifying agents, such as steam, air, and oxygen. Gasifica-
tion is an improved technique as it provides versatile syn-
thetic gas (syngas) and other valuable gases as co-products.
On average, syngas is a gas mixture (CO, H2, CO2, N, and
CH4) with a typical calorific value of 4–6 MJ/m3 that can be
converted into liquid biofuel via the Fischer–Tropsch pro-
cess or burned directly for power generation (Du et al. 2016;
Ramos and Rouboa 2020).

The entire biomass gasification mechanism involves
several reactions depending on the temperature variation
(Raheem et al. 2016). These reactions are broadly charac-
terized in four phases: (i) drying, to remove residual mois-
ture, around 150–200 °C; (ii) pyrolysis or devolatilization,
to generate the breakdown of biomass into less complex
molecules, between 250 and 500 °C; (iii) combustion or
oxidation, referring to the formation of volatiles and solid
carbon formed in the second stage of the pyrolysis reaction
(500–700 °C); and finally, (iv) gasification, in which small
molecules of high energy value and small amounts of
residual char and tar are formed as final products (Basu
2010).

Supercritical water gasification (SCWG) is an alternative
to conventional gasification routes directed to wet microal-
gae biomass. Similar to hydrothermal liquefaction, super-
critical gasification occurs in an aqueous medium at high
temperatures and a pressure range between 24 and 36 MPa.
Here, biomass in supercritical water quickly breaks down,
resulting in elevated emission of fuel gases rich in H2 and
CH4 (Mathimani et al. 2019).

Finally, comprise the path of gasification is somewhat
challenging due to the complex structures of microalgae
biomass. Unlike the conventional gasification process,
SCWG is still a commercial technique under development.
In addition, the high energy demand for the separation and
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purification of gases and also for the preheating of the water
used in the process seems to be an apparent disadvantage
(Raheem et al. 2016).

3.1.5 Direct Combustion
With the increased incentive to use renewable raw materials
in the generation of safe fuels, different thermochemical
conversion routes are presented. Among them, the direct
combustion of biomass is still the dominant path of bioen-
ergy, contributing about 11% of the world's energy (Tanger
et al. 2013; Du et al. 2016).

Direct combustion occurs in simple equipment, such as
an oven, boiler, or steam turbine at temperatures above 800 °
C. The biomass is burned directly in the presence of oxygen,
converting the stored chemical energy into heat, mechanical
force, or electricity. In this process, the heat produced must
be used immediately, since storage is not yet a viable option
(Clark and Deswarte 2008).

Due to the high moisture content of microalgae biomass,
the need for processes such as centrifugation, drying, and
crushing, is still an obstacle to financial costs and energy
expenditure. According to Kumar et al. (2017), additions of
pretreatment methods increase the final cost of processing
microalgae biomass by USD 1 kg−1. In this case, direct
combustion is mainly directed to strains with low moisture
content (<50%) (Goyal et al. 2008). Furthermore, the
co-firing of the biomass of microalgae in coal plants can also
be an alternative way to reduce greenhouse gas and pollution
emissions. Finally, additional engineering improvements and
technological incentives in the conversion paths can poten-
tially increase the adhesion of microalgae to the combustion
process (Raheem et al. 2015).

3.2 Biochemical Conversion

In addition to the thermochemical conversion, it is possible
to produce a variety of liquid and gaseous biofuels, as well
as bioenergies from microalgae through technological bio-
chemical conversion routes. Biochemical conversion uses
biological and biochemical processes to convert mainly
biomass into energy by-products, through methods such as
transesterification, fermentation, hydrolysis, anaerobic
digestion, or direct conversion. Multiple steps are involved
during this microalgae-to-fuels procedure, including unit
operations of the upstream and downstream processing
phases (Deprá et al. 2018). The main biochemical conver-
sion pathways and subclasses are illustrated in Fig. 2.

3.2.1 Biodiesel
The biochemically converted microalgae energy product
most researched by the scientific community is biodiesel. It
has been considered as a potential direct substitute or

blending component for petroleum derived diesel. The
higher heating value of biodiesel of about 40 MJ/kg is
comparable with petrodiesel, whose value is approximately
43 MJ/kg. As characteristics, biodiesel has physical and
chemical properties similar to those of fossil diesel, which
favors its use in combustion engines, discarding any type of
modification in the ignition system or fuel injector (Daroch
et al. 2013). These attributes are due to the quantity and
quality of the single-cell microalgae oil, determined by the
lipid content and fatty acid profile.

From an environmental perspective, the benefits of bio-
diesel are already well known: renewability and sustain-
ability, due to reduced emissions of CO2, CO, SOx, NOx, and
unburned hydrocarbons, biodegradability, and non-toxicity
(Deprá et al. 2018).

In terms of general processing, after cultivation, har-
vesting, and drying, the oil is extracted, and then it is con-
verted into biodiesel through transesterification. This
procedure is the most commonly used to convert oil into
biodiesel. It consists of a chemical reaction between
triglycerides and alcohol to form fatty acid methyl esters
(FAME) and glycerol. Usually, the reaction occurs in the
presence of a catalyst, which can be acidic, basic, or enzy-
matic via heterogeneous/homogeneous process or in-situ
transesterification. Currently, numerous studies discuss new
techniques to transesterify microalgae lipids, as well as
merits and demerits (Pragya et al. 2013).

Oleaginous microalgae produce considerable levels of
lipids ranging from 20 to 50% in dry weight or, in a broader
estimate, from 5000 to 100,000 L/ha/day (Behera et al.
2019). Species like Botryococcus braunii and Chlorella
vulgaris have been identified as the most suitable for bio-
diesel production. However, in the case of B. braunii, this
microalgae synthesizes more than 80% dry weight of
hydrocarbon content, it has a low cell growth rate, causing a
deficit in lipid productivity, ranging from 0.10 to
0.4 g/L/day (Tasić et al. 2016). In addition, some studies
have shown the microalgae cultivation under CO2 input for
biodiesel production. For example, S. obliquus has been
suitable for CO2 capture and use from industrial flue gases
and biodiesel generation (Lam et al. 2012). An important
observation is that the lipid content and productivity depend
on the growth conditions, and these parameters can be fur-
ther improved with changes in genetic and metabolic
engineering.

The biochemical conversion of biomass into biodiesel
requires downstream processing steps that are
energy-intensive (e.g., harvesting and drying), resulting in
high manufacturing costs. Also, the upstream pretreatment
steps need to be improved, that is, boosting productivity
strains and cultivation systems. Although the environmental
impacts are relatively minor compared to other feedstock,
bulk production of microalgae biodiesel is not yet

70 M. C. Deprá et al.



commercially competitive in technical and economic terms
(Severo et al. 2019).

3.2.2 Bioethanol
The microalgae bioethanol production is performed through
the biochemical conversion process of carbohydrates, such
as starch, cellulose, and intracellular glycogen, via fermen-
tation and hydrolysis. Bioethanol is the second most
attractive biofuel for production from a third-generation
feedstock. In addition to being considered a clean fuel, its
global manufacture has shown rapid growth and the expec-
tation today is that it will reach the mark of 160 billion liters
produced.

Bioethanol processing occurs due to the presence of
polysaccharides with low or no lignin and hemicellulose
content in the microalgae cell walls, which facilitates the
hydrolysis and fermentation of sugars. From there, the final
product, ethanol, can be generated after distillation. Besides,
to break down the carbohydrate molecule or starch polymers
into monomers, and convert it into bioethanol, it is necessary
to perform the rupture of cell wall structure via pretreatment
before fermentation (Silva and Bertucco 2016). There are
many methods for this purpose, including physical (e.g.,

microwave, ultrasound, autoclave, and high-pressure
homogenization), chemical (acid, basic, and supercritical
CO2), enzymatic (alpha- and glucoamylase), and combined
(dark fermentation and photofermentation). This step is
crucial because it minimizes the crystallinity degree of the
cellulose matrix, increases surface area, and favors the
assimilation of the substrate by the enzymes to hydrolyze
microalgal biomass (Phwan et al. 2018).

Some genus of microalgae such as Chlorella, Scene-
desmus, Dunaliella, and Tetraselmis have considerable car-
bohydrate content, around 40% of dry weight (Behera et al.
2019). The species C. vulgaris, for example, can reach levels
of approximately 55%. This percentage indicates that
microalgae can be an excellent feedstock for ethanol fer-
mentation. Evidently, this factor depends on the cultivation
method and environmental parameters. Depending on the
species and pretreatment technique, the bioethanol yield has
been reported to be in the range of 0.08–0.12 g per g of dry
biomass (Bhattacharya and Goswami 2020).

Additionally, microalgae have been applied for environ-
mental mitigation and parallel bioethanol production. By
way of exemplification, the study carried out by Ho et al.
(2013), evaluated the development of a two-stage process for

Fig. 2 Biochemical conversion routes for microalgae energy-based products
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CO2 fixation, carbohydrate productivity, and bioethanol
generation using S. obliquus CNW-N via hydrolysis and
fermentation.

While this matrix is attractive, the production of stand-alone
microalgae bioethanol is postulated as a costly process in
energy, with relatively high operating costs, due to ethanol
purification (distillation stage), and high capital investment.
These limitationsmake it unfeasible for the scalemanufacturing
of this biofuel under current economic conditions. However, in
Brazil, research suggests integrated production in the biorefin-
ery context (Klein et al. 2018).This strategyhas the potential for
profit and to generate revenues with the appreciation of other
products of marketing interest.

3.2.3 Biomethane
Microalgae biomethane—often called biogas—is a gaseous
fuel produced from anaerobic digestion and dark fermenta-
tion. It has some benefits concerning other biofuels, such as
the potential use as a source of heat and bioelectricity, the
lower implementation cost of the process compared to
emerging biofuel/bioenergy technologies (i.e., gasification
and pyrolysis), and nutrient cycling to make biofertilizers.
This technological route for biochemical conversion of
biomass into biofuel is technically feasible and can be
widely applied for the treatment of various types of waste
(Zhu et al. 2014).

Concerning processing, the biomass or residual sludge is
treated as follows: (i) hydrolysis, (ii) acidogenesis, (iii) ace-
togenesis, (iv) methanogenesis, and, finally, (v) biogenic gas
production. This, in turn, consists mainly of biomethane and
CO2 and a minority of hydrogen, ammonia, and sulfides
(Behera et al. 2019). Also, the wet biomass, after the har-
vesting stage, can be digested to generate biomethane after
lipid extraction (Mehrabadi et al. 2015).

The theoretical yield established for methane ranges from
0.48 to 0.80 L per g of volatile solids. In contrast, the
experimental yield from different species of microalgae is
quite lower, reducing it to less than half in some cases. For
example, species Ulva sp. and Gracilaria sp., and the genus
Macrocystis present methane yields generally in the order of
0.2, 0.28–0.4, and 0.39–0.41 m3 kg−1, respectively (Singh
and Gu 2010). It is worth mentioning that, due to the cell
wall structure of species, cell wall structure of species, and
the performance of anaerobic digestion is very dependent on
the type of strain, and the same applies to the biomethane
yield (Uggetti et al. 2017).

However, some problems are inherent to microalgae
biogas production, such as heating the digesters, which has
been a concern since considerable energy input is required.
In addition, the low carbon/nitrogen (C/N) ratio of biomass,
generally 5:1–10:1. This proportion reduces methanization.
Co-digestion has been suggested to increase the C/N ratio,
adding agricultural wastes (Zhu et al. 2014). Also, integrated

strategies to improve the microalgae biogas production
process have been investigated. The biomethane generation
from CO2 capture and use has the potential for economic and
environmental updating in an optimized system, as proposed
by Bose et al. (2019).

3.2.4 Biohydrogen
Biohydrogen is an attractive biofuel because its combustion
does not generate carbon-based by-products and has a high
energy density (142 kJ/g) compared to other fuels, such as
methane (56 kJ/g), natural gas (54 kJ/g), and gasoline
(47 kJ/g).

The biochemical conversion of hydrogen from microalgae
can be classified in two ways, one dependent and the other
independent of light. In the first case, also called water bio-
photolysis, microalgae synthesize particular enzymes (hydro-
genases), which accept H+ electrons in the final phase of the
photosynthetic process and release them and oxygen (Jimé-
nez-Llanos et al. 2020). The general reaction of water photol-
ysis can be described according to Eqs. 4 and 5. The electrons
pass from photosystems I and II to enzymatic activity.

H2OðgÞ �!Hidrogenase
4Hþ þ 4e� þ 1

2
O2 ð4Þ

4Hþ þ 4e� �!Hidrogenase
2H2 ð5Þ

In the second case, dark fermentation, organic com-
pounds are fermented with anaerobic bacteria. Usually,
hydrogen generation is attributed to nitrogen biofixation,
with a reduction in photosynthetically produced H+ electrons
(Show et al. 2019).

The competence to synthesize H2 by microalgae is
attributed to growth conditions, including light intensity,
wavelength, and percentage of carbon in the biomass. In
terms of species, Chlamydomonas reinhardtii has been fur-
ther investigated for biohydrogen production, followed by
Chlorella pyrenoidosa, C. vulgaris, and S. platensis. But this
biofuel is currently undergoing research because of low yield
in dark fermentation and high energy cost in light-dependent
fermentation (Rashid et al. 2013). Current trends involve
integrated processes to improve microalgae biohydrogen
production and metabolic engineering tools.

3.2.5 Bioelectricity
A way to produce electricity by microalgae is through
microbial fuel cells (MFCs). This technological route of
direct biochemical conversion consists of integrating both
wastewater and CO2 from exhaust gases and generating
bioelectricity from metabolic reactions. Microalgae are
degraded at the anode, releasing electrons. They flow
through an external system integrated into the chamber to the
cathode. In the cathode chamber, electrons reduce O2, which
is combined with protons to form water. Thus, in this part of
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the system, microalgae can donate and receive electrons at
the same time to generate bioenergy (Dias et al. 2020).

C. vulgaris, C. pyrenoidosa, and C. reinhardtii have been
reported as potential species of biocathode in MFCs cham-
bers, with a maximum power density of 13–27.5, 30.15, and
78 mWm–2, respectively (Baicha et al. 2016). But, to have
optimal performance, the operational parameters (pH, tem-
perature, light, and substrate loading rate) must be improved
to keep the electrons flow in balance and, consequently, the
electric current. Yet, the technical challenges regarding the
microalgae MFcs process are many. The devices currently
researched and developed are not practical, in addition to the
costs associated with the processing of cell culture in anodic
and cathodic chambers (Bakonyi et al. 2020).

3.2.6 Volatile Organic Compounds
An emerging method of direct biochemical conversion to
generate microalgae-based energy is through volatile organic
compounds (VOCs) fraction. These biomolecules are sec-
ondarymetabolites naturally released bymicroalgae cells in the
environment. They belong to different chemical classes, such as
alcohols, aldehydes, esters, hydrocarbons, ketones, terpenes,
sulfur compounds, and carboxylic acids, which have consid-
erable energy content (Deprá et al. 2018; Severo et al. 2020a).

The VOCs of microalgae have been identified as potential
advanced sources of bioenergy and/or biofuels. Some spe-
cies of microalgae produce fuel precursor compounds
derived from petroleum, such as short-chain or higher

alcohols, alkanes, alkenes, and aliphatic hydrocarbons with
desirable combustibility properties (Severo et al. 2020b).

In terms of application, the microalgae VOCs were
evaluated in a study developed by Severo et al. (2018). The
bioprocess consists of the CO2 capture and use and con-
version into O2, CO2 unconverted and mainly VOCs, which
were released into the photobioreactor exhaust gases. The
total energy potential obtained was 86.320 kJ/kg (Table 4).
In addition, the estimated energy generation rate was around
15,247.78 kJ/m3/d.

By way of comparison, the energy potentials of gasoline,
liquefied petroleum gas, diesel oil, and natural gas are close
to 47,300, 46,100, 44,800, and 39,360 kJ/kg, respectively.
Regardless of these potentialities, the two main limitations of
this bioenergy technology are based on the low productivity
of VOCs, due to the working capacity of the cultivation
systems, and because there is currently no efficient recovery
technique to fractionate and collect these biomolecules.

4 Conclusion and Future Perspectives

Although CO2 capture technologies are relatively mature,
the use of captured CO2 remains a critical challenge that
requires a lot of future research.

In a real-world application, to further promote the pro-
duction of biofuels by microalgae-based processes, problems
associated with the selectivity of the microorganism,

Table 4 Production of volatile
organic compounds from
microalgae and their energy
content

Volatile organic compounds Energy potential (kJ/kg)

2-ethyl-1-hexanol 5420

2-propyl-1-heptanol 6720

2-methylbutanal 3240

Hexanal 3880

2,4-heptadienal 4050

2,4-decadienal, (E, Z) 6000

2-methoxy-2-methylpropane 3480

3,3-dimethylhexane 5420

2,4-dimethylheptane 6070

4,7-dimethyl-undecane 8660

2-propanone 1940

2,4-dimethyl-3-pentanone 4530

4-octen-3-one 5180

6-methyl-5-hepten-2-one 4940

Acetophenone 4220

b-ionone 7700

2-phenylpropene 4870

Total 86,320

Adapted from: Severo et al. (2018).
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production cost, harvesting stages, and biomass nutrient
value must be addressed.

However, regardless of the chemical or biological con-
version process of generating fuels from CO2, in general, the
next advances to promote the high performance of tech-
nologies, as well as the progress of industrial viability, must
be deeply explored. Only then, the immense potential
attributed to these technologies can be used.

Finally, in the near future, CO2 recycling technologies
could become resources required by different sectors of the
global economy and affect the regulation and policy of the
CO2 based fuel market.
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Thermodynamics of CO2 Conversion

Joshua Gorimbo and Ralph Muvhiiwa

Abstract

The work has looked at possible processes to utilise
atmospheric carbon dioxide (CO2) as well as the
thermodynamic complexities involved in trying to con-
vert CO2 to other useful fuels. Thermodynamic data from
literature, as well as simple calculations from the
Attainable Region, have shown that most CO2 conversion
processes with water (H2O) require heat and work
addition as the enthalpy and Gibbs free energy are
positive. The Sabatier reaction that produces methane
(CH4) and H2O and reverse water–gas shift (rWGS)
which make syngas (carbon monoxide (CO) and hydro-
gen (H2)) is possible reactions in utilising CO2, but all
occur at the expense of feeding in H2 with CO2 in the
presence of a catalyst. The outcome of this research
suggests that it is important to try and stop CO2 emissions
at source. This is because thermodynamics shows that the
reaction processes involving CO2 are not sustainable
when trying to make fuel as a product.

Keywords

Carbon dioxide � Sabatier reaction � Reverse water gas
shift reaction � Reverse combustion � Bosch reaction

Nomenclature
GHG Greenhouse gas
AR Attainable Region
NASA National Aeronautics and Space Administration
rWGS Reverse water–gas shift

FTS Fischer–Tropsch synthesis
G Gibbs free energy
H Enthalpy

1 Introduction

Efforts towards designing systems that decrease carbon
dioxide (CO2) emissions must increase to meet the Paris
agreement objectives. The Paris agreement aimed to main-
tain the global average temperature increase under 2 °C
above the pre-industrial levels preventing them from rising
beyond dangerous thresholds (Agreement 2015). Any
increase in temperature beyond that point would be dan-
gerous and cause irreversible climate change. However,
many of the country representatives argued that a more
stringent cap of 1.5 °C, though ambitious, would be even
more efficacious. Another key issue discussed exhaustively
at the conference was that countries should reduce the CO2

gas emitted by human activities to a level that can be
absorbed naturally by the environment, Paris Climate
Change Conference (COP21), 2015. CO2 gas is colourless
and has no scent. In addition to the respiration of all living
organisms, human beings continue to introduce CO2 via
combustion of fossil fuels and the fermentation of sugars. As
energy demand increase due to global population growth,
more CO2 is emitted into the atmosphere, and ultimately
contributing to the deteriorating environment causing cli-
mate change. It is therefore imperative to find ways to
decrease the amount of CO2 emitted to the atmosphere.
Naturally, plants take in CO2 during the photosynthesis
process, and forests have contributed immensely in absorb-
ing about 25% of the emitted CO2. The other 25% is
absorbed naturally by oceans and the balance continues to
collect in the atmosphere.

Energy utilisation in the Anthropocene era is predomi-
nantly based on the combustion of carbonaceous fuels,
inherently petroleum, fossil fuels—coal and natural gas
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giving off CO2. However, the produced CO2 is a greenhouse
gas (GHG), which its increase in the atmosphere has
caused serious environmental and ecological damage
(Vijayavenkataraman et al. 2012). Op. cit. informed evidence
of the effects of climate change vis-a-vis rising sea level,
increasing global temperature, melting ice sheets and acidi-
fication of ocean waters (Vijayavenkataraman et al. 2012).
GHGs such as CO2, methane (CH4) and NOx trap heat in the
atmosphere. Global temperatures have been observed to
proportionally increase with increasing GHGs concentrations
‘hockey stick graph’. As a result, some experts and policy-
makers are calling for an explicit cap on CO2 concentrations,
in addition to the global temperature targets of 2 °C outlined
in the Paris climate accord in November 2015.

Globally, over 36 billion tonnes of CO2 are discharged
into the atmosphere per year and this is projected to con-
tinuously rise (Hannah and Max 2017). To curb this catas-
trophic CO2 build-up, researchers are now looking at ways
of reducing the CO2 in the atmosphere by (i) capturing and
utilising the atmospheric CO2, (ii) research into the use of
bio-neutral fuels. Trapping the CO2 in the atmosphere and
reusing it as a feed material for useful chemicals could
contribute to a more sustainable way of achieving the
environmental target. Recent advances in CO2 capture and
utilisation provide effective ways for the chemical conver-
sion of CO2 into synthetic-organic fuels (Stewart and Hes-
sami 2005; Dowson and Styring 2017; Choi et al. 2017).
Such use of CO2 as a feed in organic synthesis could con-
tribute positively to the fight against climate change.

This chapter is a general overview on thermodynamics of
CO2 conversion, the limitations and potential CO2 utilisation
processes. Understanding the thermodynamics of CO2 con-
version and utilisation is an integral part of trying to reduce
its emission, and thus, the fight to combat climate change.
Several scientific publications are available on CO2 capture
and utilisation (Mukherjee et al. 2019). Also, different
pathways have been explored for CO2 conversion to organic
molecules (Dowson and Styring 2017; Liu et al. 2015).

2 Carbon Dioxide Capture

Capturing CO2 entails physical and chemical separation of
the compound from a gas mixture and either store or reuse it.
However, this process is more attractive and sustainable if
the concentrations are high at separation and capturing
points. Though unconventional, CO2 capture directly from
ambient air has been done by spraying sodium hydroxide
(Stolaroff et al. 2008). Preferably, the process has been
applied amongst the anthropogenic sources of CO2 such coal
powerplants, petroleum refineries, natural gas plants and
other large point sources, such as flue gas. Gas mixtures rich
in CO2 include emissions from, fossil fuel-based power

plants, industrial manufacturing processes, air crafts trains
and ships and other biomass combustion processes.

Currently, three capturing technologies are known for
trapping CO2 from the flue gas and these are classified as
oxy-fuel combustion, pre-and post-combustion (Mukherjee
et al. 2019) with post-combustion frequently used. The CO2

is released into the atmosphere as a mixture with other
constituents mainly SOx, NOx, N2, H2O, CO, O2 and other
particulate matter. Therefore, different methods have been
applied to different systems depending on the applicability
and effectiveness in capturing CO2. Available methods
include carbon-based renewable adsorbent (Ahmed et al.
2020), supported monoethanolamide (Sun et al. 2011),
amine-based CO2 capture (Dutcher et al. 2015), membrane
separation (Lee et al. 2017), molecular sieves (Donald Car-
ruthers et al. 2012) and cryogenic separation (Meisen and
Shuai 1997).

3 Carbon Dioxide Utilisations

The art of capturing CO2 from either the atmosphere or flue
gas will only aid in minimising levels of CO2 in the atmo-
sphere. However, capturing CO2 and converting it to fuels
and chemicals have attracted a considerable attention to
researchers. In abating global warning, the captured CO2

could find use as a building block in organic synthesis such
as demonstrated by Liu et al. (2015). Table 1 shows studied
reactions that can be applied to utilise CO2 provided the
correct amount of heat and work is made available. The
National Aeronautics and Space Administration (NASA) is
currently exploring the use CO2 (Sabatier reaction) as a
means of producing H2O in space exploration (Vogt et al.
2019). The methane produced via the process could be a
viable option for renewable energy (Stangeland et al. 2017).

The Sabatier reaction is a high temperature and negative
atmospheric pressure process (250–450 °C; 0.57–0.91 bar)
where CH4 and H2O are formed from reacting CO2 and H2

(Junaedi et al. 2019; Müller et al. 2013). Other useful
reactions that consume CO2 include the WGS reaction.

In addition to the Sabatier reaction, NASA is also
studying the Bosch reaction as another pathway to reduce
CO2 from the Space Station atmosphere and to generate
clean H2O (Holmes et al. 1970). The primary objective for
this process is to eliminate on-board gaseous storage and
overboard venting to enable the recovery of the metaboli-
cally consumed oxygen (O2) (Wagner et al. 1988; Spina and
Lee 1985). The Bosch reaction involves the reaction of CO2

and H2 to give H2O and carbon (C) at high temperature and
pressure with the aid of a catalyst (Wagner et al. 1988;
Bunnell et al. 1991).

Reverse water–gas shift (rWGS) is another way of con-
verting CO2 with the use of heterogeneous iron catalysts, the
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process also demands high temperatures (Pastor-Pérez et al.
2017; Hla et al. 2009). Other catalysts used include copper,
platinum and rhodium immobilised on a variety of supports
(Daza and Kuhn 2016). Reverse water–gas shift catalysis
appears to be a well-researched method for converting CO2 to
CO, which can then be used in the generation of an
energy-dense transportable fuel via Fischer–Tropsch (Daza
and Kuhn 2016; Gorimbo et al. 2017). Other reactions for
CO2 utilisation include direct synthesis to methanol (Marlin
et al. 2018), reverse combustion (Jiang et al. 2017), reverse-
Boudouard reaction which uses elemental C and CO2 to
produce CO (Osaki and Mori 2006). Reverse-Boudouard
reaction finds use in CO2 reforming of CH4 from the view-
point of suppressing the deposition of C (Osaki et al. 1996).

However, the fallback of these CO2 conversion reactions
in Table 1 is the need for a tremendous input of energy. This
indicates the need for further research into renewable energy
sources, like solar power to power these processes. Indirect
production of liquid fuels from CO2 hydrogenation via

Fischer–Tropsch (CO2-FT) is also possible (Wei et al. 2017).
CO2 hydrogenation tests in continuous flowing fixed-bed
reactor indicated the feasibility of the reaction using modi-
fied Fe/C with bio promoters (Guo et al. 2018). Figure 1
shows the product distribution of the study.

Reaction scheme for CO2 direct conversion to linear
a-olefins with the use of a bio-promoted catalysts C4–C7

olefins and C1–C4 paraffins are produced (Guo et al. 2018).

4 Thermodynamic Considerations

The rWGS reaction is equilibrium limited. According to Le
Chatelier’s principle, CO productivity increases with tem-
perature as the reaction is endothermic. Pressure has less
influence by virtue of the balanced stoichiometric coeffi-
cients on the reaction. The same principle dictates that
thermodynamic calculations at ambient pressure, showing
enhanced CO2 conversion when excess H2 is added to the

Table 1 Possible reactions for CO2 utilisation

Process name Reaction Condition

Sabatier reaction CO2(g)þ 4H2(g)$CH4(g)þ 2H2O(g) 250–450 °C; 08.3–13.2 psia Nickel,
ruthenium or alumina catalyst

Reverse water gas shift reaction CO2(g)þH2(g)$CO(g)þH2O(g) 400–750 °C, Iron catalyst

Reverse combustion CO2(g)$C(s)þO2(g) –

Reverse-Boudouard reaction C(s)þCO2(g)!2CO(g) 773 K, Ni catalysts

Bosch reaction CO2(g)þ 2H2(g)$C(s)þ 2H2O(g) 530–730 °C; 7–15 psig Iron, cobalt,
nickel or Ruthenium catalyst

CO2 hydrogenation (CO2-FT) nCO2(g)þ 3nH2(g)$CnH2n þ 2nH2O(g)
nCO2(g)þ (3n + 1)H2(g)$CnH2nþ 2 þ 2nH2O(g)

320 °C; 3 MPa, Na–Fe3O4 catalyst

Fig. 1 Reaction scheme for CO2 direct conversion to linear a-olefins with the use of a bio-promoted catalysts C4–C7 olefins and C1–C4 paraffins
are produced (Guo et al. 2018)
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system. The CO productivity can also be increased
by-product separation (Daza and Kuhn 2016). Enthalpy
change (DH) values at standard conditions for reverse-
Boudouard reaction are obtained from Osaki and Mori
(2006) while that for the rWGS and CO2 methanation were
given by Pastor-Perez et al. (2017) and Gorimbo and
Hildebrandt (2020).

The thermodynamics of CO2 conversion are shown in
Fig. 2, where ΔG values are plotted against temperature at
ambient pressure. Thermodynamics gives an indication of
the possibility of the CO2 conversion reactions. The most
significant parameter in elucidating what is possible in the
conversion of CO2 is the ΔG because it shows the thermo-
dynamic amount of work available to the system for the
reaction to occur at a given temperature and pressure. The
more negative the ΔG, the more spontaneous the reaction is
or the more of the reversible work that may be performed by
the thermodynamic system.

Thermodynamic calculations at ambient pressure show
that CO2 conversion via the Sabatier reaction is feasible
below 600 °C while the rWGS is favoured at temperatures
beyond 600 °C. The ΔG for the reverse combustion shows
no variation with increasing temperature and thus remains in
the thermodynamically non-favoured region. Direct con-
version of CO2 and CH4 is another possible reaction but high
temperatures are needed for the conversion to happen.
Standard thermodynamic data of possible CO2 conversion
routes as given in Table 2.

The Sabatier reaction has been used in space exploration
while the rWGS reaction is used to adjust the CO/H2 ratio in
Fischer–Tropsch synthesis (FTS). In both reactions, CO2 is
efficiently used as feed at the expense of co-feeding with H2.
However, the strong C=O double bond which requires a lot

of heat to break the bond hinders CO2 hydrogenation.
Experimental studies still need to be conducted to investigate
a suitable catalyst/pathway for sustainable breakdown of
CO2. The reactions of CO2 demand high-energy input
therefore are not benign as the energy used also yields CO2.
In other words, the reverse combustion and the rWGS
involve positive DG, and thus, they are not favoured at
temperature below 600 °C.

5 Thermodynamics of CO2

In order to cut down on harmful CO2 emissions while
continuing to use industrial technology, engineers and
researchers have been investigating ways to design more
efficient manufacturing processes that are less harmful to the
environment and to improve the efficiency of already
existing systems. Some of the most ground-breaking
research, to achieve resource efficiency while achieving
environmental targets, to date, has been found in the field of
using renewable energies. However, most systems still emit
CO2 beyond permitted goals. Therefore, the question arising
that must be addressed is: How can we utilise CO2 sus-
tainably to help achieve these goals?

5.1 The Thermodynamic Attainable Region (AR)

Scientists are starting to look into designing sustainable
systems that can feed CO2 using process synthesis tech-
niques. This section employs a thermodynamic technique
that can help us visualise the thermodynamics of reactions
involving CO2. The use of the thermodynamic Attainable

Fig. 2 Gibbs free energy for
reverse combustion, CO2

methanation and rWGS reaction
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Region (AR) is vital in understanding the complexity
involved with the direct use of CO2 as a feed-in process
systems. The AR is a thermodynamic region that shows all
possible reactions for a given set of species and restrictions
applied to it. This can be used to set performance targets for
systems providing valuable information which include
(i) optimum operating conditions of temperature, (ii) heat
and work requirements, (iii) best use of feed to make pre-
ferred product and also meet emissions targets. It is therefore
important to understand the thermodynamics of CO2 con-
version using the AR in order to try and achieve these goals.

In this case, three reactions where CO2 is feed are used to
analyse the thermodynamic heat and work associated with
feeding CO2 using the AR. The system is studied at various
temperatures to enable us to see whether changes in tem-
perature can help build processes that can consume CO2

sustainably. Three simple reactions involving the rWGS,
Sabatier reactions and reverse combustion are considered,
Eqs. (1–3).

CO2 þ 4H2 ! CH4 þ 2H2O Sabatier reaction ð1Þ

CO2 þH2 ! COþH2O rWGS ð2Þ

CO2 ! CþO2 Reverse combustion ð3Þ
The seven species in the reactions above are arranged in

matrix form to help find the independent mass balances
using the Gaussian elimination method; in this case (#-
compounds–#elements (7–3 = 4)). The species are arranged
in matrix form (Table 3) using the three respective elements
C, H and O and Gaussian elimination was applied to make
each column have a one in only one row and other values as
zero will help find the independent mass balances. However,
the independent mass balances may not reflect the actual
reactions occurring in the process or reactor but will help
give the boundaries of the AR showing all possible reactions
from the given constraints and species specified. To try and
analyse a perceived sustainable system, it is assumed a feed
of 1 mol CO2 and 1 mol H2O is used. Yet, if we feed in CO2

with H2 as in Eqs. (1) and (2), the AR will yield the
well-researched reactions in Table 2. One of the main

constraints applied is that the researchers try to avoid using
H2 as feed and are interested in the reactions associated with
feeding H2O instead. Methane is also a possible feed but in
this case it is considered not sustainable to feed in this fuel to
the process. Please note that if H2 and CH4 can be allowed as
feed, the whole mass balance changes, thus changing the AR
boundaries and revealing other possible mass balances
associated.

According to Yin (1989), the row/s consisting of zeros on
all the columns in Table 4 corresponds to the independent
reactions for the system. These are indicated with grey shade
in Table 4.

The four-independent mass balances are given in
Eqs. (4–7)

Table 2 Values at standard conditions giving an indication of the easy with which the reaction can happen

Reaction DHh
298k (kJ/mol) DSh298k (J/mol.K) DGh

298k (kJ/mol)

Well researched pathways

CO2(g)þH2(g)$CO(g)þH2O(g) +41.13 +42.02 +28.53

CO2(g)þ 4H2(g)$CH4(g)þ 2H2O(g) −164.75 −172.45 −113.33

Other possible pathways

CO2(g)$C(s)þO2(g) +393.51 −2.88 +394.36

CH4(g)þCO2(g)$2CO(g)þ 2H2(g) +247.02 +256.54 +170.53

CH4(g)þ 2CO2(g)$3CO(g)þH2(g)þH2O +288.16 +298.59 +199.14

Table 3 Matrix showing molar amounts of each element

C H O Compounds

1 0 2 CO2

1 0 0 C

0 2 0 H2

0 0 2 O2

1 0 1 CO

1 2 0 CH4

0 2 1 H2O

Table 4 Independent mass balances
C H O Material balances

0 0 0 CO2 - C - O2

1 0 0 C

0 1 0 1/2H2

0 0 0 O2 – 2(CO-C)

0 0 1 CO-C

0 0 0 CH4 - 2H2 -C

0 0 0 H2O - H2 -CO+C
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CO2 ! CþO2

DH� ¼ 393:5 kJ=mol;DG� ¼ 394:3 kJ=mol e1
ð4Þ

2CþO2 ! 2CO
DH� ¼ �110:5 kJ=mol;DG� ¼ �137:1 kJ=mol e2

ð5Þ

2H2 þC ! CH4

DH� ¼ �74:7 kJ=mol;DG� ¼ �50:8 kJ=mol e3
ð6Þ

CþH2O ! H2 þCO
DH� ¼ 131:2 kJ=mol;DG� ¼ 91:4 kJ=mol e4

ð7Þ

Stoichiometric mass balances for feed of 1 mol CO2 and
1 mol H2O

� NCO2 ¼ NoCO2 � e1 � 0

e1 � 1

� NO2 ¼ NoO2 þ e1 � e2 � 0

e1 � e2 � ¼ 0

� NC ¼ NoCþ e1 � 2e2 � e3 � e4 � 0

e1 � 2e2 � e3 � e4 � 0

� NH2 ¼ NoH2 � 2e3 þ e4 � 0

e4 � 2e3 � 0

� NH2O ¼ NoH2O� e4 � 0

e4 � 1

� NCO ¼ NoCOþ 2e2 þ e4 � 0

2e2 þ e4 � 0

NCH4 ¼ NoCH4 þ e3 � 0

e3 � 0

The seven inequalities above are solved using MATLAB
‘mupad’ function to find vertices for the AR for the system.
The result gives us the vertices used to plot an AR which
helps us visualise the thermodynamics of CO2 processes in a
2-D graphical scheme.

MATLAB ‘mupad’ script to find vertices when N
�
CO2

and

N
�
H2O ¼ 1, consider ɛ1, ɛ2, ɛ3, ɛ4 as a, b, c, d, respectively.

k:=[{a<=1,a-b>=0,a-2*b-c-d>=0,d-2*c>=0,d<=1,2*b
+d>=0,c>=0},a+b+c+d]:linopt::corners(k,[a,b,c,d])

Vertices obtained;
{[0, 0, 0, 0], [0, -1/2, 0, 1], [1/2, -1/2, 1/2, 1], [1, 0, 0, 0],

[1, 0, 0, 1], [1, 1/2, 0, 0], [1, -1/2, 0, 1], [1, -1/2, 1/2, 1], [1, -
1/4, 1/2, 1]}

The vertices correspond to [ɛ1, ɛ2, ɛ3, ɛ4]. After obtaining
the extent vertices above, we add the respective independent
mass balances Eqs. (4–7), multiplying each mass balance
with the respective extent in the vertex to obtain the overall

material balance for each of the AR vertices as shown in
Eq. (8).

AR vertex ¼ e1 � Eq: 4ð Þþ e2 � Eq: 5ð Þþ e3 � Eq: 6ð Þþ e4
� Eq: 7ð Þ

ð8Þ

5.2 Using Hess’s Law to Transform the Extents
to G-H AR @ 25˚C

According to Hess’s law, heat requirements for a chemical
process are the same irrespective of the pathway or steps are
taken to make the products. This means that ΔH and ΔG for
the reactions on each vertex can be obtained using Eqs. (9)
and (10). The extents together with the enthalpy and Gibbs
free energy at 25 °C, 1 bar were used to estimate the ΔH and
ΔG for the combined reaction process. Similarly, the ΔH and
ΔG can simply be obtained directly from the overall mass
balances attained in Eq. (8) for each extent vertex (products–
reactants).

DH ¼ e1DH1 þ e2DH2 þ e3DH3 þ e4DH4 ð9Þ

DG ¼ e1DG1 þ e2DG2 þ e3DG3 þ e4DG4 ð10Þ
The ΔH and ΔG for each reaction produced from each

vertex are plotted, and the AR is obtained in terms of G and
H which is giving G-H AR. Figure 3 shows the G-H AR at
25 °C, which is the region bound by joining all the outer
vertices. This region represents all possible combinations of
reacting species present in the independent balances when
1 mol CO2 and 1 mol H2O are fed. The reaction with the
minimum ΔG is the one that is most likely to dominate other
reactions in the AR because it has the most available work to
make products.

Fig. 3 Thermodynamic Attainable Region for CO2 conversion
processes at 25 °C
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Important Vertices and Points to note:

• Vertex 1 = feed which correspond to 1 mol CO2 þ 1
mole H2O

• Vertex 2 = 3C þ 1:5O2 ! 3CO, ΔH° = 282.9 kJ/mol,
ΔG° = 257.1 kJ/mol

• Vertex 3 = e1 ¼ CO2 ! CþO2; ΔH° = 393.5 kJ/mol,
ΔG° = 394.3 kJ/mol

• Vertex 4 = CO2 þH2O ! COþH2 þO2, ΔH° =
524.8 kJ/mol, ΔG° = 485.7 kJ/mol

• Vertex 5 = CO2 þH2O ! 0:5Cþ 0:5CH4 þ 1:5O2,
ΔH° = 597.9 kJ/mol, ΔG° = 597.5 kJ/mol

• Vertex 6 = CO2 þH2O ! CþH2 þ 1:5O2, ΔH° =
635.3 kJ/mol, ΔG° = 622.9 kJ/mol

• Point 1 = 0:5CO2 þH2O ! 0:5CH4 þO2, ΔH° =
401.2 kJ/mol, ΔG° = 400.3 kJ/mol

• Point 2 = H2O ! H2 þ 0:5O2, (minimum G) ΔH° =
241.8 kJ/mol, ΔG° = 228.5 kJ/mol

• Point 3 = CO2 þH2O ! 0:5COþ 0:5CH4 þ 1:25O2,
ΔH° = 542.7 kJ/mol, ΔG° = 528.9 kJ/mol.

At 25 °C, the whole AR lies in the positive region for
both enthalpy and Gibbs free energy. This means that both
heat and work must be added to make the respective prod-
ucts at the AR vertices when CO2 is a feed. It is then
important to find the effects of increasing temperature on the
G-H AR. The electrolysis process (Point 2) exists at mini-
mum G in the G-H AR at 25 °C but the process still requires
work addition as the DG is positive.

5.3 Increasing Temperature on G-H AR

Considering ideal gas behaviour, the change in enthalpy (DH)
for each component in the mass balances at various

temperatures but constant pressure can be obtained by using
Eq. (11). Pressure deviations are considered not significant on
the enthalpy Gibbs free energy for the temperatures studied.

DH� ¼ DH
�
o þR

ZT

To

DC
�
p

R
dT ð11Þ

where DH� and DH
�
o are enthalpy of formation at tem-

perature T and To, respectively. The heat capacity is specified
as:

DC
�
p

R
¼ AþBT þCT2 þDT�2 ð12Þ

Integrate Eq. (11) to give Eq. (13) where

ð13Þ

DG at various temperatures can be calculated by using
Eq. (14), (Smith et al. 2018).

DG
�
T ¼ DH

�
o�

T

To
ðDH�

o

� DG
�
oÞþR

ZT

T :

DC
�
p

R
dT�RT

ZT

T :

DC
�
p

R

dT
T

ð14Þ

where

and

As temperature is increased, the G-H AR enlarges as
shown in Figs. 4 and 5. DG for Vertex 2 becomes less
positive at minimum G predicting CO as product, Eq. (15).
At 900 °C, both Point 2 and Vertex 2 have the same DG and
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are both at minimum G. This means that at 900 °C H2, O2 or
CO are all possible products. This means that mixing can be
used to separate the products from the two possible reac-
tions. However, the reaction for making CO is more
endothermic hence requires heat.

Vertex 2@ 2000 �C ¼ 3Cþ 1:5O2 ! 3CO; minimumGð Þ;
DH� ¼ 216:9 kJ=mol;DG� ¼ 160:8 kJ=mol

ð15Þ

The G-H AR has also shown that even at high tempera-
tures it is not sustainable to invest in process reactions with
CO2 and H2O as feed as these require huge work and heat
addition. Nevertheless, the addition of catalysts and chang-
ing reacting pressures may help encourage conversion of
CO2 to other products but the overall cost may weigh
heavily on the overall efficiency. Above 900 °C, incomplete
combustion of C to CO is at minimum G and becomes the

favoured reaction in the G-H AR. Ideally, the reaction at
Vertex 4 would be the ideal process as it produces syngas
and O2 from feeding CO2 and H2O, but this process is not
sustainable as this would only be feasible at enormous
temperatures with work addition. The heat to achieve these
high temperatures will probably make the whole process
inefficient and thus not sustainable. The simple use of the
thermodynamic Attainable Region has shown that it is dif-
ficult to achieve a sustainable process that feeds CO2 and
H2O without adding numerous amounts of work and heat
into the system. However, previous research has shown that
co-feeding H2 or CH4 with CO2 may help to make products
like CH4, CO and other hydrogenation products but it is
expensive to obtain the CH4 or H2 gas to use as feed in such
processes. This last section is meant to give a glimpse of
how the AR shows the region which includes the defined
well-researched processes. Here, a feed combination of
1 mol CO2 + 1 mol H2 + 1 mol CH4 is used and the new
stoichiometric mass balance is shown below:

Fig. 4 Thermodynamic Attainable Region for CO2 conversion processes at a 400 °C and b 900 °C

Fig. 5 Thermodynamic Attainable Region for CO2 conversion processes at a 1500 °C and b 2000 °C

86 J. Gorimbo and R. Muvhiiwa



� NCO2 ¼ NoCO2 � e1 � 0

e1 � 1

� NO2 ¼ NoO2 þ e1 � e2 � 0

e1 � e2 � ¼ 0

� NC ¼ NoCþ e1 � 2e2 � e3 � e4 � 0

e1 � 2e2 � e3 � e4 � 0

� NH2 ¼ NoH2 � 2e3 þ e4 � 0

2e3 � e4 � 1

� NH2O ¼ NoH2O� e4 � 0

e4 � 0

� NCO ¼ NoCOþ 2e2 þ e4 � 0

2e2 þ e4 � 0

NCH4 ¼ NoCH4 þ e3 � 0

e3 � 1

As before, using ‘mupad’ function in MATLAB we use
the script below to obtain the vertices for the mass balance
boundaries.

k:=[{a<=1,a-b>=0,a-2*b-c- d>=0,2*c<=1,d<=0,2*b
+d>=0,c<=1},a+b+c+d]:linopt::corners(k,[a,b,c,d])

Vertices obtained;
{[0, 0, 0, 0], [1/4, 1/4, 1/4, -1/2], [1/2, 0, 1/2, 0], [1, 1, -1,

0], [1, 1, 0, -1], [1, 0, 1/2, 0], [1, 1, -1/2, -2], [1, 1/4, 1/2, 0]}
Figure 6a–d shows the AR when 1 mol of CO2, H2 and

CH4 each is fed at various temperatures
Important Vertices and Points to note in Fig. 6:

• Vertex 1 = feed which correspond to 1 mol CO2 + 1 mol
H2 + 1 mol CH4

• Vertex 2 = 3CH4 þCO2 ! 2CO + 2H2, ΔH° =
247.2 kJ/mol, ΔG° = 170.8 kJ/mol

• Vertex 3 = CO2 þH2 ! 0:5Cþ 0:5CH4 þO2; ΔH° =
356.2 kJ/mol, ΔG° = 368.9 kJ/mol

• Vertex 4 = minimum G = G ¼ CO2 þ 0:5CH4 þH2 !
1:5Cþ 2H2O, ΔH° = −52.7 kJ/mol, ΔG° = −37.4 kJ/mol

Fig. 6 Thermodynamic Attainable Region for CO2 conversion processes with H2 and CH4 at a 25 °C, b 400 °C, c 900 °C and d 1500 °C

Thermodynamics of CO2 Conversion 87



• Vertex 5 = Sabatier reaction = 0:25CO2 þH2 !
0:25CH4 þ 0:5H2O, ΔH° = −41.2 kJ/mol, ΔG° =
−28.4 kJ/mol

• Point 1 = rWGS = CO2 þH2 ! H2OþCO, ΔH° =
41.2 kJ/mol, ΔG° = 28.6 kJ/mol

• Point 2 = CO2 þH2 ! 0:5CH4 þ 0:5COþ 0:75O2,
ΔH° = 300.9 kJ/mol, ΔG° = 300.4 kJ/mol

• Point 3 = 0:5CO2 þH2 ! 0:5CH4 þ 0:5O2, ΔH° =
159.4 kJ/mol, ΔG° = 171.8 kJ/mol

Figure 6 shows the same results given in Fig. 2 but plotted
on an AR showing CO2 fed with either H2 or CH4. The AR
also shows that Vertex 4 is at minimum G at 25 and 400 °C
makes C and H2O and the minimum G is in the region where
G is negative. This reaction does not need work addition to
happen. Again, we notice the Sabatier reaction which is
Vertex 5 is also close to minimum G and the Gibbs free
energy for this reaction is negative. The reaction at minimum
G is most favoured meaning that it may be difficult to make
CH4 using the Sabatier reaction without forming C. Ther-
modynamics predict that the formation of C is more favoured
compared to the formation of CH4. Figure 6b, c shows that
the Sabatier reaction changes from negative G to positive
somewhere at temperatures between the 400 and 900 °C plot
(around 600 °C as shown in Fig. 2). The same observation is
also observed for Point 1 which represents the rWGS where
the reaction becomes spontaneous at very high temperatures
above 1000 °C. As temperatures are increased to 900 and
1500 °C, the products at Vertex 2 which makes syngas (CO
and H2) becomes feasible at minimum Gwhere CO2 is co-fed
with CH4. This analysis shows that the Sabatier reaction
(CO2 + H2) and the one that makes syngas from CO2 and
CH4 are the most attractive processes to help utilise CO2 only
if the H2 and CH4 are made available cheap and sustainably.
We have observed using the AR that CO2 conversion pro-
cesses pose a difficulty amongst researchers in trying to come
to a balance between the sustainability element; (process
energy and work efficiency) and overall economics of the
system. It is therefore highly advised to try and reduce CO2

emissions at source by adopting renewable energies. Further,
research is also recommended on other CO2 conversion
mechanisms especially using biological means.

6 Conclusion

Anthropic CO2 discharge into the atmosphere must be
drastically reduced, but several strategies have to be under-
taken to this purpose. Contemporary research focuses on
chemical means of CO2 conversion to useful chemicals. This
chapter is dedicated to understanding the thermodynamic
pathways of CO2 conversion with H2O. A brief digression
on the basic concept of CO2 capture and utilisation is

explored first. The Sabatier reaction is the only less
energy-intensive process thus far and carries high potential
use in large-scale conversion of carbon dioxide. Thermo-
dynamics dictates that work must be input for the rWGS
reaction at low temperature but ΔG values only become
negative at temperatures greater than 600 °C. More so, the
Attainable Region has shown the thermodynamic barriers of
high work and energy requirements in trying to make useful
products from feeding CO2 and H2O. Currently, thermody-
namics have shown that it is difficult to achieve sustainable
reaction processes that can help reduce atmospheric CO2. It
is therefore recommended to move towards renewable
sources of fuel in a bid to reduce further CO2 emissions.
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Enzymatic CO2 Conversion

Pravin D. Patil, Anup D. Chahande, Deepali T. Marghade,
Vivek P. Bhange, and Manishkumar S. Tiwari

Abstract

The ever-growing energy and chemical demand have
resulted in the absurd usage of fossil fuels, which has led
to a significant increase in the CO2 concentration in the
environment. In recent times, the development of efficient
methods for CO2 capture, sequestration, and utilization is
one of the key research areas under exploration. The
conversion of CO2 into chemicals and fuels via chemical,
photochemical, enzymatic, and electrochemical routes is
an efficient method of recycling CO2. Among these, the
enzymatic conversion of CO2 to value-added products
is an effective method due to their superior chemo-
selectivity and stereospecificity. However, there is an
urgent need for the exploration of new enzymes and
reaction operations to advance catalytic performance. The
current chapter focuses on the in vivo and in vitro
biocatalyzed reaction for the reduction of CO2 into the
value-added product by employing several enzymes. The
chapter explores opportunities and challenges associated
with practicing such biocatalysts for converting CO2 into
value-added products. Moreover, the chapter offers an
insight into the industrial application of CO2 and its
products.

Keywords

Biocatalysis � Dehydrogenases � Enzymes � CO2

reduction � CO2 conversion � Multi-enzyme cofactor
regeneration

1 Introduction

The absurd usage of fossil fuels by humans has led to a steep
rise in global carbon emissions. Carbon dioxide (CO2)
accounts for about 76% of the total greenhouse gas emis-
sions (Marpani et al. 2017; Srikanth et al. 2017). A sub-
stantial hike in CO2 emission in short span time has
unbalanced the natural equilibrium between CO2 emission
and natural conversion of CO2 via photosynthesis. However,
in 2019, 33 gigatons reduction in global CO2 emissions was
recorded due to the use of advanced techniques in the power
sector, along with the use of nuclear power and renewable
sources (mainly wind and solar) as an alternative to the
conventional sources (Gielen et al. 2019). Moreover, the
conversion of CO2 into value-added products has helped in
the overall reduction of CO2. It is essential to develop car-
bon–neutral approaches to minimize the adverse impact of
CO2 emission on the environment. In these regards, the
conversion of greenhouse CO2 to value-added products has
emerged as a compelling way to dawdling down the global
CO2 accumulation rate. Scientists are exploring various
pathways for the conversion of atmospheric CO2 into valu-
able industrial products (such as fuels, basic chemicals, and
advanced products) (Duc Long et al. 2017). Although the
employment of several chemical routes and biocatalytic
conversion pathways have proved their potential for the
conversion of atmospheric CO2 under optimum temperature
conditions, there is still considerable scope for the
advancements of the existing methods. Nevertheless, the
development of a sustainable and cost-efficient conversion
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process with zero or even negative emissions casts a sig-
nificant challenge to the scientific community.

1.1 CO2 as a Greenhouse Gas

The continuously improving living standards of humans have
excessively raised the CO2 emissions, especially after the
inception of the industrial era, which ultimately accelerated
the natural greenhouse effect leading to climate change. The
link between elevated CO2 concentration in the atmosphere
with climate shifts was first put forward by a Swedish sci-
entist Svante Arrhenius in 1896 (Anderson et al. 2016). The
adverse effect on the environment was recently verified by a
research group analyzing the spectrum of the radiative flux,
leaving the top of the atmosphere. The group recorded a
strong band near 15 lm due to CO2 concentration at tem-
peratures similar to the earth's surface. This elaborated on the
direct relationship between the concentration of CO2 in the
atmosphere with the earth's surface temperature (Zhong and
Haigh 2013). Therefore, to reduce the yearly rise in global
temperature, an increase in green cover and implementation
of carbon capture, storage, and utilization are the best pos-
sible options in the current situation.

1.2 Carbon Capture, Storage, and Utilization

Carbon capture, storage (sequestration), and utilization, also
known as CCSU, has become an emerging field that is
efficiently resisting climate change in recent years. Sur-
passing anthropogenic CO2 emissions in the carbon cycle
has stimulated the concept of CCSU. The central idea of
CCSU is to develop a more efficient artificial carbon cycle to
balance CO2 sequestration and generation of anthropogenic
CO2 emissions by trapping and converting it into valuable
chemicals. The steps involved in this approach are as fol-
lows; (a) capturing of anthropogenic CO2 during production
stage (at power plants and cement manufacturing units),
(b) sequestration of CO2, which includes liquefaction of CO2

by transportation through pipelines and injecting in storage
site such as oil reservoirs to enhance oil recovery, (c) and
finally converting it into value-added chemicals
(Boot-Handford et al. 2014). However, the transformation of
CO2 into valuable commodity products is challenging due to
the limitation of the process conferred by thermodynamic
stability and kinetically inertness of CO2.

Several approaches for carbon-capturing have been
assessed in the recent past. Among many, oxy-fuel com-
bustion and gasification in thermal power plants have proved
their potential for trapping CO2 (Helseth 2012). Other
industries, such as cement, iron–steel, and natural gas,
employed the alkaline absorption process for CO2 capture.

Further, trapped CO2 was pressured and injected in the
geological formation, mineralization process, and landfill
process employing CO2 sequestration (Boot-Handford et al.
2014). However, the last stage of CCSU, the utilization of
CO2 to obtain value-added chemicals, remains the most
challenging. To transform CO2 into commercially valuable
products (such as phenols, alcohols, epoxides, and pyrrole)
along with the extraction of supercritical CO2, many
researchers profoundly used various ways for carbon uti-
lization, such as chemical, photochemical, electrochemical,
and enzymatic conversion. (Shi et al. 2015). The CO2 con-
version is an exergonic process in which carbon atom has a
+4 oxidation state. While, in the conversion of CO2 into
products through a reduction pathway, carbon atom only has
+2 oxidation state making the process endogenic (Aresta and
Dibenedetto 2007) and needs energy and hydrogen to carry
out the conversion. A few researchers uncovered the
reduction pathways for the production of several organic
products and fuels (methanol, formic acid, methane, etc.).
These reduction pathways require high over-potentials to
overcome the thermodynamic barriers of CO2 reduction by
using a suitable catalyst (Olah et al. 2009; (Olah et al. 2009;
Aresta 2010). Back and the group synthesized highly
selective nanostructured CuAu alloy catalyst using an elec-
trochemical deposition process. The selectivity of the cata-
lyst for the conversion of CO2 into alcohol was enhanced by
18-folds than pure Cu (Back et al. 2015). Similarly, another
group investigated the electrocatalytic reduction method for
the conversion of CO2 into CO and formate (Gamba 2018).
Further, the utilization of transition metal compounds as a
catalyst in the reduction pathway was highlighted by
(Kortlever et al. 2015) and (Feng et al. 2017). It was also
observed that the output of reduction processes was hindered
by the hydrogen evolution side reaction (Kortlever et al.
2015). All these methods of hydrogenation generally formed
light hydrocarbons containing less than four carbon num-
bers. Lower olefinic products were obtained after increasing
the selectivity of an iron-based catalyst by incorporating
alkali promoters (Guo et al. 2018). The use of promoters
generally enhanced CO2 adsorption and raised the percent-
age of formation of olefinic products. Moreover, the use of
bimetallic catalysts was promoted by various researchers to
attain enhanced selectivity and productivity of lower olefin
production. The results of the impregnation of potassium on
the Al2O3-supported Fe-Co bimetallic catalyst instead of the
homogenous catalyst were evaluated by (Satthawong et al.
2015). The boosted C2-C4 olefin formation was noted when
potassium promoted Fe catalyst was utilized during the
hydrogenation of anthropogenic CO2 in a fixed-bed
microreactor (Riedel et al. 2001). Gnanamani et al. synthe-
sized and characterized the couples of Co–Fe bimetallic
catalysts for the hydrogenation of anthropogenic CO2

(Gnanamani et al. 2006).
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Furthermore, researchers synthesized higher and linear
a-olefins, which were finally converted into high valued
commodity chemicals such as biodegradable detergents,
lubricants, polymers (polyolefins), and many other expedient
compounds for industries (Skupińska 1991). Zhai et al.
developed Zn- and Na-amended Fe catalyst using the
co-precipitation method and observed that the modified
catalyst was more selective toward C5+ alkenes in Fischer–
Tropsch synthesis (Zhai et al. 2016). Also, researchers noted
that the impregnation of Na on Fe catalyst augmented the
surface basicity leading to an increase in the yield of olefins
(Wei et al. 2017). Wei et al. reported an efficient and mul-
tifunctional Na–Fe3O4/HZSM-5 catalyst, which was found
to be 78% selective to higher olefinic product (C5-C11)
(Wei et al. 2017).

Even though all these conventional CO2 conversion
methods were potential and promising, extreme tempera-
ture–pressure conditions, utilization of expensive metal
catalysts, and reaction agents’ requirement made these less
worthy (Jang et al. 2018). This fact made scientists switch
over to the development of novel CO2 conversion methods
offering lower energy barriers and high outputs, along with
superior selectivity that can attained under mild reaction
conditions. This ultimately drove the research toward
bio-based materials. The incorporation of biocatalyst instead
of metallic catalyst not only upsurge the selectivity but also
intensifies the production (Schlager et al. 2017). The
approach of applicability of biocatalyst, such as pure enzyme
and microorganisms (whole-cell system) was researched
thoroughly (Srikanth et al. 2017; Duc Long et al. 2017;
Fixena et al. 2016). Among enzymes and microorganisms,
the enzymes were appeared more promising due to the
non-requirement of nutrients (Schlager et al. 2017).

1.3 CO2 as a Chemical Feedstock

The transformation of CO2 gas into commodity valued
products such as fuels, basic chemicals, and advanced
products (nanomaterials, biodegradable polymers, etc.), is
the utmost need for carbon–neutral strategies that put for-
ward CO2 as a chemical feedstock. In recent years, CO2 has
been conceived as a potential feedstock and preparatory
material for the synthesis of derived fuels and essential
industrial chemicals. The utilization of anthropogenic CO2

remarkably decreases the requirement of fossil fuels to some
extent while reducing itself in the process. The anthro-
pogenic CO2 can be directly used in oil recovery, micro-
capsules formulation, fire-extinguishers, air conditioners,
and dry-cleaning. It can also be employed in beverage
industries (as a fumigant) and agrochemical industry.
Moreover, it can also be used as a solvent in the supercritical
state with the higher dissolution capacity (Agarwal et al.
2016). Similarly, anthropogenic CO2, through biochemical,
photochemical, and electrochemical methods, can be pro-
cessed into renewable fuels and other energy forms (such as
syngas and methane) along with the laboratory/industrial
chemicals (formic acid, ethanol, dimethyl ethanol, methanol,
etc.) (Aresta and Dibenedetto 2007; Bushuyev et al. 2018).
The valorization of CO2 into different products categorized
through various methods or pathways is illustrated in Fig. 1.
The biocatalytic conversion method has emerged as an
efficient ecologically balanced and a low-temperature
method for the transformation of CO2 into useful chemi-
cals with zero or even negative emissions (Marpani et al.
2017). In this regard, many researchers have explored effi-
cient and robust enzymes for the development of a single or
multi-enzyme cascade system that can be employed in the

Fig. 1 Sustainable (direct or
indirect) utilization of CO2
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successful conversion of CO2 into commodity valued
products. The fascinating properties, such as biodegrad-
ability and the superior selectivity of enzymes, make this
method significantly promising for the conversion of CO2.

1.4 CO2 Conversion with Enzymes

For the CO2 conversion, enzymatic catalyzed reduction
methods have emerged as an attractive alternative to the
chemical catalysts in recent years. Various researchers have
investigated enzyme-induced CO2 conversion reactions
facilitated through a reduction mechanism. Aresta et al. uti-
lized carbon monoxide dehydrogenases in the reduction of
CO2 to carbon monoxide (Aresta and Dibenedetto 2007).
However, this type of conversion method has several down-
sides, such as the requirement of the sol–gel process, the low
solubility of catalyst in water, undesired reactivity of the silica
precursor, and the formation of alcohol, which adversely
affects the bioactivity of the enzyme (Xu et al. 2006). These
downsides can be tackled by encapsulating dehydrogenases in
the alginate-silicate composite and employ in the process.
Moreover, the encapsulation could accelerate enzymatic
activity and stability during storage (Xu et al. 2006).

The most valued product obtained from the enzymatic
conversion of CO2 is formic acid/formate. Formate is capable
of hoarding energy engendered from renewable sources such
as wind, solar, and hydro, which makes it a potentially
beneficial product. It is widely used as a livestock feed
additive and fabric-finishing reagent. It also is being used in
paper and pulp industries and low-temperature fuel cells (Duc
Long et al. 2017). However, the formation of hydrogen gas as
a by-product during the conversion of CO2 into formic
acid/formate makes the process inefficient due to the lower
selectivity (Jang et al. 2018). Kim et al. reported a new, more
efficient electro-enzymatic method with 100% selectivity
mainly focused on the NADH-dependent formate dehydro-
genase (FDH) conversion of CO2 into formate at a laboratory
scale (Kim et al. 2014). Zhao et al. demonstrated an efficient
in situ system for simultaneous capture of CO2 with H2

evolution and its re-hydrogenation to reform formic acid
catalyzed by FDH with regenerated NADH (nicotinamide
adenine dinucleotide) as a cofactor (Zhao et al. 2019). Fur-
ther, a bacterial hydrogen-dependent CO2 reductase from the
acetogenic bacterium Acetobacterium woodii was discovered
by Beller and Bornscheuer that could directly use H2 as a
cofactor in the formation of formate through CO2 (Beller and
Bornscheuer 2014). Meanwhile, the enzymatic transition of
CO2 into carboxylic acids and carbohydrate via catabolic
pathways have manifested in vitro studies for the production
of valued industrial compounds (Duc Long et al. 2017).

In recent years, separate immobilization of the four
enzymes on magnetite nanoparticles during cascade

conversion of CO2 into methanol was studied. This study
illustrated the distinct functionalities and enzyme character-
istics on immobilization of alcohol dehydrogenase,
formaldehyde dehydrogenase (FaDH), FDH, and glutamate
dehydrogenase on magnetite nanoparticles (Marques Netto
et al. 2018). Furthermore, the development of an efficient
multi-enzyme system for the transformation of CO2 into
ethanol has promoted the research activities in this domain
(Schlager et al. 2017). This type of conversion process
requires cofactor to act as an electron and a proton donor for
the facilitation of oxidation along with the reduction reaction.
The process was demonstrated by using carbon monoxide
dehydrogenase, where ferredoxin serves as the electron and
proton donor along with NADH as the cofactor (Schlager
et al. 2017). Further, the immobilization of enzymes on
flat-sheet polymeric membranes was investigated that could
preserve enzyme activity (Yadav et al. 2014).

Furthermore, a new route of carbonic anhydrase mediated
catalytic conversion of CO2 into bicarbonate was explored
by various researchers (Hong et al. 2015; Yu et al. 2012;
Zhang et al. 2013). Carbonic anhydrase mainly balances
acid–base concentration in blood by CO2 to bicarbonate
conversion. An efficient potassium carbonate-based absorp-
tion process was developed by Zhang et al. using immobi-
lized carbonic anhydrase on nonporous silica-based
nanoparticles to retain enzymatic activity (Zhang et al.
2013). Various other pathways, such as photosynthetic car-
bon reduction cycle into glucose using ATP (Aoshima
2007), carboxylation of epoxides (Volbeda and
Fontecilla-Camps 2005), and aromatic transformation (Are-
sta and Dibenedetto 2002) incorporating decarboxylase
enzymes were extensively investigated. Regardless of these
investigations, the more improved method for enzymatic
conversion of CO2 with enhanced productivity is yet to be
surfaced. Therefore, an in vitro immobilized multi-enzyme
approach can be explored to accomplish the sustainable
production of valuable commodity chemicals using CO2.

2 Natural Conversion of CO2 in Cells

Natural conversion or fixation of CO2 into organic material is
considered as a starting point of biological evolution (Berg et al.
2010; Fuchs 2011). The six primary fixation cycles (reductive
citric acid cycle, Calvin cycle, 3-hydroxypropionate cycle,
reductive acetyl-CoA route, dicarboxylate/4-hydroxybutyarte
cycle, and 3-hydroxypropionate/4-hydroxybutyrate cycle)
have been reported to represent CO2 metabolic processes in
cells (Shi et al. 2015; Berg et al. 2010). These cycles provide
information about the reaction routes for the in vitro enzymatic
conversion of CO2 (Fig. 2).

The majority of photosynthetic organisms, prokaryotes,
algae, and plants extensively use the Calvin cycle for
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Fig. 2 General illustration of the six major routes of the CO2 metabolic process in cells. Copyright © Royal Society of Chemistry 2015. All rights
reserved, reprinted with permission Shi et al. (2015)
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biosynthesis. Calvin cycle is considered as the most
prominent natural method of CO2 conversion (Shi et al.
2015; Ducat and Silver 2012). A number of autotrophic
bacteria use the Calvin cycle to fix CO2 (Shively et al. 1998).
The cycle involves three stages (CO2 fixation, reduction, and
CO2 receptor regeneration) carried by three different
enzymes (Fig. 2a). The first step consists of the conversion
of CO2 to 3-phosphoglycerate via 1,5-bisphosphate ribulose
bisphosphate carboxylase (RuBisCO) catalyzed reaction
between 1,5-bisphosphate ribulose and CO2. The formed
product is then reduced to 3-phosphate glyceraldehyde by
phosphoglyceraldehyde dehydrogenase in the second stage.
In the last stage, the part of 3-phosphate glyceraldehyde is
converted to 5-phosphate ribulose, which subsequently
undergoes condensation to form 1,5-bisphosphate ribulose
and can be used for a new cycle. In contrast, part of the
product gets converted into fatty acids, amino acids, sugar,
and many other products.

The reductive citric acid cycle, also called a reverse Krebs
cycle or reverse TCA (tricarboxylic acid) cycle, converts the
water and CO2 into carbon compounds (Fig. 2b) (Fuchs
2011; Buchanan and Arnon 1990). This cycle was reported
in an anaerobic green phototrophic sulfur bacterium
(Chlorobium limicola), and also found in certain bacteria
that grow by employing sulfate reduction (Gregersen et al.
2011; Hügler et al. 2005). The cycle comprises four different
stages, of which the first stage is a- ketoglutarate
synthase/2-oxoglutarate synthase catalyzed synthesis of
a-ketoglutarate/2-oxoglutarate via reductive carboxylation
of succinyl-CoA with CO2. The next step consists of the
conversion of a-ketoglutarate/2-oxoglutarate and CO2 into
isocitrate at the expanse of NADPH (reduced form) and is
catalyzed by isocitrate dehydrogenase. The formed isocitrate
is then isomerized to citrate, which is then cleaved by ade-
nosine triphosphate (ATP) citrate lyase into acetyl-CoA and
oxaloacetate. The acetyl-CoA is then carboxylated with CO2

by pyruvate synthase to pyruvate. The formed pyruvate is
finally converted into succinyl-CoA via a series of enzymatic
reactions while forming two key intermediates, i.e., phos-
phoenolpyruvate and oxaloacetate.

The reductive acetyl-CoA cycle (also named as Wood–
Ljungdhal route) is a non-cyclic route and was proposed by
Wood and Ljungdahl in 1965 (Fig. 2c) (Ljungdahl and
Wood 1969). This cycle is mainly carried by species of
methanogenic Euryarchaeota, and acetogenic Eubacteria
(Ragsdale 2008). This cycle can occur in two distinct ways.
One route contains the FDH (NADH-dependent) catalyzed
conversion of CO2 into formate, which is subsequently
captured by tetrahydrofolate and reduced to methyl-H4-
folate, a methyl group compound. The formed product is
then converted to methylated corrinoid protein (CH3–Co

III)
via methyl transfer by methyltransferase to cobalt center of
the heterodimeric corrinoid iron–sulfur protein (CoI). An

alternative to this route, CO dehydrogenase catalyzes the
reduction of CO2 to CO, and acetyl-CoA synthase accepts a
methyl group from CH3–Co

III to form acetyl-CoA via con-
version of CoASH, CO, and methyl group.

The 3-hydroxypropionate route consists of two bicar-
bonate molecules to be fixed and is generally seen in the
aerobic phototrophic bacterium, Chloroflexaceae
sp. (Fig. 2d) (Tabita 2009). Initially, one molecule of car-
bonate gets converted to malonyl-CoA in the presence of
ATP by acetyl-CoA carboxylase, which is then converted to
propionyl-CoA via sequential reduction of the terminal
carboxylate group. The formed propionyl-CoA is then con-
verted to methylmalonyl-CoA by propionyl-CoA carboxy-
lase via carboxylation reaction with another carbonate
molecule. The methylmalonyl-CoA is then transformed to
malyl-CoA via isomerization and series of redox reactions,
which is then split into acetyl-CoA and glyoxylate for
restocking the cycle.

The 3-hydroxypropionate/4-hydroxybutyrate cycle is
seen in thermoacidophile archaea of the genera Acidi-
anus, Metallospharea, and Sulfolobus (Berg et al. 2007;
Ramos-Vera et al. 2009). The overall cycle can be divided
into two parts (Fig. 2e). In the first part, malonyl-CoA is
synthesized via ATP-dependent condensation of acetyl-CoA
with bicarbonate by acetyl-CoA carboxylase. This
malonyl-CoA is then transformed into propionyl-CoA via a
five-enzyme cascade reaction, which is then used by
propionyl-CoA carboxylase to form methylmalonyl-CoA in
the presence of ATP and bicarbonate. The formed
methylmalonyl-CoA then undergoes isomerization to yield
succinyl-CoA, which is a starting molecule for the second
part. In the second part, two molecules of 4-hydroxybutyrate
are formed via succinyl-CoA reduction. The one molecule of
4-hydroxybutyrate is then transformed via a series of cas-
cade reactions into two molecules of acetyl-CoA. The one
molecule of acetyl-CoA is then used for the next cycle as a
receptor of CO2, while the second molecule uses CO2 to
form 3-phosphate glyceraldehyde catalyzed by pyruvate
synthase.

Anaerobic members of Desulfurococcales and Ther-
mopsroteales use the dicarboxylate/4-hydroxybutyrate cycle
(Ramos-Vera et al. 2009). The cycle starts with the synthesis
of pyruvate via carboxylation of acetyl-CoA with CO2 cat-
alyzed by pyruvate synthase (Fig. 2f). The formed pyruvate
is then transformed in phosphoenolpyruvate (PEP), which is
subsequently converted to oxaloacetate by carboxylation
with bicarbonate. The oxaloacetate is further converted to
succinyl-CoA, which later reduced to succinic semialdehyde
and then into 4-hydroxybutyrate. The formed
4-hydroxybutyrate undergoes a b-oxidation reaction to give
two molecules of acetyl-CoA. One molecule of acetyl-CoA
serves as a receptor of CO2 in the next cycle, while another
molecule is used for biosynthesis.

96 P. D. Patil et al.



As described in the above-mentioned cycles, the type of
enzyme governs the use of either CO2 or bicarbonate as a
source of carbon in the CO2 conversion or fixation reaction.
The cells create a suitable physicochemical environment
during the conversion reaction to prevent the enzyme
denaturation. Also, the direction of reaction and the reaction
rate of CO2 conversion in the cells are influenced by the
presence of a specific type of enzymes (synthases, lyases,
oxidoreductases, etc.).

3 Enzymatic Conversion of CO2 in Cells

3.1 Conversion of CO2 by a Single Enzyme
(in vitro)

Various biosynthetic pathways can attain conversion of CO2

into various industrially important and useful products.
Different research teams have developed the idea of per-
forming those reactions in vitro with the help of purified
enzymes instead of utilizing classic biosystems by taking
inspiration from various biosynthetic routes. Enzyme-
facilitated reactions are eco-friendly and cost-effective and
have advantages of superior selectivity, specificity, over
whole-cell systems (Schlager et al. 2017; Amao 2018;
Bolivar et al. 2006). Several enzymes, including FDH,
FaDH (FaldDH), carbon monoxide dehydrogenase (CODH),
carbonic anhydrase (CA), RuBisCO, and carboxylase, can
present CO2 capturing and reducing capability (Fig. 3)
(Schlager et al. 2017; Amao 2018). The following section
covers some of the possible mechanisms for CO2 reduction
(in vitro) using these enzymes.

3.1.1 Formate Dehydrogenase
FDH is an oxidoreductive enzyme that can catalyze the
reaction of conversion of formic acid to CO2 and vice versa.
To facilitate the reaction (Fig. 4), it requires various cofac-
tors, such as NADH/NAD+ or cytochrome or quinine (Shi
et al. 2015; Amao 2018; Alissandratos and Easton 2015).

These reduction and oxidation pathways were further
studied for the possible in vitro use of FDH to convert CO2

into a useful product. To increase the stability, activity,
specificity, and reusability of FDH, several immobilization
techniques were employed. The distinct research groups
have investigated FDH immobilization on various support
materials and their application for CO2 conversion. Yang Lu
and the group studied the effect of novel alginate silica
(ALG-SiO2) hybrid gel for FDH immobilization. Research-
ers were able to maintain around 69% activity of immobi-
lized FDH after ten consecutive cycles with 80% storage
stability (up to 1 month). The study reported a 95.6% yield
of formic acid at 37 °C and pH 7 (Lu and Z. yi Jiang, S. wei
Xu, H. Wu, 2006). In another report, FDH from Candida
boidinii (CbFDH) along with cofactor liposomes was stud-
ied using an external loop airlift bubble column to assess
their stability. Liposomes encapsulated CbFDH/cofactor
system showed a highly stable system toward the reduc-
tion of CO2 over the free enzyme. CbFDH, in its free form,
tends to rapidly deactivate in an airlift bubble column due to
interactions with the gas–liquid interface. The fractional
NADH oxidation of 23.6% with CO2 gas was reported
(Yoshimoto et al. 2010a,2010b). Instead of using any solid
support for the immobilization of enzyme, Min Hoo Kim
and the group used cross-linked aggregation (CLEAs)
method. In CLEAs, enzymes are precipitated by using

Fig. 3 Biocatalytic routes for the conversion of CO2 into compounds with carbon in the reduced oxidation states. Creative Commons Attribution
License © 2015 Alissandratos and Easton (2015)
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various organic solvents, salts, and precipitants such as
polyethylene glycol (PEG). For the formation of
FDH-CLEAs, saturated ammonium sulfate solution was
used with glutaraldehyde or dextran polyaldehyde as a
crosslinker. FDH-CLEAs formed by this method showed
enhanced thermal and operational stability than the free form
of FDH. The study unveiled a 25% CO2 reduction in the
process (Kim et al. 2013). Haiyan Song and the group
developed a CO2 electroreduction system facilitated
with NAD-dependent FDH (derived from Thiobacillus
sp. KNK65MA) for formate production with Cu-nano par-
ticles (CuNPs). CuNPs served as a support matrix for FDH
immobilization. CuNPs electrodeposited on carbon felt were
found to be a good immobilization substrate. Almost
8.5 mM formate production was achieved in the investiga-
tion (Song et al. 2019). Yijing Chen and the group used a
zirconium-based metal–organic framework (ZrMOF)
NU-106 for FDH and electron mediator encapsulation.
Metal–organic frameworks have proved their potential in the
enhancement of stability of enzyme (Patil and Yadav 2018;
Nadar et al. 2019). A new approach of a semiartificial
photosynthetic (SAP) system with efficient CO2 reduction
with recyclable enzymes was explored. In this study, a
semiartificial photosynthetic system was investigated where
NAD+ was converted to cofactor NADH by a rhodium-
based electron mediator. Turnover frequency of formic acid

was found to be about 865/h in 24 h (Chen et al. 2020). The
recent reports unveiled that the FDH contains electroactive
metal at the center, which is NADH-independent, and it can
carry out the reaction of CO2 to formate in the presence of
small electric potential. With this regard, Su Keun Kuk and
the group reported the synthesis of the electrode, which was
NADH free W-containing FDH from Clostridium ljung-
dahlii (ClFDH) immobilized on conductive polyaniline
(PANi) hydrogel. PANi-ClFDH electrode showed stable
CO2-to-formate transformation. CO2-to-formate conversion
by PANi-C1FDh electrode was reported with a conversion
rate of 1.42 lmol/ h at an overpotential of 40 mV (Kuk et al.
2019). Further, for the degradation of CO2, a NAD-
dependent FDH isolated from Candida boidinii (CbFDH)
was investigated. However, research unveiled that CbFDH
has a very low CO2 reducing activity due to the interaction
of the pure enzyme with the hydrophobic groups. In this
regard, NAD-dependent FDH from Thiobacillus sp.
KNK65MA (TsFDH) has been isolated, which enhanced
activity and, ultimately, CO2 reduction (Bolivar et al. 2006;
Choe et al. 2015).

3.1.2 Carbonic Anhydrase
Carbonic anhydrase (CA) or carbonate dehydratases is a
metalloenzyme capable of catalyzing the reaction between
CO2 and water while producing carbonic acid (Fig. 5). It is
an essential enzyme in the living system for hydration and
dehydration of CO2 depending upon the pH of the system
(Giri and Pant 2020; Park and Lee 2019). CA has gained
more interest in the scientific community since the enzyme
has zinc ion at the active site and can rapidly hydrate and
dehydrates CO2, almost 107 molecules per second (Jun et al.
2020). Although several attempts have been made to
develop a process by using purified CA, a purified form of
CA renders a few limitations, including high sensitivity to
the environment. Since the catalytic activity of CA mostly
depends on the temperature and pH of the system, a change
in experimental condition can hamper the activity of the
enzyme. Moreover, the activity and stability of the enzyme,
along with the cost, have limited the broad adoption. In order
to tackle these shortcomings, several attempts have been
made to immobilize the enzyme on the solid support since

Fig. 4 Catalytic reaction of formic acid oxidation and CO2 reduction
with FDH and redox-substrate. Cyt: cytochrome, Fd: ferredoxin.
Copyright ©2018 Elsevier B.V. All rights reserved, reprinted with
permission Amao (2018)

Fig. 5 Proposed mechanism for the catalytic cycle of CA. Creative Commons Attribution License © 2019 Royal Society Park and Lee (2019)
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immobilization can efficiently increase the stability, activity,
and reusability of enzyme (Giri and Pant 2020; Park and Lee
2019; Bose and Satyanarayana 2017).

To improve the economic productivity, reusability, and
stability of CA, Moon et al. performed a whole-cell immo-
bilization method. During this study, CA from Hydrogen-
ovibrio marinus was expressed in E. coli, and the whole-cell
lysate or purified enzyme was further subjected to immobi-
lization in polyurethane foam (PUF). Researchers were able
to increase the yield by 16-folds than the free form of
enzyme. Also, the activity of enzyme was found to be
increased with excellent reusability up to nine cycles. PUF
immobilized CA enhanced the CO2 capture performance of
the reactor by 80% (Moon et al. 2020). It was evidently
showed that CA was capable of performing a rapid con-
version of CO2 to bicarbonate; however, the stability of CA
was significantly low. To increase the stability and activity
of the enzyme, Seung-Hyun Jun and the group developed a
method of immobilizing CA on electrospun polymer
nanofibers. These nanofibers were synthesized by the poly-
merization of polystyrene and poly(styrene-co-maleic
anhydride). CA from bovine erythrocytes (bCA) was
immobilized on to nanofibers by employing enzyme pre-
cipitation, covalent attachment, and cross-linking under
agitation. Researchers were able to maintain the activity of
enzyme up to 63% of its initial activity for 868 days.
Moreover, enhanced stability and reusability of CA were
also observed, along with the enhanced conversion of CO2

to bicarbonate (Jun et al. 2020). To improve the reusability
and recovery of enzyme during the CO2 absorption into
carbonate solutions, Peirce and the group used paramagnetic
nanoparticles as solid support for the immobilization of CA.
Paramagnetic nanoparticles were synthesized by
co-precipitation of Fe3+ and Fe2+ ions in the 7.5% of
ammonium solution. CA was immobilized by covalent
bonding on paramagnetic nanoparticles, and the immobi-
lization showed fairly good stability and activity of enzyme
with enhanced CO2 absorption (Peirce et al. 2018). Jingwei
Hou and the team used gas–liquid membrane contactor for
CO2 removal. They used immobilized CA on TiO2-based
nanoparticles as a solvent to capture CO2 from flue gas.
During the experimentation, it was observed that the
reusability of immobilized CA improved the efficiency of the
overall process. The biocatalytic activity of the enzyme
remained satisfactory up to ten cycles of reuse (Hou et al.
2016). In another approach, a microbial a-carbonic anhy-
drase isolated from thermophilic bacteria, Sulfurihydro-
genibium yellowstonense YO3AOP1 found in hot spring,
was used for CO2 adsorption. The aCA named SspCA
reported having a high thermal stability. This SspCA could
retain its bioactivity even after heating up to 70 °C. The
team used SspCA by immobilizing it on PUF. The immo-
bilized enzyme was used in a three-phase trickle bed reactor

to mimic the industrial process. During the process, SspCA
showed enhanced efficiency toward the conversion of
bicarbonate (Migliardini et al. 2014).

3.1.3 Carbon Monoxide Dehydrogenase
One of the oldest pathways for the fixation of CO2 is Wood–
Ljungdahl pathway. This pathway exists in acetogenic bac-
teria and methanogenic archaea. In this pathway, CO2 is
utilized to generate methyl group and acetyl Co-A. The
two-stage reaction is carried out by the bifunctional enzyme
carbon monoxide dehydrogenase/acetyl-CoA synthase
(CODH/ACS) complex. Pathway requires hydrogen as an
electron donor (Schut et al. 2016; Xavier et al. 2018). The
generalized reaction of CO2 fixation by CODH/ACS is
depicted in Fig. 6. Considering the in vivo pathway to fix
CO2 by carbon monoxide dehydrogenase, a number of
research groups have carried out significant work on elec-
trolytic and photoreduction of the reversible conversion of
CO2/CO (Shin et al. 2003; Parkin et al. 2007; Woolerton
et al. 2010). Recently, Jeong Eun Hyeon and the group
developed an effective and stable method by immobilizing
the CO-conversion system on the cell surface of CO2 con-
suming microorganisms that use CO as sole carbon source.

Fig. 6 Schematic representation of the reductive acetyl-CoA pathway
of bacteria. Copyright © 2007 Elsevier B.V. All rights reserved,
reprinted with permission (Henstra et al. 2007)
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They designed a carbon monoxide conversion system
(CO-conversion system) by fusing mCbpA scaffolding pro-
tein, carbon monoxide dehydrogenase enzyme, and carbon
monoxide binding protein. The entire assembly was immo-
bilized on the surface of polyhydroxybutyrate-producing
Ralstonia eutropha. The entire construction was used as a
whole-cell biocatalyst. Carbon monoxide facilitated the
interactions between carbon monoxide binding protein and
carbon monoxide dehydrogenase, which converted it into
CO2, and generated CO2 was further used as a carbon source
by Ralstonia eutropha (Hyeon et al. 2015). In another study,
Zhang and the group attempted the photoreduction of CO2 to
CO by employing an aqueous suspension of carbon
monoxide dehydrogenase (CODH), silver nanoclusters sta-
bilized by polymethacrylic acid (AgNCs-PMAA), and TiO2

sealed in CO2 environment. The study unveiled enhanced
efficiency of CODH to catalyze the reaction, probably due to
the direct electron transfer from photoexcited AGNCs to the
CODH (Zhang et al. 2018).

3.1.4 Ribulose-1,5-bisphosphate
Carboxylase/Oxygenase (RuBisCO)

Ribulose-1,5-bisphosphate carboxylase/oxygenase or com-
monly abbreviated as RuBisCO is one of the oldest and
abundantly found enzymes for the CO2 fixation in nature. It
is evident that most of the inorganic carbon in nature is
converted to biomass is catalyzed by RuBisCO by
employing the Calvin Benson Bassham cycle (Erb and
Zarzycki 2018). The enzyme found its existence in a variety
of life forms, such as bacteria, archaea, and eukaryotes.
Nearly 50% of the soluble protein found in plant leaves is
RuBisCO. It can catalyze both the carboxylation and oxy-
genation reaction. In carboxylation, it catalyzes the reaction
of the conversion of ribulose-1,5-bisphosphate (RuBP) into
two molecules of 3-phosphoglycerate (3PG). It catalyzes the
oxygenation reaction to fix the O2 while producing
2-phosphoglycolate (2PG), which is a toxic compound for

the enzymes involved in carbon metabolism (Fig. 7).
Despite being a major part of CO2 fixation in plants,
RuBisCO has some limitations, including a slower catalytic
rate of reaction. It also requires a post-translation reaction,
and the overall reaction is generally dependent on the con-
centration of CO2 present in the reaction environment (Erb
and Zarzycki 2018,2016; Iñiguez et al. 2020).

Hence, there is a need for improvement in the activity rate
of RuBisCO for the CO2 fixation. To achieve that, various
attempts have been made by researchers in the recent past.
Mitra et al. attempted to enhance the RuBisCO activity by
mixing the enzyme with fungal ergosterol. In this approach,
the activity of RuBisCO was assessed by in vivo and in vitro
mixing of ergosterol, a metabolite produced by two fungal
species, Aspergillus niger, and Fusarium oxysporum. The
study unveiled an enhanced activity of enzyme with
improved CO2 fixation (Mitra et al. 2016). In order to study
the cell-free system, Hery and the team embedded the
enzyme RuBisCO (isolated from Ralstonia eutropha) into
conducting polymer [polypyrrole (PPy)] doped with a bulky
anion [dodecylbenzenesulfonate (DBS)] scaffold. Though
the enzyme activity was found to be slightly less than the
native form, the immobilization method could be further
modified (Hery et al. 2016). Satagopan and the group con-
ceptualized the immobilization of different enzymes
responsible for the reaction of the entire pathway. In this
study, they developed a self-assembly nanostructure for two
structurally different isolated enzymes from Rhodospirillum
rubrum and Ralstonia eutropha. The study showed the
potential use of self-assembly nanostructures to engineer the
entire pathway reprinted in the living cell (Satagopan et al.
2017). In 2019, Wunder and the group applied a different
approach for the formation of CO2 fixing liquid droplets
resembling the microalgal pyrenoids. Eukaryotes compart-
mentalize concentrate RuBisCO in a subcellular microcom-
partment called pyrenoids. Their main function is to
facilitate CO2 fixation by maintaining the CO2 rich

Fig. 7 RuBisCO: CO2 fixation and oxygenation. Creative Commons Attribution License © 2011 ShareAlike License
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environment around RuBisCO. This comes under an oper-
ating part of the carbon-concentrating mechanism (CCM).
The research group successfully demonstrated the formation
of pyrenoid like matrix by mixing RuBisCO and essential
pyrenoid component 1 (EPYC1) protein by liquid–liquid
phase separation process (LLPS) (Wunder et al. 2019).

3.2 Conversion of CO2 by a Multi-Enzyme
Cascade in vitro

CO2 fixation is an important and major metabolic activity
performed by the living cell to convert it into a useful product.
This activity is performedwith the help of series of enzymes in
different metabolic pathways mainly using (1) Calvin–Ben-
son–Bassham (CBB) cycle, (2) Arnon–Buchanan cycle (re-
ductive TCA cycle), (3)Wood–Ljungdahl pathway (reductive
acetyl-CoA pathway), and (4) Acyl-CoA carboxylation
pathways in a variety of living cells (Alissandratos and Easton
2015). It is essential to screen new approaches for CO2 fixa-
tion that can be handy to support limited natural CO2 fixing
mechanism. Among many, the utilization of cell-free enzyme
or immobilized multiple enzymes cascade system for CO2

fixation is an up-and-coming area. These types of cascades
have several advantages over cellular conversion. In such
multi-enzyme cascade systems, the reaction rate of the
enzyme can be enhanced, and a large concentration of CO2

can be processed while reusing enzymes for several cycles.
Moreover, these systems offer ease in separation and purifi-
cation of the end product.

One of the important products from CO2 conversion is
methanol, which has many industrial uses. In 2007, Bilal
El-Zahab and the group demonstrated the production of
methanol from CO2 by employing a group of enzymes
(FDH, FaDH, and glutamate dehydrogenases). The reaction
catalyzed by these enzymes was NADH dependent reaction.
To carry out the in vitro reaction, all the enzymes and
NADH were covalently immobilized onto the polystyrene
microparticle (*500 nm) (Fig. 8). The reaction was per-
formed by bubbling the CO2 gas in the reaction mixture, and
a promising improvement in cofactor utilization was
observed during the production of methanol from CO2

(El-Zahab et al. 2008). Another approach for methanol
production was investigated by constructing an immobilized
multi-enzyme cascade. The support matrix for the enzyme
entrapment was fabricated as a hybrid microcapsule from
catechol modified gelatin (GelC). Enzyme-GelC cascade
was synthesized by systematic stepwise entrapment of three
enzymes (FAD, FaDH, and alcohol dehydrogenase) via
physical and covalent attachment by forming silica
nanoparticle layer facilitating enzyme-GelC-Si cascade
(Fig. 9). This microreactor showed an enhanced methanol
yield (up to 71%), along with high reusability and
mechanical strength (Wang et al. 2014).

Fig. 8 Chemical route for the attachment of enzymes and cofactor onto polystyrene particles. Copyright © 2007 John Wiley and Sons. All rights
reserved, reprinted with permission El-Zahab et al. (2008)

Fig. 9 GelCSi microcapsules
with enzymes. Copyright © 2014
American Chemical Society. All
rights reserved, reprinted with
permission Wang et al. (2014)
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Similarly, another study was investigated by carrying out
the co-immobilization of FDH, FaDH, and alcohol dehy-
drogenase (ADH) on the commercially available ultrafiltra-
tion (UF) flat-sheet polymeric membrane by employing a
simple pressure filtration method. Two distinct approaches
were used; co-immobilization and sequential immobiliza-
tion. For co-immobilization, a simple method of UF mem-
brane fouling was used under pressure until the membrane
was saturated with enzymes (Fig. 10). In sequential immo-
bilization, three different UF membranes were saturated with
enzymes sequentially and stacked onto each other (Luo et al.
2015).

Stefanie Schlager et al. used the bio electrocatalytic
reduction method for CO2 to methanol conversion. In this
technique, a carbon-felt electrode was developed by
depositing FDH, FaDH, and ADH within alginate-silicate

hybrid gel (Fig. 11). The reaction carried out in this reactor
does not require NADH as cofactor as the electron is directly
provided by the carbon felt electrode to the enzyme. The
method could successfully produce nearly 0.15 ppm
methanol (Schlager et al. 2016). Further, to mimic the nat-
ural photosynthetic pathway, Su Keun Kuk and the team
developed NADH-regenerating photochemical (PEC) cell
with three enzyme cascade system (FDH, FaDH, and alcohol
dehydrogenase). In this PEC cascade system, cascade water
was used as an electron donor, and NADH was generated,
which was further used as a cofactor for the CO2 to methanol
formation employing an enzymes cascade system in the
cathodic chamber (Kuk et al. 2017).

For the methanol production from CO2, a magnetic
nanoparticle multi-enzyme cascade was developed by
immobilizing ADH, FaDH, and FDH, powered by NAD +

Fig. 10 Co-immobilization and sequential immobilization of enzymes in membranes for methanol production from CO2. Copyright ©2015
Elsevier B.V. All rights reserved, reprinted with permission Luo et al. (2015)

Fig. 11 Electrochemical CO2

reduction using enzymes.
Copyright © 2016 John Wiley
and Sons. All rights reserved,
reprinted with permission
Schlager et al. (2016)
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/NADH and glutamate dehydrogenase (GDH) as the
co-enzyme regenerating system (Fig. 12).

3.3 Other Ways (Photocatalytic CO2

Methanation)

The hydrogenation of CO2 into high calorific valued fuel,
i.e., methane, portrays a potential utilization of CO2.
Methane is one such important gas that can be instilled
directly into gas pipelines or used as a raw material for the
synthesis of various useful chemicals. The solar methanation
of CO2 emerged as a promising catalytic route for large-scale
production of beneficial chemicals. Presently, solar metha-
nation of CO2 is mainly carried out by two approaches. In
the first approach, H2 from renewable sources is used to
reduce CO2 into methane while making the process greener
(Aziz et al. 2015). In the second approach, the methanation
process is facilitated through water rupturing to produce H2

that participates in the hydrogenation of CO2 while con-
verting it into CH4 and oxygen (O2) using photon energy
(Ulmer et al. 2019).

CO2 þ 2H2O ! CH4 þ 2O2 ð1Þ

Further, the water-splitting methanation process is facil-
itated through two steps. In the first step, photocatalytic
splitting of water into [H] and O2 carried out, followed by
the transformation of CO2 into methane.

4H2O ! 8[H]þ 2O2 ð2Þ

8[H]þCO2 ! 4CH4 þ 2H2O ð3Þ
In this process, a reducing agent [H] is formed which

transit to either molecular H2 or H
+/e− pair. In the molecular

pathway, the hydrogenation or reduction of CO2 is mainly
carried through molecular H2. However, when the reduction
of CO2 is carried out through H+/e− pair, it is known as the
proton/electron pathway (Ulmer et al. 2019). Furthermore,
the photothermal/plasmonic and bio-photocatalytic methods
are perceived through the molecular H2 mechanism. The
proton–electron pair mechanism is used in heterogeneous
and homogeneous photoredox methanation methods
(Fig. 13). The first molecular pathway is supported by the
photothermal/plasmon-driven method. In photothermal and
plasmon-driven methanation, the photon-induced excitation
of the catalyst increases the catalyst's temperature via the
photothermal effect, which then facilitates the hydrogenation
process. The inclusion of plasmonic nanometals in

Fig. 12 CO2-methanol cycle
using immobilized FDH, FaDH,
and ADH. Creative Commons
Attribution License © 2017
Marques Netto et al. (2018)
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plasmon-driven methanation triggers fast electron liberation,
which excites reactants molecules and fastens the chemical
conversion (Kryachko et al. 2010; Zhang et al. 2017). The
use of plasmonic photocatalysts has targeted higher hydro-
carbon products in the methanation process (Liu et al. 2018).
Otherwise, the incorporation of photocatalytic dehydro-
genative coupling can be used to get into higher hydrocar-
bons from methane (Yi et al. 2017). The second molecular
pathway method is bio-photocatalytic method. The use of
biomaterials (microbes) with photocatalyst in the pho-
tomethanation process lowers the working temperature while
attaining increased productivity.

In a proton-electron pair mechanism, the use of
photon-activated redox catalyst increased the conversion rate
of CO2 into CH4 via light-induced redox reactions (Tada
et al. 2012). In heterogeneous photoredox catalysis,
photon-induced hole carried oxidation of water into O2 and
H+ with simultaneous photoexcited electronic reduction of
CO2 in CH4. However, homogeneous photoredox metha-
nation system mainly comprises of photosensitizer mole-
cules for absorbing light. It is a molecular photocatalyst that
transferred energy to a sacrificial electron donor, which
liberated electrons for the reduction of CO2 into methane in
an aqueous medium (Kuk et al. 2017; Sakimoto et al. 2017).
The heterogeneous catalysis method is more beneficial than
homogenous catalysis concerning selectivity, separation,
conduction, and low production cost (Aziz et al. 2015).
Researchers are continuously working to boost selectivity
and efficiency of heterogeneous photoredox methanation
systems and trying to switch to continuous flow mode from
the batch mode system.

Out of these four methods of solar methanation depicted in
Fig. 13, high selectivity productivity of the bio-photocatalytic
process for the manufacturing of CH4 and higher hydrocar-
bons of industry value by employing natural or engineered
biomaterials is emerging as a most appealing research
field. Nichols and the team successfully demonstrated

electrochemical conversion of CO2 to CH4 by employing a
hybrid bioinorganic approach. In this photo-biomethanation,
the conversion rate was found to be increased (86%) using
platinum, a-NiS, as electrocatalysts, and Methanosarcina
barkeri as a whole-cell biocatalytic system (Nichols et al.
2015). The group further successfully incorporated a pho-
toactive silicon cathode along with Methanosarcina barkeri.
The results unveiled that the 175 mV overpotential was
developed, which ultimately increased the conversion rate
(Nichols et al. 2015). Wagner et al. successfully demonstrated
the utilization of hybrid systems embraced with sulfur-ligated
Mo4 + and formylmethanofuran dehydrogenase for
solar-induced methanation of CO2 (Wagner et al. 2016).
Fixena et al. reported an efficient hybrid system for
bio-photocatalytic CO2 methanation in a single step using
Rhodopseudomonas palustris with thiosulfate as an electron
donor (Fixena et al. 2016). Van Duc Long et al. reported that
the utilization of doubly substituted form of the nitrogenase
MoFe protein increased the conversion rate of CO2 into CH4

(Duc Long et al. 2017). Sakimoto et al. elaborated on the
development of photosynthetic biohybrid systems by incor-
porating high efficient inorganic photocatalyst with enzyme
for reduction of CO2 (Sakimoto et al. 2017). Similarly, Torella
et al. modified the photosynthetic biohybrid systems using
biocompatible water-splitting catalyst pair, which produced
H2 and O2, which was further consumed by a CO2 reducing
bacterium Cupriavidus necator (Torella et al. 2015).

4 Industrial Applications

CO2 valorization comprising the conversion of CO2 into
useful products (fuels/chemicals) is an effective solution for
the reduction of greenhouse effects while exploring it as a
promising energy storage method. This section comprises a
summary of valuable chemicals/fuels, along with several
bioproducts obtained from CO2 (Table 1).

Fig. 13 Diagrammatic
representation of the different
techniques employed to
solar-induced methanation
process
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4.1 Alcohols

The production of alcohol has been studied in order to
diminish atmospheric CO2 concentration by utilizing it as a
feedstock. Alcohols are an assuring substitute for petroleum-
based fuels (non-renewable) derived from microorganisms
and have attained considerable attention in the recent past.
Ethanol is one such promising biofuel that can be produced
from CO2 by employing several types of microorganisms.
A study investigated a strain of the cyanobacterium Syne-
chococcus sp. PCC 7002 grown in a medium of artificial
seawater for ethanol production using CO2 as a feedstock
(Kopka et al. 2017). n-Propanol and isopropanol are gener-
ally used as a solvent for producing propylene as an essential
monomer in the plastic industry and can be obtained from
CO2 utilizing numerous microorganisms. Using a precursor
(2-ketobutyrate), n-propanol was obtained from threonine,

and higher alcohols were produced by the addition of
acetyl-CoA to this precursor. Similarly, the condensation of
acetyl-CoA to acetoacetyl-CoA produced isopropanol and
formed acetoacetate. Further, acetoacetate was transformed
into acetone by decarboxylation while reducing it to iso-
propanol (Walther and François 2016). Using an integrated
bio-electrochemical system, isopropanol was produced from
CO2 using R. eutropha at the production rate of 216 mg/L
(Torella et al. 2015).

4.2 Organic Acids

Organic acids such as lactate, butyrate, 3-hydroxypropionate
(3 HP), succinate, and acetate play an essential role as a
carbon source for the biosynthesis of distinct products,
including bioplastics. Organic acids are primarily used as

Table 1 Summery of valuable bioproducts obtained from CO2 using microorganisms

S. no Microorganism Reaction condition Product and yield Applications References

1 Synechococcus
sp. PCC 7002

Artificial seawater medium
as a substrate (25% v/v);
Duration: 30 d (12:12 h
day/night cycle)

Ethanol 0.1 g/L/d Biofuel (Kopka et al.
2017)

2 Citrobacter
amalonaticus

Incorporation of CO2 and
H2;
Sucrose as a substrate

Succinic acid
Production:
12 g/L,
Productivity:
0.36 g/L/h,
Yield: 0.48%

Precursors (Amulya and
Mohan 2019)

3 Cupriavidus
nectar

2.84 kg CO2/Kg PHB
(Acetic acid as an indirect
source of Valeric acid
+CO2)

Bioplastic PHA
Production:
0.413 g/L/h

Petroleum-based biodegradable
substitutes for plastics

(Garcia-Gonzalez
and Wever 2018)

4 Synechococcus
elongates

BG11, CO2 (5%);
NaHCO3 0.5 M;
30 °C, 21 d

Isoprene
Production:
1.26 g/ L

Building block in synthetic rubber (Gao et al. 2016)

5 Anabaena sp.
PCC7120

BG11 medium;
30 °C, 14 d, 120 rpm,

Limonene
Production:
3.6 lg/L/O.D./h

Cyclic hydrocarbon for jet fuels (Halfmann et al.
2014)

6 Synechococcus
elongates
PCC7942

BG11, CO2 (5%); 100
lE/m2/s, 30 °C

Biodiesel (fatty acids
ethyl esters)
Production:
10 mg/L/O.D

Alternative to
petroleum fuels

(Lee et al. 2017)

7 C. vulgaris CO2 (8%);
47 lE/m2/s, 25 °C

Fatty acids
Production:
29.5 mg/L

Chemical, food, and energy industry (Ortiz Montoya
et al. 2014)

8 S. elongates
and P. putida

BG-11, CO2 (2%); pH 7.5;
30 °C, 220 rpm,16 d

Bioplastic PHA
Production:
23.8 mg/L/d

Biodegradable substitutes for
(petroleum-based)
plastics

(Löwe et al. 2017)

9 L. delbrueckii Intracellular enzyme
Temperature: 50 °C
Time: 5 min

CaCO3

Production:
183.00 mg CaCO3/
mg protein

Raw material for ceramics, cement, sugar
refining, iron, glass, and steel production

(Li et al. 2015)
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precursors in pharmaceutical, polymer, electronic, food/
beverage, and agriculture industries (Gong et al. 2015).
Succinic acid from Citrobacter amalonaticus using H2 and
CO2 was produced with a yield of 48.5% (Amulya and
Mohan 2019). In another study, the conversion of CO2 to
3-Hydroxypropionic acid using cyanobacteria was employed
as a promising method for the recycling of CO2 to valuable
products. A chemical, 3-Hydroxypropionic acid is mainly
used as a precursor to acrylic acid. Moreover, it is also
widely employed for the synthesis of polymers. Two path-
ways (malonyl-CoA and b-alanine dependent) for convert-
ing CO2 into 3 HP using cyanobacteria were investigated.
Genes from S. elongatus, involved in malonyl-CoA path-
way, were enabled. In this study, malonyl-CoA and
b-alanine dependent pathways produced 3 HP at a rate of
665 mg/L and 186 mg/L, respectively (Lan et al. 2015).

4.3 Terpenoids

Terpenoids or isoprenoids are organic compounds that have
wide applications in the sector of disinfectants, pharmaceu-
ticals, fragrances, colorants, cosmetics, agrochemicals, and
flavorings. Many terpenoids are beneficial to humans and
widely used as drugs. Artemisinin is one such compound
that is commonly utilized as an antimalarial drug (Agtmael
et al. 1999). Isoprene is an essential precursor in the syn-
thesis of terpenoids. The cyanobacterial production of iso-
prene was investigated using CO2 as a feedstock. Isoprene is
a common chemical that is being used in synthetic rubber,
lubricants, and adhesives. About 40% of photosynthetically
fixed carbon was attained by employing the isoprene
biosynthetic pathway carried by Synechococcus elongates
resulted in a significant production rate (1.26 g/L) of iso-
prene (Gao et al. 2016).

4.4 Fatty Acids

Fatty acids, including derivatives, are valuable products in
the food additives, chemicals, and fuel industry. Conversion
of fatty acids generates alcohol that can replace fossil
fuel-derived products without additional chemical modifi-
cations (Yunus and Jones 2018). For instance, fatty acid
ethyl ester (FAEEs) from CO2 was produced from a model
cyanobacterium, Synechococcus elongatus PCC 7942 (Lee
et al. 2017). Similarly, essential fatty acids abundant bio-
mass, Chlorella vulgaris CCAP 211 was grown in a pho-
tobioreactor supplied with air, along with CO2 as the carbon
source. Biomass C. vulgaris has proved its great value for
human health when used as a food additive (Ortiz Montoya
et al. 2014).

4.5 Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHAs) are assuring bioplastics that
possess some desirable features, including biodegradability.
It can be produced in large fermenters by employing
Cupriavidus necator or a recombinant Escherichia coli
(Dawes 1988). Further, by using prokaryotic algae
(cyanobacteria), PHA can be produced in an alternate way
(Chen 2009). A new strain Cupriavidus eutrophus B-10646
was used under autotrophic growth conditions for the syn-
thesis of PHA. PHA polymers with various significant
fractions of 4-hydroxybutyrate (4HB), 3-hydroxyvalerate
(3HV), 3-hydroxybutyrate (3HB), and 3-hydroxyhexanoate
(3HHx) monomer units derived from mixed carbon substrate
(CO2 and PHA monomer precursors–hexanoate, valerate,
c-butyrolactone) were investigated. The obtained polymers
were found with a varied degree of crystallinity and tem-
perature features (Volova et al. 2013).

4.6 Calcium Carbonate

Much attention has been gathered by precipitation of cal-
cium carbonate (CaCO3) induced by bacteria for its role in
geological processes (Li et al. 2013). Zinc containing at their
active site can facilitate the conversion of CO2 to bicar-
bonate ions using a strong biological catalyst, carbonic
anhydrase (CA). In order to attain efficient CO2 sequestra-
tion, more than fifty different microbial CAs have been
investigated to date. Carbonation of CO2 by CAs at a low
concentration while being economically viable substantially
benefits CO2 sequestration (Sharma et al. 2020). A potent
CA was produced by several bacterial strains that reformed
CO2 into bicarbonate ions. In the presence of Ca2+ ion, it
was further transformed into CaCO3 (Shi et al. 2015; Thakur
et al. 2018). Similarly, the CA from Lactobacillus del-
brueckii was identified and employed to the synthesis of
CaCO3 at 50˚C (Li et al. 2015). However, a high energy
requirement, restricted market area, lack of industrial
involvement, and inadequate technology advancements
restrict the wide adoption of the approach (Zheng et al.
2017).

5 Summary and Future Prospects

Enzymatic conversion of CO2 is a technology that can
efficiently diminish global warming while producing
value-added chemicals and fuels. However, critical scientific
approaches and investigations are needed for large-scale
enzymatic conversion of CO2. Currently used enzymes are
costly and possess high sensitivities toward the environment
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on a commercial scale. Further, enzymatic conversion of
CO2 includes reactions that are cofactor dependent, and
some cofactors are expensive to express and have confined
availability, which critically limits large-scale utilization.
Therefore, enzymatic pathways without requiring cofactors
need to be developed. Besides, a low reaction rate is another
barrier to the use of enzymatic CO2 conversion in the
industry. To overcome these shortcomings, biocatalysts
should be robust and more efficient. Also, there is an urgent
need for the exploration of new enzymes and reaction
operations to advance catalytic performance. Low produc-
tivity and the high price of expression and purification
methods have limited the wide adoption of enzyme assisted
CO2 conversion. Though attempts have been made to opti-
mize the enzymatic systems, these technological improve-
ments are still inadequate for wider practical adoption. Also,
the impurities existing in flue gases need to be considered
since it significantly affects the rate of reaction in the pro-
cess. There is a need for improvements in the absorbent
formulation for CO2 capture, as several chemicals utilized in
the process are expensive and demands high energy for
regeneration.
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Electrochemical CO2 Conversion

I. A. Novoselova , S. V. Kuleshov , and A. A. Omel’chuk

Abstract

The chapter is a review of the present state of research
concerning electrochemical conversion of carbon dioxide
from conducting liquid and solid media of different
chemical composition. They include solid, aqueous,
non-aqueous (organic and ionic liquids), and molten salt
electrolytes. It reports a comparative analysis of the
effectiveness of using these electrolytes, as well as
products obtained by the electrochemical decomposition
of CO2, the properties of these products, and the prospects
for their use. Special emphasis has been made on the
electrochemical decomposition of carbon dioxide from
salt melts, several variants of decomposition have been
considered, the advantages and disadvantages of each
variant have been analyzed. The chapter reports an
analysis of literature data on this subject as well as
research results of the authors on the direct electrochem-
ical conversion of CO2 into valuable solid-phase chem-
icals with added value. They include: nanoscale solid
carbon of different structure and morphology (carbon
nanotubes, fibers, graphene); fine tungsten and molybde-
num carbide powders; double tungsten (molybdenum)
carbides with cobalt and nickel.

Keywords

Carbon dioxide � Electrochemical conversion � Molten
salts � Electroreduction � Carboneous materials

1 Introduction

The global warming, caused by the increase in the emission
of greenhouse gases, such as carbon dioxide (CO2), methane
(CH4), nitrous oxide (N2O) and others, has been recognized
as a serious environmental problem of the humanity. Today,
there are large-scale extraction and consumption of fossil
hydrocarbons, which results in huge emissions of carbon
dioxide into the atmosphere. Its concentration, which is an
indicator of energy consumption by the humanity from fossil
fuels, increases at a high rate. The plants and water reser-
voirs do not cope any more with the natural utilization of
such volumes of CO2. At the present time, the annual
increase in CO2 is 3200–3600 million tons. According to the
report of the International Group of Experts on Climate
Change (IGECC), the problem of global climate changes can
no longer be put off until later. It is necessary to act right
now; otherwise, irreparable damage to the planet's ecosys-
tems can be caused as early as by 2030, i.e., in 10 years.

According to the calculations of the IGECC, if CO2

emissions continue to increase at this rate, the average
annual temperature on the Earth will increase by 1.5–4.5 °C
by the end of the twenty-first century (Mac Dowell et al.
2017; Chu and Majumdar 2012; Chu et al. 2016). This
means a 0.3 °C increase in temperature within a decade,
which exceeds by a factor of 3 the level of adaptability of
natural ecosystems. Therefore, the effective utilization of
carbon dioxide is a topical scientific and environmental
problem of the world scientific community.

Two ways of solving this problem are possible. Way 1:
the reduction of CO2 emission mainly through the change
and possible partial giving up of processes for energy gen-
eration from coal and petroleum resources. Way 2: the use of
CO2 as a renewable resource, i.e., the reuse of existing CO2

as a source of carbon for producing fuels and chemicals with
added value. Nowadays, the use of CO2 as a new raw
material for manufactured goods and chemical precursors for
fine organic synthesis is intensively discussed. Carbon
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dioxide is a renewable carbon raw material for industry; it is
environmentally harmless and readily available for the
decomposition of organics. The concept underlying CO2

utilization is as follows: direct power generation by the
combustion of fossil resources produces CO2, which can be
converted back to energy carrier, and the carbon circle is
effected thereby. This approach could be of double benefit:
(1) recycling of CO2; (2) balancing of its anthropogenic
emission to the atmosphere.

The CO2 utilization methods can be conditionally divided
into biological, chemical, and physical ones. Among the
chemical methods, the catalytic conversion of CO2 and its
utilization in the reactions of oxidative dehydrogenation of
alkyl aromatic substances to corresponding olefines (or
aldehydes and acids) are noteworthy. Of great interest is the
reaction between carbon dioxide and methane as a promising
method for the utilization of two greenhouse gases at the
same time to form a synthesis gas (CO + H2), which is the
main raw material for organic synthesis:

The electrochemical method is an efficient but still poorly
developed method. It involves the electrochemical decom-
position of CO2 at the cathode. The chemical composition of
cathodic products can be changed dramatically by varying
the electrolysis conditions (temperature, current density,
applied bath voltage, bath composition, electrode materials)
(Qiao Liu Zhang 2016). In recent years, the interest in the
CO2 electroreduction reaction (CO2RR) has increased in
view of a number of applied problems, namely:

– the problem of CO2 utilization in closed systems;
– synthesis of CO2-based organic compounds, especially

formic and oxalic acids for chemical industry;
– production of liquid fuel (methanol) for future power

complexes.

The use of molten salts as reaction media for CO2RR is
one of the possible ways of CO2 conversion. The study of
electrode reactions involving CO2 is of interest for the
investigation of the transport properties of gases, disclosure
of the general picture of the electrochemical behavior of
gases in ionic melts, and for the creation of the basis and for
the control of the electrochemical synthesis of carbonaceous
inorganic compounds. A peculiarity of the CO2RR in salt
melts is the deposition of a solid-state carbon on the cathode
in contrast to aqueous, organic (ionic liquids) electrolytes.
The investigation of this process is dealt with in a large
number of original papers, reviews, and books. These works
contain certain contradictions as to the compositions of
electrolysis products; there are also contradictions in the
interpretation of obtained data and proposed mechanisms of
electrode processes.

The aim of this chapter is to consider the present state of
research on the electrochemical conversion of carbon diox-
ide from conducting media of different chemical composi-
tion: solid, aqueous, non-aqueous (organic and ionic
liquids), and molten salt electrolytes. The chapter reports a
comparative analysis of the effectiveness of using these
electrolytes, as well as characteristics of cathodic products
obtained by carbon dioxide electrochemical splitting and
prospects for their use. Special emphasis is made on the
electrochemical reduction of carbon dioxide in salt melts,
several variants of decomposition are shown, the advantages
and disadvantages of each variant are analyzed. The chapter
reports an analysis of literature data on this subject and
research results of the authors on the direct electrochemical
conversion of carbon dioxide.

2 Electrochemical CO2 Conversion

2.1 Fundamentals of the Process

Carbon dioxide capture and storage (CCS) are becoming
basic processes for the sustainable and stable development of
the humanity. If carbon dioxide conversion from wastes to
low-carbon fuels or valuable chemicals is effected at the
same time, this can become a major breakthrough in the
development of modern power engineering. One of the
possible ways of this transformation is electrochemical CO2

conversion. Therefore, the huge interest in developing such
technologies in many laboratories in the world is quite
understandable.

Carbon dioxide is a stable and non-combustible molecule
since the carbon and oxygen atoms are in the highest valence
state. The CO2 (O = C = O) molecule is linear, and the
length of the C = O double bond is 0.116 nm. All of the four
covalent carbon–oxygen bonds are polar; however, the
molecule as a whole is non-polar owing to its linearity. The
oxygen atoms in the CO2 molecule are weak Lewis bases,
i.e., have free electron pairs. Therefore, in electrochemical
processes, carbon dioxide can only be reduced, and during
cathodic discharge, the carbon atom is attacked by electrons,
which may cause the molecule to bend.

The first works on electrochemical CO2 reduction date
from the early nineteenth century. Research in this area
intensified in the 1980s after the petroleum embargo in the
1970s. In the early twenty-first century, the interest in
research in this direction increased noticeably owing to the
fact that the anthropogenic carbon dioxide emissions into the
atmosphere reached record levels.

Electrochemical carbon dioxide conversion is the trans-
formation of carbon dioxide into chemical substances with a
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high energy potential in the case of using electrical energy.
Electrochemical CO2 reduction can take place in gases,
aqueous, non-aqueous (organic and ionic liquid based),
solid-phase and salts melt conducting media in a wide
temperature range (from room temperatures to 1000 °C).
The main reduction products can be solid-phase carbon of
different structure and morphology, carbon monooxide
(CO), formic acid (HCOOH), methane (CH4), methanol
(CH3OH), formaldehyde (CH2O), oxalic acid (H2C2O4),
ethylene (C2H4), ethanol (CH3CH2OH), and others.

The device for the electrochemical splitting of CO2

includes three essential elements: a working electrode
(cathode), a counter electrode (anode), and an electrolyte of
different chemical composition containing dissolved CO2.
The device can also have a non-essential element—a
membrane, which is generally used in low-temperature
electrolytes while obtaining products in a gas phase. CO2RR
proceeds at the cathode; an oxidation process occurs at the
anode; it is generally an oxygen evolution reaction (OER).
To increase the efficiency of the process, catalysts are often
used both in the cathodic and in the anodic process. In the
electrolyte, which should have ionic conductivity, the base
electrolyte ions and dissolved CO2 are delivered to the
surface of the electrodes. The membrane separates the oxi-
dation and reduction products with maintaining charge
balance.

To effect the splitting of CO2 (the rupture of double
carbon–oxygen bonds), energy supply from outside is
required. The thermodynamic expenditure for CO2 reduction
is closed to that for the hydrogen evolution reaction (HER).
For example, such products as CO and C2H4 are thermo-
dynamically formed at potentials of − 0.11 and + 0.07 V,
respectively, relative to a RHE electrode (Ross et al. 2019;
Hori et al. 2008). In practice, however, a higher energy is
needed. In addition to overcoming the activation barrier to
CO2 discharge, the CO2 reduction process involves many
other steps, which can retard the CO2RR. This is a kinetic
contribution to overpotential. For instance, in the case of
using aqueous electrolytes, protons participate in the catho-
dic reaction together with CO2 to form H2, which addi-
tionally complicates the process. Besides, when using high
bath voltages, parallel CO2 electroreduction paths are pos-
sible, which result in numerous products. This significantly
reduces the selectivity of the process.

The main advantage of the electrochemical way of CO2

reduction is the possibility to control the process (prepara-
tion of desired products) by means of electrolysis parameters
(potentials applied to the cathode, current density, and
electrolysis time). Besides the above parameters, researchers
can control the process by means of a whole set of inde-
pendent variables: the nature and composition of the elec-
trolytic bath, the composition, structure and morphology of

the materials of the electrodes, the operating temperature of
the process and electrolyzer design. Other advantages of the
electrochemical way of CO2 reduction are also noteworthy:

– the components of electrolytic baths can be completely
recycled, so that the total consumption of reagents can be
minimized;

– the source of electricity for the process can be alternative
energy, including solar, wind, hydroelectric, and tidal
processes;

– the components of electrochemical reactions are compact
and easy to use on a large scale.

However, there are serious problems in realizing sus-
tainable processes, such as low CO2 electroreduction rate
even when using electrocatalysts and high bath voltages, low
energy efficiency because of the possible occurrence of
competing reactions or a base electrolyte decomposition
reaction at high potentials, low selectivity in the preparation
of the desired product, high operating costs, low activity of
the catalyst and its insufficient life time, incomplete under-
standing of the mechanisms of electrode reactions and
methods of controlling them.

In recent years, certain successes in solving the above
problems by developing novel electrocatalysts, electrolytic
media, and electrolyzer configurations have been achieved.
Different approaches have been proposed, which can bring
the process closer to thermodynamic limits and make it
technologically viable. This chapter will review briefly
research results available in literature on electrochemical
CO2 conversion in different electrolytic media and describe
briefly the possibilities, disadvantages, and prospects for
these developments. The main attention will be given to the
consideration of carbon dioxide electroreduction from mol-
ten salt media to form solid-phase carbon since the authors
of the chapter have been working in this direction for almost
40 years.

Let us consider the parameters of an electrochemical
process, from which its efficiency and the prospects for
developments for further industrial scaling can be assessed:

– Overpotential (η, V)—the difference between the ther-
modynamic voltage and the actual voltage of the working
electrode (cathode) at which the CO2RR takes place.
When developing the technology, the overpotential must
be minimized, which is achieved by using catalysts.

– Total electrolytic cell (bath) voltage (E, V)—which
includes potentials both for the anodic and for the
cathodic process (Ecell = Eanode−Ecathode). To achieve
satisfactory rates of the process, the overpotential of
cathodic and anodic processes can reach several hundred
millivolts. As a result, the voltage of the bath usually
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exceeds the thermodynamic potentials of the electrode
reactions. Therefore, catalysts must be used not only for
the cathodic, but also for the anodic process since it
consumes almost a half of supplied electric energy.

– Current efficiency or faradaic efficiency (FE, %) is the
percentage of current that is actually spent in a particular
electrolytic process on obtaining the desired product.
Current efficiency characterizes the selectivity of the
process and is defined as the ratio of the actually obtained
product to the product theoretically expected from cal-
culation based on the Faraday law in the case of con-
suming the same quantity of electricity. FE can be
represented by the formula:

FE ¼ mreal=mtheor � 100% ¼ mreal=k � I � t � 100% ð1Þ

where mreal is the amount (mass) of the product actually
obtained as a result of electrolysis, mtheor is the amount of the
product that must be obtained theoretically according to the
first Faraday law, k is the electrochemical equivalent of the
product, and I is the current flowing in the cell within the
time t.

– Energy efficiency (EE, %) characterizes the efficiency of
conversion of the precursor into the desired product at the
actual applied electric potential. EE takes into account the
energy losses due to the low selectivity (FE) and high
overvoltage of the process and can be represented by the
formula:

EE ¼ E0 � FEð Þ=ðE0 þ gÞ ¼ E0 � FEð Þ=E ð2Þ

where E0 is the reversible cell voltage, FE—current effi-
ciency, η is the overpotential of the cell, and E = (E0 + η) is
the potential of the cell at the required current density.

–Electric energy consumption (EEC, kWh/m3) is one more
measure of the efficiency of electrolyzer operation, which is
used to obtain a gaseous product and characterizes the
quantity of electric energy required to obtain 1 m3 of the
gaseous product at normal conditions. The formula for the
calculation of EEC is as follows:

EEC ¼ E � n � F= FEð Þ � Vm ð3Þ

where E is the cell voltage, n is the number of transferred
electrons, and Vm is the molar volume of an ideal gas in
normal conditions.

2.2 Variants of Electrochemical Conversion
of CO2

The nature and composition of the electrolyte, cathode
material, the nature and morphology of catalysts, as well as
the electrolysis conditions (temperature, current density, bath
voltage, electrolysis duration, and electrolyzer configuration)
are the key factors that determine the CO2RR path and
mechanisms, as well as the composition of the products
obtained.

Depending on the nature of the electrolytes in which the
electroreduction of CO2 takes place, four variants of its
conversion are noteworthy: from aqueous, non-aqueous
(organic and ionic liquids), solid, and molten salt elec-
trolytes. Table 1 presents briefly the main characteristics of
processes in these media and the compositions of the prod-
ucts obtained.

2.2.1 Aqueous Electrolytes
Most of the research on the CO2RR has been carried out in
aqueous electrolytes. CO2-saturated slightly acidic, pH
neutral or alkaline solutions containing anions HCO3

−, SO4
2

−, ClO4
− or Cl−, and alkali metal cations are used most often

(see Sect. 1 in Table 1). In a strongly acidic medium, the
selectivity of cathodic products sharply decreases since
almost all current is spent on the competing hydrogen evo-
lution reaction. The electrochemical synthesis of hydrocar-
bons from CO2 in an aqueous medium is a multistage
process with adsorbed intermediates (especially with adsor-
bed CO). The main products are carbon monoxide, methane,
ethylene, formate, and some alcohols (methanol, ethanol,
and propanol).

The preparation of carbon monoxide can be represented
by the following equations. CO2 is reduced at the cathode to
CO:

CO2 þ H2O þ 2e ¼ CO þ 2 OH� ð4Þ
This process is usually accompanied by a competing

hydrogen evolution reaction, which proceeds in alkaline
media as follows:

2 H2O þ 2 e ¼ 2 OH� þ H2 ð5Þ
The co-electroreduction of carbon dioxide and hydrogen

depending on the cathode material and electrolysis param-
eters can take place to form various hydrocarbons and
alcohols by the following reactions:

CO2 þ H2O þ 2e ¼ HCOO� þOH� ð6Þ

CO2 þ 6 H2O þ 8e ¼ CH4 þ 8 OH� ð7Þ

2 CO2 þ 8 H2O þ 12e ¼ C2H4 þ 12 OH� ð8Þ
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2 CO2 þ 9 H2O þ 12e ¼ C2H5OHþ 12 OH� ð9Þ
Oxygen is evolved at the anode in accordance with any of

the two reactions:

2 OH� ¼ 1=2 O2 þ H2O þ 2 e ð10Þ

H2O ¼ 1=2 O2 þ 2 Hþ þ 2 e ð11Þ
At high current densities, a part of CO2 can be trans-

formed to carbonate (or bicarbonate) anions, which can
diffuse through the liquid electrolyte and be discharged at the
anode. In this case, the O2 evolution at the anode is
accompanied by CO2 evolution, which can take place by one
of the two reactions:

CO2�
3 þ 2 Hþ ¼ CO2 þ H2O ð12Þ

HCO�
3 þ Hþ ¼ CO2 þ H2O ð13Þ

The configuration of the electrolyzer (the so-called
H-type electrolytic cell) is used most often. In this cell,
both electrodes (anode and cathode) are immersed in elec-
trolytic solutions separated by a membrane (anolyte and
catholyte, respectively). The design of an H-type cell with an
anion-conducting membrane is presented in Fig. 1.

The H-cell model has serious disadvantages. Because of
the slow diffusion rate and low solubility of carbon dioxide

in water, the mass transfer rate will be low; therefore, it is
difficult to achieve current densities above 30 mA/cm2

(Weekes et al. 2018). The use of gas diffusion electrode is a
way to avoid mass transfer limitations. A schematic of a cell
with a gas diffusion cathode is shown in Fig. 2. In some
electrolyzer designs, both electrodes are of a gas diffusion
type (Weekes et al. 2018; Verma et al. 2018).

Changing the temperature affects the process in a com-
plex fashion. For instance, higher temperature leads to a
decrease in CO2 solubility, which causes a change in the
solution pH, to an increase in diffusion coefficient and CO2

Table 1 Electrochemical CO2 reduction in various ionic media

Electrolytes T, °C Reactants Reduction
rate (mA/cm2)
Faraday
efficiency
(Jiang et al.
2019)

Products

1 Aqueous Solutions
KHCO3; NaHCO3; NaOH; K2CO3;
Na2SO4; K2SO4;
NaClO4 + Pyridinium; LiCl in MeOH;
LiClO4 in MeOH

0–100 CO2 + H+

+ H2O + others
0.1–100
10–90%

–CO
–organic compounds
(formiate and formic acid; formaldehyde,
methane; methanol; acetaldehyde;
ethylene; ethanol)

2 Non-aqueous Solutions
- Organic alcohols (CH3OH,
C2H5OH + others)
- Ionic liquids

20–200 CO2 + H+

+ others
CO2

CO2 + others

0.1–10
20–95%

–CO
–organic compounds

3 Solid Electrolytes
– O2− ion conducting
– H+ ion conducting

400–900 CO2 100–1500
25–98%

–CO
–CH4 in the presence of H2 and H2O
-solid C

4 Molten salts
Li,Na,K|CO3; Li,Na|CO3;
MeHal-MexCO3 (Me -Li, Na, K, Ca,
Ba, Mg; Hal - Cl, F)

450–900 –CO3
2−

–CO2 or CO3
2−

CO3
2− + OH−

CO2 or CO3
2−

+ metal ions

100–1500
70–100%

–CO
–solid carbon of different structure and
morphology
–sungas
–metal carbides

Fig. 1 Schematic illustration of an electrolysis cell in H-cell config-
uration for CO2 conversion in aqueous electrolytes. Taken from
(Küngas 2020)
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reactivity (Zhang et al. 2020; Endroda et al. 2017). Low-
ering the temperature suppresses the competing hydrogen
evolution reaction and increases the product yield.

One of the main problems of the CO2RR in aqueous
media (low current densities) is associated with the low CO2

solubility in water at normal conditions. The aqueous solu-
tion saturated with CO2 at the standard temperature and
pressure contains only 0.034 mol or 1.5 g/L of CO2

(Aschenbrenner and Styring 2010).
This problem can be solved by producing an excessive

CO2 pressure in the cell to increase the CO2 concentration in
accordance with the Henry law. Raising the CO2 gas pres-
sure in the electrolyzer leads to an increase in gas solubility
in the liquid medium and hence to an increase in the rate of
the process. CO2 electrolysis under high pressure (of up to
60 atm) can be the most effective way to realize a com-
mercially reasonable electrochemical process. The high
current density and efficiency observed in this case for dif-
ferent electrodes are comparable with those obtained in
high-temperature solid oxide and molten salt electrolytes.
However, this can greatly increase the electrolyzer con-
struction cost.

The nature of the cathodic material has a key impact on
the reaction path and the composition of products in aqueous
electrolytes. The mechanism of the CO2RR in aqueous
media was studied for many years, and the main goal of the
research was to understand the reason of the formation of
different products on different metal cathodes (Hori
2008). The schematic of the mechanism is well represented
in Ref (Jones et al. 2014) and shows different paths in
which CO2 can be reduced depending on the cathode
material. The first step, the formation of a CO2

•− anion
radical, is a determining one since it limits the rate of the
entire reduction process. The adsorption and electrochemical
activities of the CO2

•− anion radical determine what will be
the final product of CO2 reduction. The CO2

•− can readily
react with water or any other compound in the electrolyte.

The reasons of the different behavior of metals are their
different abilities to adsorb the CO2

•− radical and subse-
quently reduce CO. The metals used as a cathode for
CO2RR can be divided into four groups. The first group of
metals, which include Pb, Hg, In, Sn, Cd, and Tl, has a very
weak adsorption capacity for the CO2

•− radical and a low
ability to reduce CO. The product of CO2 reduction on these
metals is formate or formic acid. The second group of
metals, which includes such metals as Au, Ag, Zn, and Ga,
can adsorb the intermediate compound CO2

•− well, but
cannot reduce CO. The main product at the cathodes made
of the second group metals is carbon monoxide. The third
group of metals includes copper and its alloys with other
metals. This group is characterized by high adsorption to the
CO2

•− radical and reduces CO2 to polyatomic alcohols and
hydrocarbons. Therefore, it is Cu and its alloys that have
been investigated most widely and fully for use as the
cathode in the CO2RR. The latest results, obtained on this
metal, on increasing the efficiency and selectivity of the
process are promising and are fairly fully described in
numerous recent reviews (Ren et al. 2016; Hoang et al.
2018; Huang et al. 2019; Nitopy et al. 2019). There is still a
lot of work to be done before the industrial implementation
of the technology can be fulfilled. It is necessary to deepen
understanding the mechanisms of CO2RR, to improve the
practical characteristics of efficiency. Nanostructuring of
catalysts, the use of bimetallic catalysts and alkaline elec-
trolytes can reduce the overvoltage in the bath and increase
the selectivity for particular products. For instance, in recent
years, a tremendous progress has been made in developing
gas diffusion electrodes (GDEs) and devices with continuous
electrolyte flow (Endroda et al. 2017). For example, in the
Ref (Dinh et al. 2018) a selectivity for ethylene (C2H4) of
70% during 150 h of work with a current density of
100 mA/cm2 was achieved, and the energy efficiency of full
cell for CO2 conversion to C2H4 was 34%.

The fourth group of metals, which includes such metals
as Ni, Fe, Pt, and Ti, has so strong adsorption ability for
hydrogen that they practically rule out CO2 electrochemical
reduction in aqueous media. In view of the fact that reaction
proceeds in aqueous media, it is necessary take into
account the hydrogen evolution reaction (HER), which
competes with CO2 reduction and is easier for most met-
als. In practice, many CO2 recovery catalysts are often
chosen not because of their ability to catalyze CO2 reduc-
tion, but because of their high over potential in the HER.

2.2.2 Non-Aqueous Electrolytes
Much less research compared with aqueous media has been
carried out in non-aqueous electrolytes, namely in organic
and ionic liquids. The changeover to this type of solvents is
due to the fact that the solubility of CO2 in them is notice-
ably higher. Therefore, much effort of researchers was

Fig. 2 Schematic illustration of an electrolysis cell with a gas diffusion
cathode for CO2 conversion in aqueous electrolytes. Taken from
(Küngas 2020)
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directed to studying the solubility of CO2 in non-aqueous
media. It was shown in (Chang 1992; Lail et al. 2014) that
the solubility of carbon dioxide can be increased by four,
five, eight, or even twenty times compared with water, if
acetonitrile, methanol, propylene carbonate, or DMF are
used as the solvent, respectively. Therefore, non-aqueous
solvent can be regarded as an alternative to producing a high
pressure in the electrolyzer with aqueous electrolytes.

References (Saeki et al. 1995; Ohta et al. 1998) report a
study of CO2 reduction on different metals in methyl alcohol
where high current densities at a copper electrode in the CO
evolution reaction are recorded. The CO2RR in methanol
electrolyte was also intensively studied in (Kaneco et al.
2002; Ohya et al. 2009) on different cathodic materials. The
electrolyzer designs and electrode materials that are used to
carry out the CO2RR in non-aqueous media are similar to
those used in aqueous electrolytes.

An interesting approach—to use a mixture of tetra-
fluoroethane and carbon dioxide in supercritical state as a
medium for CO2 reduction—was proposed in Abbott and
Eardley (2000). This approach can make it possible in future
to solve any problems with carbon dioxide concentration.

In recent 10 years, publications have appeared dealing
with the use of a relatively new class of electrolytes—ionic
liquids—as a medium for effecting the CO2RR (Buzzeo
et al. 2004; Silvester and Compton 2006; Rees and Compton
2011; Alvarez-Guerra et al. 2015; Faggion et al. 2019). This
is due to the fact that ionic liquids (ILs) possess a whole set
of valuable (in applied terms) physicochemical properties.
For instance, ILs have a high selective ability to absorb CO2

and to stabilize charged CO2
•− anion radicals, have a wide

electrochemical potential window at low temperatures
(Hayyan et al. 2013), a high thermal and chemical stability,
and a low volatility. All this makes it possible to use them as
electron transfer mediators for redox catalysis (Balasubra-
manian et al. 2006; Rosen et al. 2011). This area of research
is at the initial stage of developments, and high character-
istics of the process (current density, current efficiency,
energy efficiency) have not yet been achieved (Faggion et al.
2019). An important hindrance to the commercialization of
the use of organic and ionic liquids for the CO2RR is their
high cost.

2.2.3 Solid Oxide Electrolytes
Research into the electroreduction of CO2 in solid elec-
trolytes started in the 1960s to obtain oxygen in closed
systems for prospective space flights to Mars (the atmo-
sphere of Mars contains 95% CO2) (Chandler and Pjllara
1966). The CO2 electrolysis system based on solid oxide
electrolysis cell (SOEC) will be soon tested on Mars as part
of NASA’s Program (Hartvigsen et al. 2017).

In the new millennium, the researchers’ interest in this
subject has increased again, but it was already associated
with the solution of important environmental and energy
problems, namely electrochemical CO2 conversion into new
fuels and chemicals. This subject was considered in
numerous publications (original articles, reviews, and
books). Especially many publications have appeared in the
past 10 years (Küngas 2020; Zheng et al. 2019; Song et al.
2019; Zhang et al. 2017; Uhm and Kim 2014). After half a
century of research, certain successes have been achieved;
however, many problems still remain.

A typical solid oxide electrochemical cell (SOEC)
includes a solid electrolyte for ion transfer, an anode for
oxygen evolution, and a cathode for electrochemical CO2

reduction. In the SOEC, gaseous CO2 directly diffuses into
the porous electrode and is electrochemically reduced to
gaseous products. Therefore, the cathodic reaction is fairly
simple owing to the absence of side reactions, which are
typical of liquid electrolyte. Besides, temperature signifi-
cantly accelerates the process and increases current density
in compare with aqueous and organic electrolytes at the
same bath voltage.

The electrolyte in the SOEC is a solid ceramic material.
At temperatures higher than about 600 °C, the electrolyte
becomes conductive on the oxide anion O2−, but remains
non-conductive on electrons. The working temperature of
the SOEC is usually within a range of 700–900 °C. The
materials that are usually used for solid oxide electrolyte
contain stabilized zirconium dioxides, such as
yttrium-stabilized zirconium dioxide (YSZ), Y2O3 and ZrO2

solid solution, scandium-stabilized zirconium dioxide
(ScSZ), as well as gadolinium-doped cerium (GDC) or
samarium-doped cerium (SDC). A fairly complete review of
solid electrolyte materials that can be used for the CO2RR is
presented in Kharton et al. (2004).

A typical single SOEC for CO2 electroreduction has a
sandwich plate structure with the solid electrolyte located
between the porous electrodes. Two types of electrolytes are
used in the SOEC: oxygen ion conducting and hydrogen
(proton) ion conducting electrolytes. Therefore, the reactions
at the electrodes in these electrolytes will be different. For
oxygen ion conducting electrolytes, the CO2 molecules are
reduced at the cathode to CO and oxygen ions according to
the equation:

CO2 þ 2e ! COþO2� ð14Þ
Oxygen ions formed at the cathode are transported to the

anode and oxidized:

O2� ! 1=2 O2 þ 2e ð15Þ
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In the proton-conducting electrolyte, CO2RR is closely
related to water electrolysis. The H2O molecules lose elec-
trons at the anode to form O2 and H+ (Eq. (16)). The formed
protons are transported to the cathode, then are reduced and
react with CO2 to form CO or other valuable chemical
substances (Eqs. (17–19)).

H2O � 2e ! 2 Hþ þ 1=2 O2 ð16Þ

2 Hþ þ 2e ! H2 ð17Þ

CO2 þ 2 Hþ þ 2e ! CO þ H2O ð18Þ

CO2 þ 8Hþ þ 8e ! CH4 þ 2H2O ð19Þ
A SOEC with an oxide ion conducting electrolyte is

schematically shown in Fig. 3.
CO2 is supplied into the cathodic portion of the elec-

trolyzer through gas channels. On the porous cathode (which
is called fuel electrode), CO2 is reduced to CO according to
reaction (14). The O2− ions are incorporated into the solid
oxide electrolyte, pass through the porous cathode to the
anode (the so-called oxygen electrode) and are oxidized
there to molecular oxygen in accordance with reaction (15).
The formed O2 gas is removed from the cell through the gas
channels. As long as pure CO2 gas (or a mixture of CO-CO2

gases) is supplied to the fuel electrode, the resulting product
will not contain H2 and H2O—an advantage that cannot be
realized in aqueous and organic electrolytes.

The cathode material in the SOEC must possess: (1) a
high electronic and ionic conductivity; (2) a high catalytic
activity; chemical and mechanical stability; compatibility
with the electrolyte. Noble metals, fluorites, oxides with
perovskite structure are usually used as cathodic materials.

The anodic material, like the cathodic one, must also
possess the similar characteristics. At present, two main
classes of materials are used as anodes in the SOEC:
(1) noble metals (Pt and Au); (2) electron-conducting oxides,
such as perovskite oxides and bilayer perovskite oxides. The

noble metals cannot compete with electron-conducting oxi-
des because of their high cost. The latter are becoming
promising candidates for anode materials in industrial
SOECs. The main products formed in SOEC are usually
carbon monooxide and methane. Moreover, the selectivity
and performance characteristics of SOEC are higher than
those observed in liquid electrolytes (Spinner et al. 2012).
The electrochemical CO2 reduction to synthesis gas (CO and
H2) is an important direction for using SOEC. In recent
years, there has been an increase in research in the field of
co-electrolysis of CO2 and H2O electrolysis (Belyaev et al.
1998; Graves et al. 2011; Ebbesen et al. 2012; Li et al. 2013;
Ni 2012) for the production of syngas, which can be used
later for the production of various hydrocarbon fuels, such as
methane, methanol, dimethyl ether, or synthetic diesel fuel.
The success achieved in recent years in the development of
the SOEC technology for CO2 reduction is largely due to
multiyear research to develop solid oxide fuel cells (SOFCs).
SOFCs are electrochemical devices, which generate electri-
cal energy by the oxidation of CH4. The same materials of
the cell and battery can be used interchangeably in both fuel
cell and electrolysis modes. It was shown (Graves et al.
2014; Irvine et al. 2016), that regular changeover between
two modes significantly reduces the rate of cell degradation.

The review (Küngas 2020) presents a parallel analysis of
three competing variants of electrochemical CO2 reduction
to CO from aqueous electrolytes, molten carbonates, and
solid oxide systems. Based on the overall level of the
technological readiness, SOEC stands out as industry per-
spective for the production of carbon monoxide. The SOEC
technology offers a higher efficiency independent of the
chosen efficiency rating scale. The high conversion effi-
ciency was checked on setups with industrially significant
electrode areas of > 8000 cm2. However, low-temperature
electrolytes can offer interesting variants for the production
of polyatomic hydrocarbons.

2.2.4 Molten Salt Electrolytes
In contrast to aqueous and organic electrolytes, the main
peculiarity of CO2 electroreduction in molten salt media is
the formation of products not only in the gas phase (CO), but
also in the solid phase (nanosized carbon structures of dif-
ferent morphology, refractory metal carbides). In molten
electrolytes, the complete four-electron reduction of CO2 to
elemental carbon can take place. This is a great advantage
for the convenient storage of the products of recycled carbon
dioxide. Moreover, recent research has shown that the
solid-phase products (carbon nanotubes, nanofibers, carbon
monooxide, and amorphous carbon structures) of electro-
chemical CO2 conversion are chemical substances with high
added value since they possess unique properties and have
good prospects for use in modern devices and technologies.
Solid-phase carbon can also be produced in solid oxide

Fig. 3 Schematic illustrations of solid oxide electrolysis cell for
electrochemical CO2 conversion. Taken from (Küngas 2020)
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electrolytes (Boehm 1978), but due to the low efficiency of
the process and the difficulties in separation of the product
from the reaction medium, this process is not promising.

In molten media, the direct and indirect electroreduction of
carbon dioxide can be effected. In the former case, carbon
dioxide dissolved in a molten salt is reduced, and which is
introduced into the electrolyzer either by flow or under
pressure. The creation of excessive pressure is necessary to
increase the gas concentration in the electrolyte. Indirect CO2

reduction takes place in salt (carbonate, chloride-carbonate,
chloride-oxide) melts when a carbon dioxide atmosphere is
created over the melt. Depending on the electrolysis condi-
tions and modes, the discharge of the carbonate anion at the
cathode can result in the formation of a carbon monoxide or a
solid carbon phase and in the release of oxide anions. The
oxide anion in the melt can bind carbon dioxide from the gas
phase to form a carbonate anion. In this way, the carbonate
anion consumed in the electrolyte is regenerated.

Molten individual and mixed alkali and alkaline-earth
metal carbonates or halide-carbonate mixtures of different
composition are used as electrolytes. The choice of the
electrolytic bath composition can be made based on pre-
liminary thermodynamic calculations of the decomposition
voltages of alkali and alkaline-earth metal carbonates and
chlorides. Such investigations have been made in many
works (Bartlett and Jonson 1966; Shapoval et al. 1982;
Chery et al. 2014; Yin and Wang 2018). This made it pos-
sible to purposefully develop the composition of electrolytic
baths and helped a lot to propose mechanisms of electrode
processes.

A simplified schematic of a molten carbonate electrolysis
cell (MCEC) is shown in Fig. 4. The MCEC resembles the
H-type cell which is used for aqueous electrolytes (Fig. 1).
The difference is the absence of the diaphragm between the
cathode and anode chambers in the electrolyzers using
molten salts.

The other advantages of the CO2RR in molten salts are:
(1) the absence of competing hydrogen evolution reaction,
(2) high selectivity of the C and CO products, (3) mild
synthesis conditions, (4) simple hardware implementation,
(5) the possibility of controlling the electrolysis conditions,
(6) low energy consumption for electrolysis, (7) the use of
cheap precursors, (8) easy doping during synthesis, and
(9) monodispersity of the product.

An advantage of the MCEC is also the fact that the
gaseous CO2 supplied into the electrolyzer and the CO and
O2 products do not mix, allowing pure gases to be removed
from the cell. Moreover, the method depends weakly on the
percentage of possible impurities in the supplied gas (e.g.,
SO2) (Chen et al. 2017) and can potentially use CO2 streams
from industrial flue gases.

The investigation of this process is already dealt with in a
large number of original papers and reviews. The next sec-
tion of the chapter is devoted to a more detailed discussion
of several variants of effecting the CO2RR in molten elec-
trolytes and to the present state of this line of research.

3 Electrochemical CO2 Conversion
from Molten Salts

3.1 Present State of Electrochemical Reduction
of CO2in Molten Salts for the Production
of Solid-Phase Carbonaceous Nanomaterials

In recent ten years, many new works have appeared in sci-
entific literature devoted to the electrochemical extraction of
solid-phase carbon from carbonate and halide-carbonate
melts. This is partially a replication of the works carried out
in the 1960s (Smirnov et al. 1965; Delimarskii et al. 1968,
1970, 1971; Ingram et al. 1966) at the modern experimental
level. Interest to this subject is due to the international
strategy of the world scientific community for reducing
atmospheric anthropogenic CO2 emissions and search for
methods for the capture, accumulation, and conversion of the
greenhouse gas.

At the present time, the biggest laboratories of the world
are engaged in studying the electroreduction of carbonate
anions and carbon dioxide in molten salts. We mention only
some of them: in the USA (Department of Chemistry,
George Washington University, Professor Stuart Licht, Jia-
wen Ren et al. (are developing the so-called STEP (Solar
Thermal Electrochemical Process)); several research centers
in China (Wuhan University, Professor Dihua Wang, Pro-
fessor Wei Xiao et al.; Northeastern University, Shenyang,
Professor Ali Reza Kamali; University of Science and

Fig. 4 Schematic illustrations of electrolysis cell design for electro-
chemical CO production in molten carbonate electrolysis cell. Taken
from (Küngas 2020)
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Technology, Beijing, Professor Shuqiang Jiao et al.); France
(Institut de Rechercher de chimie de Paris, Professor Michel
Cassir et al.); Great Britain (Department of Materials Science
and Metallurgy, University of Cambridge, Professor D. Fray
et al.; Department of Chemical and Environmental Engi-
neering, University of Nottingham, Professor G. Chen et al.);
Australia (University of Newcastle, Professor Scott Wilfred
Donne et al.); and many others.

There are several variants of high-temperature electro-
chemical synthesis (HTES) of solid-phase carbon materials
(CNMs) in molten salts. Some characteristics of these vari-
ants are listed in Table 2.

There is a seeming likeness in the pointed methods:
(1) the reactions take place in an ionic melt; (2) the approach
of splitting of a carbon precursor is the discharge reactions at
the interface electrode/molten salt electrolyte; and (3) the
produced solid-phase carbon is dispersed in the reaction salt
medium. But the mechanisms of product formation in these
variants are dramatically different.

The first variant was widely developed by many authors
in 2000–2010s (Chen and Fray 2003; Sytchev and Kaptay
2009, 2003; Gupta et al. 2014). The essence of this method
is the electrowinning of alkali or alkaline-earth metals on a
graphite cathode followed by the formation of nanosized
solid carbon by the interaction of the metal being deposited
with graphite. The authors used different compositions of the
electrolytes; the most studied systems are molten LiCl and
NaCl. The main disadvantage of this synthesis variant is the
instability of the electrolysis—the rapid destruction of the
graphite cathode.

In recent 10 years, a great contribution to the develop-
ment of this synthesis variant has been made by prof.
A. Kamali et al. (Kamali et al. 2011; Kamali and Fray 2014;
Rezaei and Kamali 2018; Kamali 2020). It was demonstrated
in these works that the variant 1 in Table 2 is a prospect
method for the obtaining of nanosized carbon structures of
different morphology (including high-quality 3D graphene
nanosheets) economically and in a large scale. It was shown
that produced carbon nanomaterials have very interesting
characteristics in a variety of promising applications. In the
proposed method, the electrolysis takes place on a graphite
cathode in LiCl (NaCl) molten salt in dry, moist, or
hydrogen-containing atmospheres, which causes the exfoli-
ation of the graphite. The mechanisms are proposed to
explain the occurring processes.

Variant 2 (electroreduction of carbonate anion) and
variant 3 (electroreduction of carbon dioxide) can be con-
sidered as subvariations of the one method, when new solid
carbon phase is formed from the molten salt phase at the
cathode as a result of the electrochemical reduction of
oxygen-containing carbon compounds (CO3

2− or CO2). To
realize a stable and long-duration electrolysis, it is more

appropriate to use carbon dioxide as a carbon source, since
in this case there are no by-products. To raise the current
density (rate) of the cathode reaction, it is necessary to
increase solubility of carbon dioxide in the melt that can be
reached by creation of excess gas pressure in the cell.

Variant 2 can be divided into two subvariants: (2a) con-
centrated molten electrolytes of individual carbonate salts, as
well as binary and ternary systems of alkali and
alkaline-earth metal carbonates are used as base electrolyte;
(2b) halide-carbonate salt mixtures (carbonate-diluted) are
used as electrolytes. In both cases, the cathodic product is a
solid-phase carbon powder, whose structure and morphology
are determined by the electrolysis conditions.

Variant 3 also can be divided into two subvariants: direct
and indirect reduction of carbon dioxide.

The direct CO2 electroreduction in chloride melts was
studied in Kiev at the V.I. Vernadskii Institute of General
and Inorganic Chemistry of NAS of Ukraine in the 70-80 s
of the twentieth century (Delimarskii et al. 1970, 1971;
Kushkhov et al. 1987; Novoselova 1988; Shapoval et al.
1995) for the development of a carbonate fuel cell, the
estimation of the regeneration of molecular O2 from CO2

and electrochemical synthesis of tungsten and molybdenum
carbides (Novoselova et al. 2001). The use of carbon dioxide
as a precursor opens up a real prospect for the creation of a
waste-free continuous cycle technology. Since there are no
by-products during the synthesis, the consumable (CO2) is
recovered by the anode reaction (oxidation of the oxygen
anion on a graphite anode). The electrolysis duration will be
limited only by the time of complete combustion of the
graphite anode. The combustion rate of the graphite anode
was estimated—0.1 g/Ah (Novoselova et al. 2016). Sec-
tion 3.2 will present in more detail the results of the direct
electroreduction of CO2, which were carried out in our
laboratory.

The direct CO2 electroreduction was also studied in
Halman and Zukerman (1987). In this work, the authors used
flow CO2 gas cell (flow rate was 10–50 mL/min). The solid
carbon product was obtained only in an equimolar mixture
Al,Na|Cl at 360 °C on Cu and Al electrodes.

Interesting variant of indirect electrochemical CO2 con-
version to solid carbon is proposed in Ref (Otake et al.
2013). In this case, chloride-oxide melts (e.g., LiCl-Li2O or
CaCl2-CaO) are used, and the electrolysis is carried out in
closed cells under carbon dioxide atmosphere. Some authors
who worked with these systems offer the following process
mechanism. First, the electroreduction of metals (Li or Ca)
from their oxides, dissolved in the chloride melt, occurs, and
then the thermal reduction of gaseous CO2 by the reduced
metals Li or Ca takes place. Other authors propose a dif-
ferent mechanism: first, carbon dioxide dissolves in
LiCl-Li2O (CaCl2-CaO) melts, and then interacts with the
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Table 2 Variants of electrochemical synthesis of CNMs in molten salts

Electrode
materials

Bath
composition

T, °C Products Ref

1. Intercalation of alkali metal into graphite

Cathode–
graphite;
anode–graphite

- LiCl
- LiCl-SnCl2

610–900 -*MWCNTs, amorphous carbon, Li
in MWCNTs
-*SWCNTs, MWCNTs
-high-quality 3D graphene
nanosheets
Sn-filled MWCNTs

(Chen and Fray 2003; Kamali et al. 2011;
Kamali and Fray 2014; Rezaei and Kamali
2018; Kamali 2020; Sytchev and Kaptay
2009; Gupta et al. 2014)

NaCl;
- Na,K|Cl–MgCl2

800–850 MWCNTs (Ø 5–400 nm); Mg in
MWCNTs

(Kamali and Fray 2014; Resaei and Kamali
2018; Kamali 2020; Sytchev and Kaptay
2003)

2. Electroreduction of CO3
2−:

2a. In pure carbonate melts:

1. cathode–*GC;
anode–CG;

- Li2CO3–

CO2(5 atm.)
750 MWCNTs (characteristics are

absent)
Devyatkin (2005)

2. cathode–mild
steel; Pt; anode–
graphite;

- Li,K|CO3–CO2

- Li,Na,K|CO3

540–700 Amorphous carbon;
various carbon nanostructures (sheet,
rings, and quasi-spheres)

(Ijije et al. 2014a, b; Ijije and Chen 2016)

3. cathode–Ni,
anode–SnO2;
Pt/Ti

- Li,Na,K|CO3

- Li,Na,K|CO3-
Li2SO4 (CO2-SO2

atm.)

450–775 Carbon nanoflake, nanosheet and
heart-shaped nanostructured cage,
graphite

(Tang et al. 2013; Du et al. 2019; Deng
et al. 2016a)

4. cathode–Au, C;
anode–Au

- Li,Na|CO3;
- Li,K|CO3;
-Li,Na,K|CCO3;
- Na,K|CO3

450–850 C (characteristics are absent)
The emphasis is on the cathodic
process mechanism

(Chery et al. 2014, 2015; Yin and Wang
2018)

5. cathode–steel,
Au, Cu,Ti, C

-Li,Na,K|CO3–

CO2 atmosphere
- Li,Na|CO3;
- Li,K|CO3

500–700 amorphous and graphitized carbons,
with plate-like and spherical carbon
aggregates

(Glenn et al. 2020; Hughes et al. 2018,
2020)

2b. In chloride-carbonate melts:

1. cathode–GC;
W;
anode–Ni

- Li,Na|Cl–
Na2CO3 (Ar or
CO2 atmosphere)

650–800 quasi-spherical carbon particles
accompanied by small amounts of
wire-like carbon

Ge et al. (2016)

2. cathode–Ni;
anode–graphite

- Li,K|Cl–CaCO3

(CO2 atmosphere)
450–650 -micron-sized hollow carbon

spheres.; ultrathin sheets;
quasi-spherical particles, coral–like
carbon and carbon nanofibers

Deng et al. (2018)

3. cathode—W;
Anode—Pt,
graphite

- LiCl–Li2CO3

(CO2 atmosphere)
700 micron-sized amorphous carbon

quasi-spherical structures
Ge et al. (2015)

4. cathode–Ni;
Anode—graphite

- Li,Na,K|CO3–

Li2O–CO2

(Li2CO3);
- Li,K|Cl–
Li2O/CaO–CO2

(Li2CO3/CaCO3)

450
450

quasi-spherical carbon, micron-sized
carbon sheets;
micron-sized carbon sheets and
shell-like carbon

Deng et al. (2016a)

5. cathode–
graphite, Ti, TixO

- Li,K|Cl–K2CO3 450–500 C films are comprised of
micron-sized “quasi-spherical”
carbon particles with graphitized and
amorphous phases

Song et al. (2012)

(continued)
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melt with the formation of a carbonate anion. The latter can
subsequently be reduced electrochemically at the cathode
with production solid carbon of various structures (amor-
phous, graphite—like carbon tubes and fibers).

Variants (2) and (3) in Table 2 were called recently in
literature “Molten Salt CO2 Capture and Electrochemical
Transformation” (MSCC–ET) (Deng et al. 2016a; Weng
et al. 2019; Liu et al. 2020). The MSDD–ET process is
schematically represented in Fig. 5. As a rule the MSDD–ET
process consists of two sequential stages: CO2 is first cap-
tured by O2− ions of the melt, and complex anions [C(n+1)O(n

+3)]
2− (e.g., CO3

2− or C2O5
2−) are formed, which are then

reduced to carbon at the cathode. At the same time, O2

evolves on the anode surface.
The MSCC–ET process is a very promising line of

research for industrial scaling. In this process, carbon and
oxygen are the only products of the electrochemical splitting
of CO2 at the temperature below 800 °C. The applications of

electrolytic carbon are determined by its physicochemical
and functional properties, and O2 evolution at the anode
provides an ecologically friendly process. The investigations
of the MSCC–RT process focus mainly on three aspects:
(1) the disclosure of the mechanisms of electrode processes
for better control of the entire process; (2) the study of the
properties of electrodeposited carbon, including morphol-
ogy, particle size, and specific surface areas; and (3) the
study of the use of different materials for electrodes, in
particular inert anode materials for oxygen evolution.

Very interesting and promising studies are carried out by
Professor Stuart Licht and coworkers in the USA (Licht et al.
2010; Wu et al. 2016; Johnson et al. 2017; Wang et al. 2019;
Ren et al. 2019; Liu et al. 2020). They proposed a variant of
the MSCC-ET process, the so-called Solar Thermal Elec-
trochemical Photo (STEP) process for the preparation of
CNMs. In the STEP process, the visible ultraviolet part of
the solar spectrum is concentrated on a photovoltaic device
to produce the electrical energy, which is spent on elec-
trolysis. At the same time, the thermal energy of the sun is
concentrated on another device for heating the electrolyzer.
This allows one to use the full spectrum of sunlight and
realize STEP electrolysis with a very high efficiency.
The STEP process is shown schematically in Fig. 6.

In Ref (Licht et al. 2010) the possibility of developing
large-scale electrolyzers for the decomposition of CO2,
which combine the STEP process for the obtaining of C
(CO), has been assessed. Research showed that products can
be obtained with a solar efficiency of the order of 50%.
The STEP is able to connect in series 3 carbonate elec-
trolytes (molten Li2CO3) using only the power of one
Spectrolab CPV (concentrator photovoltaic device).

Table 2 (continued)

Electrode
materials

Bath
composition

T, °C Products Ref

3. Electroreduction of CO2

3a. Direct electroreduction:

1. cathode–Pt,
Au, GC; anode–
GC

1. Na,K|Cl–CO2

(10 atm.);
2. Na,K,Cs|Cl–
CO2 (15 atm.)

700–800
550

1. MWCNTs (Ø 5–200 nm),
bunches of tubes, nano-Fe in
MWCNTs, carbon fibers;
2. superdispersed amorphous carbon,
nano-Pt in carbon

(Novoselova et al. 2008a, b;
Novoselova et al. 2016)

2. cathode–Pt,
Au, Cu, Ni, steel,
Al, LaRhO3-
coated Ti plate

- Li,Na|Cl; Li,K,
Na|F; - Al,Na|Cl–
flow systems with
Ar or CO2

360–900 C
CO

Halman and Zukerman (1987)

3b. Indirect electroreduction:

1.cathode–steel;
anode–ZrO2

-LiCl–Li2O–CO2

-CaCl2–CaO–CO2

650
900

nanoscale amorphous carbon,
rob-like graphite crystals

Otake et al. (2013)

2. cathode–steel,
Pt; anode–Pt

-Li,K|Cl–CO2 540–700 amorphous carbon,
nanoscale carbon sheets,
quasi-spheres carbon particles

Ijije et al. (2014a, b)

*GC –glassy-carbon; Ø–outer diameter of tubes; MWCNTs and SWCNTs–multiwall and singe-wall carbon nanotubes

Fig. 5 Schematic illustration of the MSCC-ET process. Reprinted
from (Weng et al. 2019) with permission of Elsevier
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In spite of the large number of investigations carried out in
the world to study the cathodic discharge of carbonate anion
and carbon dioxide, there is no generally acknowledged
mechanism in literature up to now which would reliably and
fully describe the occurring electrochemical processes. Under-
standing the mechanisms of the processes is very important for
the selective production of nanosized carbon materials with a
given structure and morphology. In Sect. 3.3, our idea of the
mechanisms of these processes will be presented.

3.2 Direct Electrochemical Reduction of CO2

in Chloride Melts

The electroreduction of carbon dioxide was investigated in
a three-electrode cell made of special stainless steel at
temperature up to 800 °C and at an excessive gas pressure
up to 15 atm (Kushkhov et al. 1987; Novoselova et al.
2007, 2008a, b, 2016). The creation of an excess pressure
of CO2 in the electrolyzer is necessary to increase its sol-
ubility in the chloride melt. The cyclic voltammetry, linear
sweep voltammetry, potentiostatic and galvanostatic elec-
trolysis were the methods of the study. The details of the
experiment and the design of the electrochemical cell are
described in Novoselova et al. (2016). Chloride melts of
different composition were used as background electrolytes:
a ternary eutectics—Na,K,Na|Cl,F and Na,K,Cs|Cl; a bin-
ary equimolar salt mixture Na,K|Cl.

It was detected (Novoselova et al. 1988) that CO2RR
occurred in one stage at cathode polarization rates of 0.2—
10 V/s on Pt, Au, GC electrodes in the indicated melts
(Fig. 7a, b). The voltammograms recorded one cathode
wave in the potential range of −0.2–−0.5 V and one anode
wave of dissolution of the cathodic product in the potential
range of −0.1–0 V relative to Pt-carbonate (Pt|CO3

2−/
CO2, O2) reference electrode. The currents of the anode and
cathode waves are almost equal. (Fig. 7b).

An analysis of the obtained voltammograms was carried
out under the various conditions of the polarization scan-
ning. It was found that with an increase of scanning rates of
the electrode, a shift of the peak potentials of the cathodic
and anodic waves along the potential axis is observed, and
their difference exceeds that for a reversible four-electron
process (Fig. 7b). This indicates that the rate determining
stage of the cathode process is the charge transfer stage and
its irreversible nature. The linear dependence of the cathodic
wave currents on the pressure of the CO2 gas in the cell
(Fig. 7c) and dependence of the wave currents on the
polarization rate (Fig. 7d) of the electrode indicates on the
diffusion control of the cathode process. In general, the
mixed kinetics of the electroreduction of CO2 is observed,
and the cathodic process is controlled by both the electron
transfer rate and the rate of gas diffusion to the electrode.
The cathodic product obtained by electrolysis of the melt
NaCl-KCl-CO2 (10 atm) at platinum electrode at tempera-
ture 750 °C and a potential of—0.8 V versus Pt– carbonate
reference electrode, according to X-ray phase analysis, was
carbon.

If scanning rate of cathode is lower than 0.1 V/s,
voltammogram exhibits two cathodic waves (A) and (B) at
Pt electrode: wave (A) E1/2 = – 0.44 V, wave (B) E1/2 = –

0.78 V vs (Pt|CO3
2−/CO2-O2) reference electrode (Fig. 8a).

If the reverse of the polarization scanning occurs after the
limiting current of the first cathodic wave (A), only one
anodic wave (C) is recorded on the cyclic voltammogram. If
the reverse of the scanning occurs after the limiting current
of the second cathodic wave (B), two anodic waves (C) and
(D) are detected at Pt cathode. The peculiarity of the cyclic
voltammograms recorded at the gold cathode (Fig. 8b) is the
present of only one anodic wave (D) on the reverse curve
that can be explained by the absence of interaction between
carbon and gold.

Potentiostatic electrolysis was fulfilled at potentials of the
first and second cathodic waves to elucidate the mechanism
of the cathode process. The gray films were obtained at
potential—0.6 V and consisted of metals Ca, Mg, Zn, and
some others (base electrolyte impurities) (Fig. 9a). The black
film was obtained at potential—1.0 V (Fig. 9b,c) and con-
sisted of polycrystalline carbon according to XRD and
electron-diffraction methods.

Fig. 6 Schematic representation of the solar thermal electrochemical
process. Reprinted from Ren et al. (2019) with permission Copyright
2019 American Chemical Society

Electrochemical CO2 Conversion 125



To explain the obtained results, a three-stage ECE
(electrochemical–chemical–electrochemical) mechanism of
the direct electroreduction of CO2 was proposed in
Novoselova et al. (2016). The cathodic wave (A) corre-
sponds to the first electrochemical stage of the general
cathode process and represents an irreversible 2-electron
reduction of carbon dioxide dissolved in the melt with the
formation of an unstable CO2

2− anion:

CO2 þ 2e ! CO2�
2 ð20Þ

Anion CO2
2− has strong reducing properties (that is

indicated by the reduction products of the electrolysis carried
out at the potential of the first wave) and which is an

unstable short-lived particle (that is indicated by the absence
of anodic current after the first cathodic wave). The forma-
tion of this ion was found in Borucka (1977).

The second chemical stage of the general process is the
dissociation of CO2

2− anion with the formation of carbon
monoxide and oxide anions:

CO2�
2 �CO þ O2� ð21Þ

The second cathodic wave (B) corresponds to the third
electrochemical stage of the general process and consists in
an irreversible 2-electron reduction of CO up to solid carbon:

CO þ 2e ! C þ O2� ð22Þ

Fig. 7 Voltammograms of
NaCl-KCl (1:1)–CO2 melt at a Pt
electrode at T = 700 0C: a at
different CO2 pressures, atm.: 0
(1); 1 (2); 2.5 (3); 5 (4); 7.5 (5);
10 (6); 12.5 (7); 15 (8); 17 (9);
V = 5 Vs−1; b at different
scanning rates, Vs−1: 1 (1); 2 (2);
5 (3); 10 (4); PCO2 = 5 atm.;
c plots of ip against CO2 pressure
in the melts Na,K|Cl (1 � 6) and
Na,K|Cl,F (7) at different
scanning rates, Vs−1: 0,1 (1); 0,2
(2); 0,5 (3); 1 (4); 5 (5,7); 10 (6);
d plots ip/v1/2 against v1/2 at
different gas pressures, atm.: 1
(1); 2 (2); 2.5 (3); 5 (4); 7.5 (5);
10 (6); 12 (7); 15 (8). Taken from
(Novoselova et al. 2016) with
permission from Elsevier

Fig. 8 Cyclic voltammograms of
the system Na,K|Cl-CO2

(10 atm), 750 0C, V = 0.1 Vs−1:
a at Pt electrode, SPt = 0.17 cm2;
b at Au electrode, SAu = 0.2 cm2.
Taken from (Novoselova
et al. 2016) with permission of
Elsevier
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Carbon dioxide acts simultaneously not only as a carbon
precursor, but also as an acceptor of O2− anions that are
released at the cathode and binds them into a carbonate
anion:

CO2 þ O2� ¼ CO2�
3 ð23Þ

Oxide anions O2– strongly inhibit the kinetics of the
cathodic process. So, excess pressure of CO2 in the cell also
prevents the autoinhibition of CO2RR.

The overall cathode reaction may be represented as:

3CO2 þ 4e ! C þ 2CO2�
3 ð24Þ

Carbonate-ion discharge takes place at the anode with
formation of carbon dioxide and oxygen:

CO2�
3 ¼ CO2 þ 1=2 O2 þ 2e ð25Þ

The overall electrochemical reaction is:

CO2 ¼ C þ O2 ð26Þ
Interesting results were obtained while studying the phase

composition and morphology peculiarities of carbon
deposits, which were produced in different chloride systems.
Figure 10 shows the result of XRD analysis and the mor-
phology of the carbon powder, which was obtained from a
Na,K|Cl melt under excess CO2 pressure of 10 atm on
platinum cathode at temperature of 750 °C and current
density of 0.1 A cm−2. The XRD analysis showed that the
diffraction pattern exhibited in the 2-theta regions two halos:
the first with center at 26° and the second with the center at
42° (Fig. 10a). The presence of these halos indicates the

existence of carbon (graphitized) planes in the product.
The XRD data also showed austenite FCC lattice peaks. The
lattice can consist of nickel and iron atoms. The reason of
these impurities in the deposit may be the uncontrolled
oxidation of the electrolyzer materials. During the long-term
(up to 5 h) electrolysis, the reactor walls and other elec-
trolyzer parts can oxidize, and the oxidation products can get
into the melt. The oxidized components can dissolve in the
chloride melt and then be reduced at the cathode. The rela-
tive ratio of the carbon and FCC phases was estimated in
each pattern based on ratios of the intensities of the
diffraction peaks of carbon {002} and austenite {111} and
was between 0.5 and 2.0 in different samples. At the ratio
1:1, the carbon product contained the maximum percentage
of carbon tubes in the sample according to the microscopy
data (up to 40 vol%) (Fig. 10b, c). Thus, the austenite phase
catalyzes the formation of a tubular carbon structure in salt
melts. This observation is already purposefully used by
researchers (Ren et al. 2019) to fabricate well oriented car-
bon nanotubes in great amount.

If refractory metal ions are added to the electrolytic bath
under investigation, then the co-electroreduction of carbon
and metal to form a metal carbide can be realized. The main
condition for the formation of a carbide phase over a wide
current density range is the closeness of the carbon and
metal deposition potentials. Researches in this direction are
currently under way by some groups (Stulov et al.
2017; Dubrovskiy et al. 2018; Kushkhov and Adamokova
2007) and in our laboratory (Novoselova et al. 2001,
2003, 2014, 2018, 2020a). Nanoscale powders of tungsten
carbide (WC, W2C), molybdenum carbide (Mo2C), and

Fig. 9 SEM images (a, b) of
cathodic products and electron
diffraction pattern (с) of product
(b) produced in the system Na,K|
Cl-CO2 (10 atm.) at Pt plate
electrodes at 750 0C and
potentials: a −0.6 V; b −1.0 V.
Taken from (Novoselova et al.
2016) with permission of Elsevier
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composite materials based on them have been synthesized
(Novoselova 1988). Double tungsten (molybdenum) car-
bides with cobalt or nickel can also be obtained by
high-temperature electrochemical synthesis (Kushkhov et al.
1990a, b). To this end, the composition of the electrolytic
bath must be selected in such way that the
co-electroreduction of already three components (carbon,
refractory metal, and cobalt (nickel)) is realized. For this
purpose, the formation of new electrochemically active
species in situ by acid–base interactions in melts is used
(Novoselova et al. 2020a). Single and double tungsten and
molybdenum carbides synthesized electrolytically from
molten salts possess a whole set of properties that are
interesting in applied aspect. They have nanosized grains,
high electronic conductivity values, a high chemical stability
in acidic media, and a unique morphology (nanofibers,
nanohoneycombs) (Fig. 11). These characteristics make it
possible to use the above materials as catalysts and electrode
materials in modern electrochemical devices (Novoselova
et al. 2018).

3.3 Indirect Electrochemical Reduction of CO2

in Molten Salts

Indirect CO2RR in molten salts generally involves three
main stages: (1) capture of CO2 by molten salt through its
physical or chemical dissolution; (2) electrochemical con-
version of CO2 to C or CO on the cathode and O2 on the

anode; and (3) purification and separation of products.
Electrolysis should be carried out in closed or flow cells in
an atmosphere of carbon dioxide. The most commonly used
electrolytes are single, binary, or ternary carbonate systems,
necessarily containing cations of lithium, calcium, magne-
sium, or barium at temperatures 400–1000 °C. These elec-
trolytes have a wide electrochemical potential window and
good dissolving ability for CO2. Halide-carbonate and
halide-oxide mixtures can also be used.

The first stage—the capture of CO2 by molten salt—is
investigated in detail by Deng et al. (Deng et al. 2016a, b).
They study the thermodynamics and kinetics of CO2 static
absorption in Li2O containing carbonate and chloride melts
at various CO2 partial pressures and temperatures.

Wang et al. (Jiang et al. 2019; Deng et al. 2018, 2016a,
2019; Ge et al. 2015; Song et al. 2012; Wu et al. 2017)
developed a process for the capture and electrochemical
conversion of CO2 and called it MSCC–ET process. This
scientific group conducted an extensive research on the
thermodynamics and kinetics of the cathode and anode
discharges of carbonate anions in carbonate and
chloride-carbonate melts, to study the properties of the
electrolytic carbon product, the stability and efficiency of
anode materials, current efficiency, and energy consumption.
Licht et al. were the first to propose to combine the processes
of a CO2 capture and electrolysis in molten salt with STEP
process (Licht et al. 2010; Wu et al. 2016; Johnson et al.
2017; Wang et al. 2019; Ren et al. 2019; Liu et al. 2020).
Kaplan et al. succeeded in converting CO2 to CO with

Fig. 10 a XRD pattern of
cathodic product obtained in the
melt Na,K|Cl-CO2 (10 atm.) and
its SEM images (b, c)
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almost 100% Faraday efficiency by electrolysis of molten
lithium carbonate (Kaplan et al. 2010, 2014).

The chemical composition and the form of the cathodic
products in the MSCC-ET process can be quite different.
Carbon powders of different morphology, structure and
dispersity, carbon films, carbide coatings and powders, car-
bon monoxide and synthesis gas (Wu et al. 2017) were
obtained under various experimental conditions. But
research mostly focused on solid-phase carbon production.
Graphene was obtained in molten chloride according to Refs
(Liu et al. 2020; Hu et al. 2016) and hollow carbon spheres
(HCS) were obtained by Deng et al. (2017). Composition
and properties of carbon products depend on the conditions
and modes of electrolysis (cathode potential, bath potential,
current density, electrolyte composition, electrolysis dura-
tion, cathode and anode materials, temperature, etc.). For the
synthesis of a product with a given composition and prop-
erties, it is necessary to elucidate the mechanisms of
occurring processes.

3.4 The Mechanisms of Electrode Reactions
Occurring at the Cathode and Anode

In spite the large number of publications devoted to the study
of the cathodic discharge of the carbonate anion and carbon
dioxide in molten salts, there is still no universally recognized
mechanism that would completely describe the results

obtained. Understanding the mechanisms of processes is very
important for developing a sustainable, controlled, and
industrially scalable method for the production of nanoscale
carbon-containing materials (nanosized carbon structures and
carbides of refractory metals) with given properties.

During electrolysis, it is also possible to reduce CO3
2−

ions to carbon monoxide (CO) according to reaction (27).
However, as it has been shown by thermodynamic calcula-
tions (Chery et al. 2014; Yin and Wang 2018) and experi-
ments carried out (Kaplan et al. 2010, 2014) reaction (27)
will proceed at temperatures above 850 °C.

CO2�
3 þ 2e� ! CO þ 2 O2� ð27Þ

To date, the literature suggests three possible mechanisms
for the cathodic discharge of the carbonate anion to carbon
in the solid phase.

(1) Direct one step transfer of 4 electrons via reaction
(28).

The produced O2− anions can react with CO2 (from the
atmosphere above the melt) and regenerate the CO3

2− ions
according to (29):

CO2�
3 þ 4e ! C þ 3O2� ð28Þ

CO2 þ O2� ¼ CO2�
3 ð29Þ

Despite the fact that this mechanism is used by many
authors, there are certain contradictions in it, namely:

Fig. 11 SEM images of
electrolytic powders of tungsten
carbides: WC (a, b), composites
WC + C (c), and W2C + Pt (d),
produced in the system
NaCl-KCl-Na2W2O7-CO2
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–effect of the cationic environment on the features of
carbonate-anion discharge is not taken into account, but this
effect has been recorded by many researchers (Ijije and Chen
2016; Deng et al. 2016a; Chery et al. 2015; Hughes et al.
2018; Wang et al. 2019).

–limiting currents are observed on the voltammograms of
carbonate-anion discharge in pure carbonate melts, which
indicates kinetic difficulties of the discharge process. This
fact was not explained in the framework of this model;

–chemical composition and morphology of the carbon
product strongly depends on the specified cathode potential,
which is also difficult to explain in the framework of this
mechanism.

(2) Two-step process, involving the two successive stages
with the transfer of two electrons in each stage and the
formation of CO (reactions (30) and (30a)) or a hypothetical
intermediate anion CO2

2− according to reactions (31) and
(31a) (Ito et al. 1992).

The formation of CO2
2− ion can take place by the com-

bination of a CO molecule and a O2− ion and was detected
in Borucka (1977).

CO2�
3 þ 2e ! CO þ 2O2� ð30Þ

CO þ 2e ! C þ O2� ð30aÞ

CO2�
3 þ 2e ! CO2�

2 þ O2� ð31Þ

CO2�
2 þ 2e ! C þ 2O2� ð31aÞ

All these remarks for the first CO2RR path can be surely
related to the second mechanism.

(3) Electrowinning of an alkali metal on the cathode,
which then chemically reduces carbonate anions to carbon
according reactions (32–34).

This is indirect electrochemical CO2 conversion.

M2CO3 � 2Mþ þCO2�
3 ð32Þ

Mþ þ xe ! M ð33Þ

2xM þ MxCO3 ! C þ 3MxO ð34Þ
where M is monovalent metal.
The authors (Smirnov et al. 1965; Deanhard et al.

1986) attributed this discharge mechanism to the absence of
limiting current in voltammograms before the exponential
discharge of the base electrolyte in both pure carbonate and
fluoride-carbonate melts. It was therefore postulated that
CO3

2− ions are not electrochemically active species, but are
rather reduced in a chemical reaction following the electro-
chemical formation of an alkali metal. However, recent
studies (Chery et al. 2014, 2015; Ge et al. 2016; Deng et al.
2018) have shown that limiting currents of carbon

electroreduction are recorded on voltammograms both in
pure concentrated carbonate and halide-carbonate melts. It
depends on the experimental conditions and especially on
the nature of cathodic material.

There is also a fourth mechanism which can explain the
observed peculiarities of the carbonate anion discharge, and
which is being developed in our laboratory. This is the
so-called acid–base type of preceding electrochemical reaction.

In molten electrolytes, some discharging elements
(tungsten, silicon, carbon) are in the form of stable anionic
complexes, which can be reduced at the cathode without
electrolytic predissociation ([CO3]

2− � C4+ + 3 O2−).
Yu. K. Delimarskii and V. I. Shapoval (Delimarskii

et al. 1972, 1985) have extended the concept of acid–base
equilibria to melts containing CO3

2−− oxyanions and
described the effect of the following equilibria existing in
ionic melts on the electroreduction kinetics of the above
anion:

CO3½ �2� �CO2 þ O2� ð35Þ
The authors established a law, according to which in the

presence of such equilibria, the species with the most acidic
properties, namely CO2 species, are reduced in the first
place. The acid–base equilibria of the type (35) are often
called in literature Lux-Flood equilibria, and the basicity of
the melt is expressed by the pO value, which is equal to the
negative logarithm of oxide ion activity. The pO value is the
same ionic characteristic for oxygen-containing molten
systems as pH for aqueous solutions. The prelogarithmic
factor of the equation of dependence of equilibrium potential
for CO3

2− on the basicity of the melt is:

E ¼ Eo þ 1:725RT=F � pO ð36Þ
An important approach of controlling electrode processes

is changing the “basicity” or “acidity” of the ionic melt. The
measures of the “basicity” or “acidity” of ionic melts are the
concentrations of such ions as O2−. The problem of the effect
of acid–base equilibria on the kinetics of electrode processes
in ionic melts was considered in (Shapoval et al. 1974;
Shapoval 1975). By shifting acid–base equilibria by adding
oxygen ion acceptors or donors to the electrolyte, one can
conduct the electrolysis in the desired direction and within
definite limits.

Therefore, we proposed the following fourth discharge
mechanism of thermally unstable carbonates.

(4) A preceding chemical reaction of acid–base type first
takes place (reaction (35)), and then an electrochemical
discharge of carbon dioxide formed by this reaction occurs
at the cathode (reaction (37)):

CO2�
3 � fCO2 þO2�gþ 4e ! Cþ 3O2� ð37Þ
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Thus, the electrochemically active species is CO2. This
assumption was confirmed in effecting a direct reduction of
carbon dioxide dissolved in a Na, K|Cl salts mixture under
an excess pressure at 700–750 °C (Novoselova et al. 2016),
which was shortly described in Sect. 3.2. The above reac-
tions (35) and (37) are somewhat simplified since they do
not take into account the possible effect of the cationic
environment of discharging species. It has been shown by
the quantum chemistry method (Shapoval et al. 1984;
Soloviev 1985; Novoselova et al. 2020b) that by changing
the cationic composition of the electrolyte, one can trans-
form anionic carbonate complexes into a new active state,
cationized carbonate complexes according to Scheme 1—
reaction (38).

where z—is the cation charge, n—is the order of reaction
with respect to cation or coordination number (CN) of the
complex.

Thus, cation–anion interaction can result either in the
formation of cationized anions (metal complexes) or in anion
dissociation both under the direct influence of cations and
through the intermediate stage of formation of “short-lived”
metal complexes.

It has been shown by the method of voltammetry
(Novoselova et al. 2020b) that there is no wave of cathodic
discharge in the Na, K, Rb|Cl chloride melt, containing
sodium carbonate, up to the electroreduction potentials of
the base electrolyte. This means that in the chloride melt
containing weakly polarizing Na+, K+, Rb+ cations, the CO3

2

− anion shows no electrochemical activity in the temperature
range of 570–700 °C. This is accounted for by the large
values of the activation barriers to the two- and four-electron
reduction of CO3

2−.
When Li+, Ca2+, Mg2+cations (cations with high specific

charge) in the form of chlorides are added to this melt, waves
appear in all three electrolytes in the same potential range
(−0.7 to −0.9 V versus to a silver reference electrode). The
catodic product of electrolysis at this potential is solid car-
bon. This means that the carbonate anion interacts with these
cations, and a new electrochemically active species is
formed. It was suggested that it can be a cationized car-
bonate complex. Subsequently, it decomposes, owing to its
instability, into an oxide anion O2− and carbon dioxide,

which is then reduced at the cathode. In this case, the car-
bonate anion is discharged under kinetic conditions, viz.
with a preceding chemical reaction of acid–base type. The
reaction path will depend on the concentration of cations and
their specific charge values.

Only two principal anodic reactions are possible: the
oxidation of CO3

2− ions to CO2 and O2 via reaction
(39): (40).

2CO2�
3 ! 2CO2 þ O2 þ 4e ð39Þ

Besides the formation of O2 at the anode via reaction
(39), O2−ions produced at the cathode can migrate toward
the anode where they can be oxidized to O2 according to
reaction (40): (41):

2O2� ! O2 þ 4e ð40Þ

3.5 Prospects for CO2 Conversion in Molten
Salts

The capture of CO2 with a molten salt and its electro-
chemical conversion (MSCC–ET) is a promising way for the
economic and effective use of this greenhouse gas. In this
process, captured CO2 (in the form of dissolved gas or
carbonate ions) is selectively converted to carbonaceous
materials with high added value and CO, demonstrating a
high current density (of up to 1.5 A/cm2) and current effi-
ciency (of up to 100%). A practical application of MSCC–
ET is the reuse of deposited carbon to generate electricity by
reoxidation. The electrical energy that is used to produce
electrolytic carbon can be stored as possible chemical energy
in the carbon deposit. If necessary, this chemical energy can
be converted back to electricity by the repeated electro-
chemical and chemical oxidation of electrolytic carbon.
Storage and transportation of solid-state electrolytic carbon
is an inexpensive and environmentally friendly approach.
The composition of the process products can be changed by
selecting the necessary electrolysis conditions and they can
be carbon, carbon monoxide, or synthesis gas, as shown in
Fig. 12.

The cathodic products (carbonaceous materials) obtained
by CO2 electrolysis in molten salts have a high added
value. They have been tested as electrode materials for
batteries (Groult et al. 2006; Ge et al. 2015; Licht et al.
2016), supercondensors (Hughes et al. 2018, 2020; Yin
et al. 2013); in hydrogen production electrolyzers (Novo-
selova et al. 2018), and as pollutant absorbents. The results
obtained indicate promising prospects of using the above
materials in modern devices and technologies.

(38)

Scheme 1 Reaction (38)

Electrochemical CO2 Conversion 131



Nevertheless, much unknown still remains in terms of
basic research and know-hows for technological develop-
ments. The challenges facing the scientists working in this
area are well covered in the review (Jiang et al. 2019). Here
are some of them. Although various carbon materials have
been obtained and characterized, the detailed mechanisms of
CO3

2− electroreduction as well as the paths of the formation
of new crystal structures from reduced carbon atoms and the
principles of its control are unclear up to now. This
knowledge is very important for the control of the synthesis
and further use of the product. Moreover, there are no
optimization composition of the molten electrolyte and the
behavior of the gas at the molten salt–electrode–CO2 gas
interface. The development of a reliable and readily avail-
able inert anode is not yet completed. In engineering aspect,
the following issues are very topical: preparation of starting
CO2 from different sources for electrolysis; design, stability,
and service life of electrolyzers and their component parts;
collecting, separating, and washing the products free from
the reaction medium.

4 Conclusions

In recent years, the electrolytic conversion of CO2 has
attracted great attention of researchers due to the following
advantages:

(1) the process can be controlled by the parameters and
conditions of electrolysis (electrode potentials, current den-
sity, bath composition, electrode materials, temperature);

(2) base electrolytes can be completely recycled, so that
total reagent consumption can be minimized;

(3) the source of electricity used for the process can be
obtained without generating new CO2 using renewable
energy sources, such as solar and wind energy, hydroelec-
tric, geothermal, and thermoelectric processes;

(4) electrochemical reaction cells are compact and mod-
ular for large-scale applications.

The combination of CO2 electroreduction with a renew-
able energy sources for the production of expensive fuels
and chemicals is a very important and prospect strategy to

Fig. 12 Schematic of molten salt CO2 capture and electrochemical transformation (MSCC-ET) process with heat exchange between molten salt
outside heat by solar and/or high-temperature flue gas. Taken from (Jiang et al. 2019) with permission from Elsevier
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create a sustainable energy economy. The electrochemical
conversion of carbon dioxide can be realized from a wide
range of conducting media (aqueous, non-aqueous (organic
and ionic liquids), solid oxide, and molten electrolytes).
Compared to aqueous and non-aqueous electrolytes, the
high-temperature technologies—SOEC and MSCC-ET
(STEP)—have the highest efficiency of the processes and
may use the flue gases. In addition, MSCC-ET (STEP)
technologies do not need complex and expensive catalysts.
Based on an analysis of the readiness levels of the tech-
nologies considered, SOEC presently is the most effective
and mature technology for the production of CO from CO2.

TheMSCC-ET process, especially in the view of the STEP
process, is expediently used in the preparation of solid-phase
carbon materials (carbon sheets, tubes, fibers, graphene).
These materials can be used to generate and store energy, as
protective coatings and absorbents. In turn, low-temperature
aqueous and organic electrolytes can offer very promising
opportunities for the production of other valuable chemicals,
such as formic acid, methane, methanol, ethanol, or ethylene.
None of these compounds can be obtained by the
high-temperature electrolysis of molten carbonates or solid
oxides.

References

Abbott AP, Eardley ChA (2000) Electrochemical reduction of CO2 in a
mixed supercritical fluid. J of Phys Chem B 104:775–779

Alvarez-Guerra M, Albo J, Alvarez-Guerra E, Irabien A (2015) Ionic
liquids in the electrochemical valorisation of CO2. Energy Environ
Sci 8:2574–2599

Aschenbrenner O, Styring P (2010) Comparative study of solvent
properties for carbon dioxide absorption. Energy Environ Sci
3:1106–1113

Balasubramanian R, Wang W, Murray RW (2006) Redox ionic liquid
phases: ferrocenatedimidazoliums. J Am Chem Soc 128:9994–9995

Bartlett HE, Jonson KE (1966) Electrolytic reduction and Elinghem
diagrams for oxy-anion systems. Can J Chem 44(18):2119–2129

Belyaev V, Galvita V, Sobyanin V (1998) Effect of anodic current on
carbon dioxide reforming of methane on Pt electrode in a cell with
solid oxide electrolyte. React Kinet Catal Lett 63:341–348

Boehm HP (1978) Carbon from solid-state reduction of carbonate ions.
Carbon 16(1):77–78

Borucka A (1977) Evidence for the existence of stable CO2
2- ion and

response time of gas electrodes in molten alkali carbonates. J of
Electrochem Soc 124:972–976

Buzzeo MC, Evans RG, Compton RG (2004) Non-haloaluminate
room-temperature ionic liquids in electrochemistry–a review. Chem
Phys Chem 5:1106–1120

Chandler HW, Pjllara FZ (1966) Oxygen generation in solid electrolyte
system. AJCHE chemical engineering progress. Series Aerospace
Life Support 62:29–37

Chang CJ (1992) The solubility of carbon dioxide in organic solvents at
elevated pressures. Fluid Phase Equilib 74:235–242

Chen GZ, Fray DJ (2003) Recent development in electrolytic formation
of carbon nanotubes in molten salts. Journal of Mining and
Metallurgy, Section: B-Metallurgy 39:309–342

Chen Zh, Gu Yu, Hu L et al (2017) Synthesis of nanostructured
graphite via molten salt reduction of CO2 and SO2 at a relatively
low temperature. J. Mater Chem A 5:20603–20607

Chery D, Albin V, Lair L, Cassir M (2014) Thermodynamic and
experimental approach of electrochemical reduction of CO2 in
molten carbonates. Int J Hydrogen Energy 39:12330–12339

Chery D, Lair V, Cassir M (2015) Overview on CO2 valorization:
challenge of molten carbonates. Frontiers in Energy Research 3:43

Chu S, Majumdar A (2012) Opportunities and challenges for a
sustainable energy future. Nature 488:294–303

Chu S, Cui Y, Liu N (2016) The path towards sustainable energy. Nat
Mater 16:16–22

Deanhardt ML, Stern KH, Kende A (1986) Thermal decomposition and
reduction of carbonate ion in fluoride melts. J Electrochem Soc
133:1148–1151

Delimarskii YuK (1985) Some peculiarities of the electrolysis of ionic
melts. Electrochim Acta 30:1007–1010

Delimarskii YuK, Shapoval VI (1972) Equations for cathodic polaro-
grams taking account of the acid-base characteristics of
oxygen-containing molten salts. Theor Exp Chem 8:378–382

Delimarskii YuK, Shapoval VI, Grishchenko VF et al (1968) Features
of cathodic carbon evolution during the electrolysis of molten
carbonates. Dokl Akad Nauk SSSR 183:1332–1334 (in Russian)

Delimarskii YuK, Shapoval VI, Vasilenko VA et al (1970) Electrolysis
of fused carbonates of alkali metals under pressure. Zh Prikl Khim
43:2634–2638 (in Russian)

Delimarskii YuK, Shapoval VI, Vasilenko VA (1971) Importance of
the kinetic process during the electroreduction of CO3

2- in molten
potassium chloride-sodium chloride. Russ J Electrochem 7:1301–
1304 (in Russian)

Deng BW, Chen ZG, Gao MX et al (2016a) Molten salt CO2 capture
and electro-transformation (MSCC-ET) into capacitive carbon at
medium temperature: effect of the electrolyte composition. Faraday
Discuss 190:241–258

Deng B, Tang J, Mao X et al (2016b) Kinetic and thermodynamic
characterization of enhanced carbon dioxide absorption process
with lithium oxide-containing ternary molten carbonate. Environ
Sci Technol 50:10588–10595

Deng B, Mao X, Xiao W, Wang D (2017) Microbubble effect-assisted
electrolytic synthesis of hollow carbon spheres from CO2. J Mater
Chem A 5:12822–12827

Deng B, Tang J, Gao M et al (2018) Electrolytic synthesis of carbon
from the captured CO2 in molten LiCl–KCl–CaCO3: Critical roles
of electrode potential and temperature for hollow structure and
lithium storage performance. Electrochim Acta 259:975–985

Deng B, Gao M, Ru Y, Wang D et al (2019) Critical operating
conditions for enhanced energy-efficient molten salt CO2 capture
and electrolytic utilization as durable looping applications. Appl
Energy 255:113862

Devyatkin SV (2005) Electrochemical synthesis of carbon nanotubes in
molten carbonates. In: 7th international symposium on molten salts
chemistry and technology 2005, Toulouse, France, 29 Aug.–2 Sept.,
2005 Proceedings 1: 515–517

Dinh C, Burdyny T, Kibria M et al (2018) CO2 electroreduction to
ethylene via hydroxide-mediated copper catalysis at an abrupt
interface. Science 360:783–787

Du K, Yu R, Gao M et al (2019) Durability of platinum coating anode
in molten carbonate electrolysis cell. Corros Sci 153:12–18

Dubrovskiy A, Makarova O, Kuznetsov S (2018) Effect of the
molybdenum substrate shape on Mo2C coating electrodeposition.
Coatings 8:442. https://doi.org/10.3390/coatings8120442

Ebbesen SD, Knibbe R, Mogensen M (2012) Co-electrolysis of steam
and carbon dioxide in solid oxide cells. J Ectrochem Soc 159:F482–
F489

Electrochemical CO2 Conversion 133

http://dx.doi.org/10.3390/coatings8120442


Endroda B, Bencsik G, Darvas F et al (2017) Continuous-flow
electroreduction of carbon dioxide. Prog Energy Combust Sci
62:133–154

Faggion DJ, Gonçalves WDG, Dupont J (2019) CO2 electroreduction
in ionic liquids. Front Chem 7:102

Fennell PS, Shah N, Maitland GC (2017) The role of CO2 capture and
utilization in mitigating climate change. Nat Clim Chang 7:243–
249. https://doi.org/10.1038/nclimate3231

Ge JB, Hu LW, Wang W et al (2015) Electrochemical conversion of
CO2 into negative electrode materials for Li-ion batteries. Chem
Electro Chem 2:224–230

Ge JB, Wang S, Hu LW et al (2016) Electrochemical deposition of
carbon in LiCl-NaCl-Na2CO3 melts. Carbon 98:649–657

Glenn MJ, Allen JA, Donne SW (2020) Carbon electro-catalysis in the
direct carbon fuel cell utilizing alkali metal molten carbonates: a
mechanistic review. J Power Sources 453: 227662

Graves C, Ebbesen SD, Mogensen M et al (2011) Sustainable
hydrocarbon fuels by recycling CO2 and H2O with renewable or
nuclear energy. Renew Sustain Energy Rev 15:1–23

Graves C, Ebbesen SD, Jensen SH et al (2014) Eliminating degradation
in solid oxide electrochemical cells by reversible operation. Nature
Mater 14:239–244

Groult H, Kaplan B, Lantelme F et al (2006) A preparation of carbon
nanoparticles from electrolysis of molten carbonates and use as
anode materials in lithium-ion batteries. Solid State Ionics 177:869–
875

Gupta R, Schwandt C, Fray D (2014) Preparation of tin-filled carbon
nanotubes and nanoparticles by molten salt electrolysis. Carbon
70:142–148

Halman M, Zukerman K (1987) Electroreduction of carbon dioxide to
carbon monoxide in molten LiCl + NaCl, LiF + KF + NaF, Li2CO3

+ Na2CO3 + K2CO3 and AlCl3 + NaCl. J of Electroanal Chemistry
and Interfacial Electrochemistry 235:369–380

Hartvigsen J, Elangovan S, Elwell J, Larsen D (2017) Oxygen
production from Mars atmosphere carbon dioxide using solid oxide
electrolysis. ECS Trans 78(1):2953

Hayyan M, Mjalli FS, Hashim MA et al (2013) Investigating the
electrochemical windows of ionic liquids. J Indus Eng Chem
19:106–112

Hoang Th, Verma S, Ma S et al (2018) Nanoporous copper–silver
alloys by additive-controlled electrodeposition for the selective
electroreduction of CO2 to ethylene and ethanol. J Am Chem Soc
140(17):5791–5797

Hori Y (2008) Electrochemical CO2 reduction on metal electrodes. In:
Vayenas CG, White RE, Gamboa-Aldeco ME (eds) Modern aspects
of electrochemistry, vol 42. Springer. New York, NY, pp 89–189

Hu L, Song Y, Jiao S et al (2016) Direct Conversion of Greenhouse
Gas CO2 into Graphene via Molten Salts Electrolysis. Chem Sus
Chem 9:588–594

Huang J, Mensi M, Oveisi E et al (2019) Structural sensitivities in
bimetallic catalysts for electrochemical CO2 reduction revealed by
Ag–Cu nanodimers. J Am Chem Soc 141(6):2490–3249

Hughes MA, Allen JA, Donne SW (2018) The properties of carbons
derived through the electrolytic reduction of molten carbonates
under varied conditions: Part I. A study based on step potential
electrochemical spectroscopy. J Electrochem Soc 165:A2608–
A2624

Hughes MA, Allen JA, Donne SW (2020) Optimized electrolytic
carbon and electrolyte systems for electrochemical capacitors.
Chem Electro Chem 7:266–282

Ijije HV, Chen GZ (2016) Electrochemical manufacturing of nanocar-
bons from carbon dioxide in molten alkali metal carbonate salts:
roles of alkali metal cations. Advances in Manufacturing 4:23–32

Ijije HV, Sun Ch, Chen GZ (2014a) Indirect electrochemical reduction
of carbon dioxide to carbon nanopowders in molten alkali

carbonates: Process variables and product properties. Carbon
73:64–73

Ijije HV, Lawrence RC, Chen GZ (2014b) Carbon electrodeposition in
molten salts: electrode reactions and applications. RSC Adv
4:35808–35817

Ingram MD, Baron B, Janz GJ (1966) The electrolytic deposition of
carbon from fused carbonates. Electrochemica Acta 11:1629–1639

Irvine J, Neagu D, Verbraeken M et al (2016) Evolution of the
electrochemical interface in high-temperature fuel cells and elec-
trolysers. Nat Energy 1:15014

Ito Y, Shimada T, Kawamura H (1992) Electrochemical formation of
thin carbon film from molten chloride system. Proc Electrochem
Soc 16:574–585

Jiang R, Gao M, Mao X, Wang D (2019) Advancements and potentials
of molten salt CO2 capture and electrochemical transformation
(MSCC–ET) process. Curr Opin Electrochem 17:38–46

Johnson M, Ren J, Lefler M et al (2017) Carbon nanotube wools made
directly from CO2 by molten electrolysis: Value driven pathways to
carbon dioxide greenhouse gas mitigation. Mater Today Energy
5:230–236

Jones JP, Prakash SGK, Olah GA (2014) Electrochemical CO2 reduction:
recent advances and current trends. Isr J Chem 54(1):1451–1466

Kamali AR, Fray DJ (2014) Towards large scale preparation of carbon
nanostructures in molten LiCl. Carbon 77:835–845

Kamali AR, Schwandt C, Fray DJ (2011) Effect of the graphite
electrode material on the characteristics of molten salt electrolyt-
ically produced carbon nanomaterials. Mater Charact 62:987–994

Kamali AR (2020) Green production of carbon nanomaterials in molten
salts and applications. Springer Nature Singapore Ltd.

Kaneco S, Iiba K, Yabuuchi M et al (2002) High efficiency
electrochemical CO2 – to - methane conversion method using
methanol with lithium supporting electrolytes. Ind Eng Chem Res
41:(21)5165–5170

Kaplan V, Wachtel E, Gartsman K et al (2010) Conversion of CO2 to
CO by electrolysis of molten lithium carbonate. J Electrochem Soc
157:B552–B556

Kaplan V, Wachtel E, Lubomirsky I (2014) CO2 to CO electrochemical
conversion in molten Li2CO3 is stable with respect to sulfur
contamination. J Electrochem Soc 161(1):F54–F57

Kharton VV, Marques FMB, Atkinson A (2004) Transport properties
of solid oxide electrolyte ceramics: a brief review. Solid State Ionics
174:135–149

Küngas R (2020) Review–Electrochemical CO2 reduction for CO
production: comparison of low- and high-temperature electrolysis
technologies. J Electrochem Soc 167(4):044508

Kushkhov KhB, Adamokova MN (2007) Electrowinning of metallic
tungsten, molybdenum and their carbides from low-temperature
halide-oxide melts. Russ J Electrichem 43:1049–1059 (in Russian)

Kushkhov KhB, Shapoval VI, Novoselova IA (1987) Electrochemical
behavior of carbonic acid under excessive pressure in equimolecular
melt of potassium and sodium chlorides. Russ J Electrochem
23:952–956 (in Russian)

Kushkhov KhB, Novoselova IA, Supatashvili DG, Shapoval VI
(1990a) Joint electroreduction of fluoride oxide complexes of
tungsten and carbon dioxide in a chloride-fluoride melt. Russ J
Electrochem 26:48–51 (in Russian)

Kushkhov KhB, Supatashvili DG, Novoselova IA, Shapoval VI
(1990b) Joint electroreduction of various ionic forms of tungsten
with cations of nickel and cobalt in halide melts. Russ J
Electrochem 26:720–723 (in Russian)

Lail M, Tanthana J, Coleman L (2014) Non-aqueous solvent
(NAS) CO2 capture. Process Energy Procedia 63:580–594

Li W, Wang H, Shi Y, Cai N (2013) Performance and methane
production characteristics of H2O-CO2 co-electrolysis in solid oxide
electrolysis cells. Int J Hydrogen Energy 38:11104–11109

134 I. A. Novoselova et al.

http://dx.doi.org/10.1038/nclimate3231


Licht S, Wang B, Ghosh S et al (2010) A new solar carbon capture
process: solar thermal electrochemical photo (STEP) carbon
capture. J Phys Chem Lett 15:2363–2368

Licht S, Douglas A, Ren J et al (2016) Carbon nanotubes produced from
ambient carbon dioxide for environmentally sustainable lithium-ion
and sodium-ion battery anodes. ACS Central Sci 2:162–168

Liu X, Wang X, Licht G, Licht S (2020) Transformation of the
greenhouse gas carbon dioxide to graphene. J CO2 Utilization
36:288–294

Ni M (2012) An electrochemical model for syngas production by
co-electrolysis of H2O and CO2. J Power Sources 202:209–216

Nitopi S, Bertheussen E, Scott S et al (2019) Progress and perspectives
of electrochemical CO2 reduction on copper in aqueous electrolyte.
Chem Rev 119(12):7610–7672

Novoselova IA (1988) High temperature electrochemical synthesis of
molybdenum and tungsten carbides under excessive carbon dioxide
pressure. Thesis of PhD. Kiev: V. I. Vernadskii institute of general
and inorganic chemistry, NASU (in Russian)

Novoselova IA, Kushkhov KhB, Malyshev VV, Shapoval VI (2001)
Theoretical foundations and implementation of high-temperature
electrochemical synthesis of tungsten carbides in ionic melts. Theor
Found Chem Eng 35:175–187

Novoselova IA, Kuleshov SV, Omel’chuk AA et al (2020b) Cationic
catalysis during the discharge of carbonate anions in molten salts.
ECS Trans 98:317–332

Novoselova IA, Volkov SV, Oliinyk NF, Shapoval VI (2003)
High-Temperature electrochemical synthesis of carbon-containing
inorganic compounds under excessive carbon dioxide pressure.
J Min Metall Section: B-Metall 39:281–293

Novoselova IA, Oliinyk NF, Volkov SV et al (2008b) Electrochemical
synthesis of carbon nanotubes from dioxide in molten salts and their
characterization. Phys E 40:2231–2237

Novoselova IA, Nakoneshnaya EP, Karpushin NA et al (2014)
Electrochemical synthesis of composite materials based on
nanoscale powders of tungsten carbides in molten salts. Metallofiz
Noveishie Tekhnol 36(4):491–508 (in Russian)

Novoselova IA, Kuleshov SV, Volkov SV et al (2016) Electrochemical
synthesis, morphological and structural characteristics of carbon
nanomaterials produced in molten salts. Electrochim Acta 211:343–
355

Novoselova I, Kuleshov S, Fedoryshena E et al (2018) Electrochemical
synthesis of tungsten carbide in molten salts, its properties and
applications. ECS Trans 86:81–94

Novoselova IA, Oliynyk NF, Volkov SV (2007) Electrolytic produc-
tion of carbon nano-tubes in chloride-oxide melts under carbon
dioxide pressure. In: Veziroglu TN, et al. (ed) Hydrogen materials
and chemistry of carbon nanomaterials, Springer-Verlag, Berlin,
pp 459–465

Novoselova IA, Oliinyk NF, Voronina AB, Volkov SV (2008a)
Electrolytic generation of nano-scale carbon phases with framework
structures in molten salts on metal cathodes. Zeitschrift fur
Naturforschung 63a:467–474

Novoselova IA, Skryptun IN, Omelchuk AA, Soloviev VV (2020a)
Cationic electrocatalysis in effecting the electrosynthesis of tungsten
carbide nanopowders in molten salts. Chapter 9 in book: Methods
for Electrocatalysis. Edited by Inamuddin M.Phil, Rajender Bod-
dula, Abdullah M. Asiri. Springer Nature Switzerland

Ohta K, Kawamoto M, Mizuno T et al (1998) Electrochemical
reduction of carbon dioxide in methanol at ambient temperature and
pressure. J Applied Electrochemistry 28:717–724

Ohya S, Kaneco S, Katsumata H et al (2009) Electrochemical reduction
of CO2 in methanol with aid of CuO and Cu2O. Catal Today
148:329–334

Otake K, Kinoshita H, Kikuchi T, Suzuki RO (2013) CO2 gas
decomposition to carbon by electro-reduction in molten salts.
Electrochim Acta 100:293–299

Qiao J, Liu Y, Zhang J (eds) (2016) Electrochemical Reduction of
Carbon Dioxide: Fundamentals and Technologies. CRC press.
Taylor and Francis Group.394 p.

Rees NV, Compton RG (2011) Electrochemical CO2 sequestration in
ionic liquids; a perspective. Energy Environ Sci 4:403–408

Ren D, Ang B, Yeo B (2016) Tuning the selectivity of carbon dioxide
electroreduction toward ethanol on oxide-derived CuxZn catalysts.
ACS Catal 6(12):8239–8247

Ren J, Yu A, Peng P et al (2019) Recent advances in solar thermal
electrochemical process (STEP) for carbon neutral products and
high value nanocarbons. Acc Chem Res 52:3177–3187

Ren J, Johnson M, Singhal R, Licht S (2017) Transformation of the
greenhouse gas CO2 by molten electrolysis into a wide controlled
selection of carbon nanotubes. J CO2 Utilization18:335–344

Rezaei A, Kamali AR (2018) Green production of carbon nanomate-
rials in molten salts, mechanisms and applications. Diam Relat
Mater 83:146–161

Rosen BA, Salehi-Khojin A, Thorson MR et al (2011) Ionic liquid–
mediated selective conversion of CO2 to CO at low overpotentials.
Science 334:643–644

Ross MB, De Luna P, Li Y et al (2019) Designing materials for
electrochemical carbon dioxide recycling. Nat Catal 2:648–658

Saeki T, Hashimoto K, Kimura N (1995) Electrochemical reduction of
CO2 with high current density in a CO2 + methanol medium. II. CO
formation promoted by tetrabutylammonium cation. J Electroanal
Chem 39(15):77–82

Shapoval VI (1975) Kinetics of electrode processes with conjugate
reaction of aside-base type in molten salts. Thesis of Disser for
Doctor of Chem Sci Kiev: V. I. Vernadskii Institute of General and
Inorganic Chemistry, NASU (in Russian)

Shapoval VI, Kushkhov KhB, Novoselova IA (1982) Thermodynamic
foundation of the electrochemical synthesis of tungsten, molybde-
num and boron carbides. Ukr Khim Zh 46(7):738–742 (in Russian)

Shapoval VI, Soloviev VV, Lavrinenko-Ometsinskaya ED, Kushkhov
KhB (1984) Quantum-chemical study of the polarization features of
NO3

- and CO3
2- anions under the influence of the cationic

environment. Ukr Khim Zh 50:917–921 (in Russian)
Shapoval V, Malyshev VV, Novoselova IA, Kushkhov KhB (1995)

Modern problems of HTES of transition metal compounds. Russ
Chem Rev 64:125–132

Shapoval VI, Delimarskii YuK, Grishchenko VF (1974) Electrochem-
ical processes with fast and slow acid-base reactions in molten
electrolytes. In: Ionic Melts, Issue 1:222–240. Naukova Dumka,
Kiev (in Russian)

Silvester DS, Compton RG (2006) Electrochemistry in room temper-
ature ionic liquids: a review and some possible applications.
Zeitschrfür Physikal Chem 220:1247–1274

Smirnov MV, Lyubimtseva IYa, Tsiovkina LA (1965) Cathodic
processes on a gold electrode in the lithium oxide-lithium carbonate
molten mixture. Russ J Electrochem 1:566–568 (in Russian)

Soloviev VV (1985) Interaction of anions NO3
- and CO3

2- with cations
Li+ and Be2+ on the background of ionic melts. PhD diss., Kiev: V.
I. Vernadskii Institute of General and Inorganic Chemistry (in
Russian)

Song Y, Zhang X, Xie K et al (2019) High temperature CO2

electrolysis in solid oxide electrolysis cells: developments, chal-
lenges, and prospects. Adv Mater 31(50):1902033

Song Q, Xu Q, Shang X et al (2012) Electrochemical deposition of
carbon films on titanium in molten LiCl–KCl–K2CO3.Thin Solid
Films 520:6856–6863

Electrochemical CO2 Conversion 135



Spinner NS, Vega JA, Mustain WE (2012) Recent progress in the
electrochemical conversion and utilization of CO2. Catal Sci
Technol 2:19–28

Stulov YuV, Dolmatov VS, Dubrovskii AR, Kuznetsov SA (2017)
Coatings by refractory metal carbides: deposition from molten salts,
properties, application. Russ J Appl Chem 90(5):676–683

Sytchev BJ, Kaptay G (2003) Electrochemical study of the electrode-
position and intercalation of sodium into graphite as the first step of
carbon nano-tudes formation. Journal of Mining and Metallurgy,
Section: B-Metallurgy 39:369–381

Sytchev BJ, Kaptay G (2009) Influence of current density on the erosion
of a graphite cathode and electrolytic formation of carbon nanotubes
in molten NaCl and LiCl. Electrochim Acta 54:6725–6731

Tang D, Yin H, Mao X, et al (2013) Effects of applied voltage and
temperature on the electrochemical production of carbon powders
from CO2 in molten salt with an inert anode Electrochimica Acta
114:567–573

Uhm S, Kim YD (2014) Electrochemical conversion of carbon dioxide
in a solid oxide electrolysis cell. Curr Appl Phys 14(5):672–679

Verma S, Hamasaki Y, Kim C et al (2018) Insights into the low
overpotential electroreduction of CO2 to CO on a supported gold
catalyst in an alkaline flow electrolyzer. ACS Energy Lett 3:193–198

Wang X, Liu X, Licht G, Licht S (2019) Exploration of alkali cation
variation on the synthesis of carbon nanotubes by electrolysis of
CO2 in molten carbonates. J CO2 Utilization 34:303–312

Weekes DM, Salvatore DA, Reyes A et al (2018) Electrolytic CO2

reduction in a flow cell. Acc Chem Res 51(4):910–918
Weng W, Tang L, Xiao W (2019) Capture and electro-splitting of CO2

in molten salts. Rev J Energy Chem 28:128–143
Wu H, Li Z, Ji D et al (2016) One-pot synthesis of nanostructured

carbon materials from carbon dioxide via electrolysis in molten
carbonate salts. Carbon 106:208–217

Wu HJ, Liu Y, Ji DQ et al (2017) Renewable and high efficient syngas
production from carbon dioxide and water through solar energy
assisted electrolysis in eutectic molten salts. J Power Sources
362:92–104

Yin HY, Mao XH, Tang DY et al (2013) Capture and electrochemical
conversion of CO2 to value-added carbon and oxygen by molten
salt electrolysis. Energy Environ Sci 6:1538–1538

Yin H, Wang D (2018) Electrochemical valorization of carbon dioxide
in molten salts. In: Li L, Wong-Ng W, Huang K, Cook LP
(eds) Materials and Processes for CO2 Capture, Conversion, and
Sequestration, 1st edn. Wiley, Inc, pp 267–295

Zhang L, Hu S, Zhu X, Yang W (2017) Electrochemical reduction of
CO2 in solid oxide electrolysis cells. J of Energy Chemistry 26
(4):593–601

Zhang J, Luo W, Züttel A (2020) Crossover of liquid products from
electrochemical CO2 reduction through gas diffusion electrode and
anion exchange membrane. J of Catalysis 385:140–145

Zheng Y, Yu B, Wang J et al (2019) Carbon dioxide reduction through
advanced conversion and utilization technologies. Taylor & Francis,
CRC Press, Series: Electrochemical energy storage and conversion,
Boca Raton

Inessa A Novoselova, candidate of chemical sciences (PhD, electrochem-
istry) Scopus ID: 7004650001
Research interests: thermodynamics and electrochemistry of molten salts,

high temperature electrochemical synthesis of refractory compounds (car-
bides, borides, silicides).

Serhii V Kuleshov, junior researcher Scopus ID: 57189995628
Research interests: electrochemistry of molten salts, thermodynamics,

electrolysis of melts.

Anatoliy A Omel’chuk, corresponding member of National Academy of
Sciences of Ukraine (Technical Chemistry), professor, doctor of chemical
sciences (Dr., electrochemistry). Scopus ID: 7004008408
Research interests: electrochemistry of molten salts, solid-state elec-

trolytes, thin-layer electrolysis of melts.

136 I. A. Novoselova et al.



Supercritical Carbon Dioxide Mediated
Organic Transformations

Bubun Banerjee and Gurpreet Kaur

Abstract

Supercritical carbon dioxide became an efficient and
greener alternative of various toxic organic solvents.
Non-toxicity, non-flammability, high dissolvability, inex-
pensive and plenty of availability make this nonconven-
tional solvent more attractive. During last few years,
various organic transformations were carried out in
supercritical carbon dioxide as environmentally benign
solvent. The present chapter summarizes an ‘‘up to date”
developments on supercritical carbon dioxide mediated
various organic transformations reported so far.

Keywords

Supercritical carbon dioxide � Efficient solvent � Green
reaction medium � Sustainable developments � Organic
transformation

1 Introduction

To protect our Mother Nature from the ever-increasing
chemical pollutions, scientists are constantly trying to
modify chemical processes. Among various parameters,
solvent plays an important role in chemical transformations.
Various organic solvents have been used for diverse chem-
ical reactions. Though these processes afforded excellent
yields still they suffered from sustainability issue as most of
the organic solvents are volatile as well as toxic in nature.
Under this background, search for environmentally benign
alternative solvents is still remaining a valid exercise.
Involvement of supercritical carbon dioxide (scCO2) as a
reaction medium helped a lot to fulfil this goal (Jessop and

Leitner, 1999). Non-toxicity, non-flammability, high dis-
solvability, inexpensive and plenty of availability make
scCO2 attractive as a greener reaction medium (Skouta,
2009). Compared to other organic solvents, it has many
advantages including higher substrate selectivity, zero sur-
face tension, poor solvation effect, large diffusion coefficient,
better reaction rate, and facile separation of reactants, cata-
lysts and products (Jessop et al. 1995a, b). Diffusivity of
solutes is much higher in scCO2. After completion of the
reaction, it can be easily removed from the reaction mixture.
Based on the requirement, the solvent properties of scCO2

can easily be controlled by adjusting pressure or temperature
of the medium (Leitner, 2002). This unique property of
scCO2 helped a lot to design new synthetic approaches
involving various organometallic catalysts (Leitner, 2004).
Both homogeneous (Jessop et al. 1999) as well as hetero-
geneous (Baiker, 1999) catalysts are effective in scCO2.
Biocatalyzed reactions are also undergone smoothly in
scCO2 (Nakamura, 1990; Aaltonen and Markku, 1991). On
the other hand, scCO2 recognized as an efficient reaction
medium for free-radical scavenging reactions due to the
inability of radical chain transfer through the medium
(Tanko and Blackert, 1994). With many advantages, it has
one limitation related to the solubility of polar reactants.
Only non-polar reactants become soluble up to an acceptable
limit. To overcome the solubility issue of polar reactants,
co-solvents or sometimes complexing agents were added
additionally.

Because of these above-mentioned advantageous prop-
erties, scCO2 employed as an efficient reaction medium for
the diverse organic transformations which include poly-
merization (Cooper and DeSimone, 1996); glycerolysis of
soybean oil (Jackson and King, 1997); fatty acid synthesis
(Karakas et al. 1997); hydrogenation (Jessop et al. 1994;
Jessop et al. 1995a, b; Jessop et al. 1996); synthesis of N, N-
dimethylformamide (Kröcher et al. 1996); acylation of glu-
cose (Tsitsimpikou et al. 1998); nucleophilic substitution
(DeSimone et al. 2001); synthesis of b-Carotene (Zhang
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et al. 2020); hydroformylation reactions (Rathke et al. 1991)
etc. The following sections will describe some other valu-
able organic transformations which were carried out in
supercritical carbon dioxide as an efficient reaction medium.

2 Applications of Supercritical Carbon
Dioxide

2.1 Hydrogenation Reactions

Only one cyanide group of adiponitrile (1) was reduced
selectively by using a mixture of rhodium/alumina
(Rh/Al2O3) as catalyst in supercritical carbon dioxide
(scCO2) which produced 6-aminocapronitrile (2) with
excellent yield (Fig. 1) (Chatterjee et al. 2010). The reduc-
tion was carried out at 80 °C. Interestingly it was reported
that, hexamethylenediamine (3) didn’t produce even as
by-product. When the same reaction was carried out in
ethanol, a mixture of products (with product ratio
2:3 = 70:30) was formed. The catalyst was recovered and

recycled successfully for further runs without any significant
loss in its catalytic activities. Under the same optimized
conditions, terephthalonitrile (4a), isophthalonitrile (4b) and
phthalonitrile (4c) also underwent smoothly and yielded the
desired amino-nitrile products with excellent yields. In a
continuous flow reactor, hydrogenation of 5-nitrobenzo
[d] [1, 3] dioxole (6) afforded the corresponding benzo[d]
[1, 3]dioxol-5-amine (7) in scCO2 using a novel palladium
catalyst at 90 °C (Fig. 2) (Hitzler and Poliakoff, 1997).

2.2 Asymmetric Hydrogenation Reactions

In 1995, asymmetric hydrogenation of several a-enamides
(8) was achieved in scCO2 using a Et-DuPHOS ligand
functionalized cationic rhodium complex as catalyst at 40 °C
(Fig. 3) (Burk et al. 1995). The enantiomeric excesses (ee’s)
of the a-emino ester derivatives (9) were comparable to
those obtained in conventional solvents. Very next year,
asymmetric hydrogenation of tiglic acid (10) was carried out
using Ru (OCOCH3)2(H8-binap) as catalyst in scCO2

Fig. 1 Supercritical carbon dioxide mediated selective reduction of cyanide

Fig. 2 Supercritical carbon dioxide mediated selective reduction of nitro to amine
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(Fig. 4) (Xiao et al. 1996). The ee of the synthesized (S)-
2-methylbutanoic acid (11) was found better (81%) than that
in hexane (73%) at 50 °C.

2.3 Diels–Alder Reaction

In 1987, Diels–Alder reaction between but-1, 3-diene and
ethylene was carried out in supercritical carbon dioxide
(scCO2) (Paulaitis and Alexander, 1988). Next year, Diels–
Alder reaction of methyl acrylate with cyclopentadiene was
accomplished in supercritical carbon dioxide (Kim and
Johnston 1988). Later on, a number of approaches were
reported for the Diels–Alder reactions with different starting
components in scCO2 (Ikushima and Ito 1990; Ikushima and
Saito 1992; Renslo et al. 1997; Clifford et al. 1998; Lin and
Akgerman 1999; Fukuzawa et al. 2003). Recently, in 2017,
Diels–Alder reaction between cyclopentadiene (12) and
1,3-butadiene (13) was achieved in scCO2without using any
polymerization inhibitor at 250 °C which afforded the cor-
responding 5-vinyl-2-norbornene (14) with 25% yield
(Fig. 5) (Meng et al. 2017). A small amount of 3a, 4, 7, 7a-
tetrahydro-1H-indene (15) was also formed as the
by-product. Compound 9 was the major product when the
same reaction carried out in traditional solvents such as
tetrahydrofuran, hexane, and methanol. Synthesis of
5-methyl-3a, 4, 7, 7a-tetrahydroisobenzofuran-1, 3-dione
(17) was achieved via the Diels–Alder reaction of isoprene

(13a) and maleic anhydride (16) using anhydrous aluminium
chloride as catalyst in scCO2 at 33 °C (Fig. 6) (Ikushima
et al. 1991).

2.4 Coupling Reaction

Bi-aryls are generally synthesized by using both Stille (Stille
1986) and Suzuki (Suzuki 1999) coupling reactions using
palladium catalysts in the presence of phosphine ligand in
traditional organic solvents. In 2007, palladium-catalyzed
oxidative homo-coupling of arylboronic acids (18) was
carried out smoothly using commercially available
amino-functionalized resin as an efficient chelating ligand in
supercritical carbon dioxide which afforded the corre-
sponding symmetrical bi-aryls (19) with moderate to excel-
lent yields (Fig. 7) (Zhou et al. 2007). During optimization it
was observed that addition of small amount of water
increased the yield of the desired product. Coupling of
thiophene-2-boronic acid and n-butylboronic acid afforded
68% and 53% yield respectively whereas arylboronic acids
with both electrons donating as well as withdrawing sub-
stituent produced excellent yields of the desired products.
Heck coupling reaction between butyl acrylate (20) and
bromobenzene (21) was also achieved in supercritical carbon
dioxide which afforded the corresponding butyl cinnamate
(22) with excellent yields (Fig. 8) (Gordon and Holmes
2002). The reaction was catalyzed by using commercially

Fig. 3 Supercritical carbon dioxide mediated asymmetric hydrogenation of a-enamides
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available phosphine functionalized polystyrene supported
palladium acetate in the presence of molten tetraalkylam-
monium salt as base. Synthesis of methyl 3-(4-nitrophenyl)
acrylate (22a) was accomplished by using another similar
Heck reaction protocol between methyl acrylate (20a) and
4-nitrobromobenzene (21a) in supercritical carbon dioxide
by using SBA-15-supported triphenyl phosphine function-
alized palladium catalyst in the presence of tetrabutyl
ammonium acetate as base (Fig. 9) (Feng et al. 2011).

Copper catalyzed Glaser coupling reaction of phenyl acet-
ylene (23) was carried out in scCO2 which afforded the
corresponding 1, 4-diphenylbuta-1, 3-diyne (24) with
excellent yield using sodium acetate as a solid base instead
of amines (Fig. 10) (Li and Jiang, 1999). Addition of
methanol in the reaction mixture enhanced the product yield.
It was assumed that the low viscosity of scCO2 favoured the
coupling reaction to occur at the terminal position of phenyl
acetylene.

Fig. 4 Supercritical carbon dioxide mediated hydrogenation of tiglic acid

Fig. 5 Supercritical carbon dioxide mediated Diels–Alder reaction

Fig. 6 Supercritical carbon dioxide mediated Diels–Alder reaction of isoprene and maleic anhydride
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2.5 Oxidation Reaction

In 2000, Wacker oxidation reaction was first time reported in
supercritical carbon dioxide (Fig. 11) (Jiang et al. 2000).
Using this procedure 1-octene (25) was selectively oxidized
to the corresponding methyl ketone (26) using molecular
oxygen in the presence of palladium chloride as catalyst and
copper chloride as co-catalyst at 40 °C. Citronellal (28) was
synthesized as the major product from the catalytic oxidation
of dihydromyrcene (27) with molecular oxygen using a
catalytic mixture of (MeCN)2PdClNO2 and CuCl2 in
supercritical carbon dioxide as solvent and tertiary butanol

as co-solvent at 80 °C (Fig. 12) (Ran et al. 2004). Com-
pound 29 was produced as by-product. In absence of
supercritical carbon dioxide the yield of the desired product
was very low. It was reported that the chemo-selectivity of
the reaction depends on the pressure of carbon dioxide,
reaction temperature and the molar ratio of the catalysts.
Plausible mechanism of this oxidation reaction is shown in
Fig. 13.

Synthesis of epoxycyclooctane (31) was achieved with
excellent yield via the oxidation of cis-cyclooctene (30)
in supercritical carbon dioxide as the reaction medium
using dioxygen as the primary oxidant and 2-methyl-

Fig. 7 Supercritical carbon dioxide mediated homo-coupling reaction

Fig. 8 Supercritical carbon dioxide mediated Heck coupling reaction

Fig. 9 Supercritical carbon dioxide mediated Heck reaction using SBA-15-supported palladium catalyst

Fig. 10 Supercritical carbon dioxide mediated copper catalyzed Glaser coupling reaction
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propionaldehyde as sacrificial co-oxidants (Fig. 14) (Loeker
and Leitner 2000). It was reported that no additional catalyst
was required for this reaction; the stainless steel container
wall itself played the catalytic role. Proposed mechanism is
shown in Fig. 15.

In 1994, oxidation of cyclohexane by molecular oxygen
was carried out without using any catalyst in scCO2 though
the yield of the desired product was very less (Srinivas and
Mukhopadhyay, 1994). Slightly improved yield was
observed by using 5, 10, 15, 20-tetrakis (pentafluorophenyl)

Fig. 11 Supercritical carbon
dioxide mediated Wacker
oxidation reaction

Fig. 12 Supercritical carbon
dioxide mediated oxidation of
dihydromyrcene

Fig. 13 Plausible mechanism for the synthesis of Citronellal in supercritical carbon dioxide

Fig. 14 Supercritical carbon
dioxide mediated oxidation
reaction of olefins
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porphyrin (FeCl(tpfpp) as catalyst in scCO2 (Wu et al.
1997). Another oxidative approach was designed by Leitner
and his research group in scCO2 as an inert reaction med-
ium using dioxygen as the primary oxidant and acetalde-
hyde as sacrificial co-oxidants (Theyssen and Leitner 2002).
Using this approach they oxidized cyclo-octane (32)
selectively to cyclooctanone (33) with 20% yield (Fig. 16).
It was proposed that the reaction proceeded via free radical
pathway and supercritical carbon dioxide provides an inert
environment which favoured the selective oxidation of
cyclo-octane by using molecular oxygen-acetaldehyde
mixture. It was observed that the selectivity of this trans-
formation is dependent upon the density of compressed
carbon dioxide. The same reaction yielded lower product
under other inert atmosphere such as in gaseous nitrogen,
argon etc.

2.6 Baeyer–Villiger Oxidation Reaction

The aerobic Baeyer–Villiger oxidation of a wide range of
both cyclic and acyclic ketones (34) to the corresponding
esters or lactones (35) was carried out in supercritical carbon
dioxide using aldehydes as a co-reductant (Fig. 17). (Palazzi
et al. 2002) The same reaction produced lower yields in

conventional organic solvents such as toluene, dichlor-
omethane and ethyl acetate.

2.7 Iodination Reaction

Di-iodoalkene is an important intermediate in organic.
A simple, efficient and convenient protocol was reported for
the stereoselective diiodination of both electron-rich and
electron-deficient alkynes (36) which afforded trans-
diiodoalkenes (38) with excellent yields in supercritical
CO2 at 40 °C (Fig. 18) (Li et al. 2003). Reaction of aqueous
KI solution and Ce (SO4)2 generated molecular iodine in situ
in supercritical carbon dioxide. It was proposed that the
reaction proceeded through the formation of three-membered
iodonium intermediate (37). Subsequent attack of I– from the
reverse side of the intermediate 37 affords the corresponding
trans-diiodoalkenes (38).

2.8 Polymerization Reaction

In 1995, polymerization reaction was first carried out in
supercritical carbon dioxide (Pernecker et al. 1995). Later
on, in 2011, another facile procedure was reported for the

Fig. 15 Plausible mechanism for
the synthesis of epoxycyclooctane
in supercritical carbon dioxide

Fig. 16 Supercritical carbon
dioxide mediated oxidation of
cyclooctane

Supercritical Carbon Dioxide Mediated Organic Transformations 143



ring-opening polymerization of p-dioxanone (39) using tin
(II) ethyl hexanoate [Sn(Oct)2] as catalyst and a catalytic
amount of well-defined fluorinated triblock copolymer i.e.
poly (caprolactone)-perfluropolyether-poly (caprolactone)
(PCL-PFPE-PCL) as stabilizer in supercritical carbondioxide
(Fig. 19) (Wang et al. 2011). It was found that the mean size
of the polymer 40 depended on the stabilizer’s concentration

as well as on the rate of agitation. The same polymerization
reaction carried out in common organic solvents produced
number of by-products.

Polymerization of phenylacetylene (23) was carried out
using a rhodium complex (acetyl acetonate) Rh (12,
5-norbornadiene) [(acac)Rh(nbd)] as catalyst in supercritical
carbondioxide (Fig. 20) (Hori et al. 1999). Under this

Fig. 17 Supercritical carbon
dioxide mediated Baeyer–Villiger
oxidation reaction

Fig. 18 Supercritical carbon dioxide mediated iodination of alkynes

144 B. Banerjee and G. Kaur



condition a mixture of cis-transoidal (THF-soluble) as well
as cis-cisoidal (THF-insoluble) polymers (41) was formed
with higher efficiency. The same polymerization afforded
lesser stereoregularity and molecular weight of the polymer
in conventional solvents such as THF or hexane. Stereose-
lectivity of the catalyst toward the cis-transoidal polymer
(41a) was increased on addition of a phosphine-based ligand
([4-F (CF2)6(CH2)2C6H4]3P) which helped to enhance cata-
lyst miscibility in compressed CO2.

2.9 Carbonylation Reaction

A simple, facile and efficient procedure for the chemoselec-
tive carbonylation of amines was reported in supercritical
carbon dioxide (Fig. 21) (Li et al. 2001). Various methyl N-
alkylcarbamate derivatives (44) were synthesized through the
carbon monoxide (43) insertion to amines (42) in the presence
of methanol using PdCl2 as catalyst and CuCl2 as co-catalyst
in supercritical carbon dioxide at 40 °C under 10 MPa

Fig. 19 Supercritical carbon dioxide mediated polymerization reaction using tin (II) ethyl hexanoate as catalyst

Fig. 20 Supercritical carbon dioxide mediated polymerization using rhodium complex as catalyst

Fig. 21 Supercritical carbon dioxide mediated carbonylation reaction in the presence of palladium as well as copper chloride as catalysts
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pressure into an autoclave. It was found that the selectivity
was dependent on the concentration of the methanol.

Another palladium catalyzed carbonylation reaction was
reported in supercritical carbon dioxide in the presence of
pyridine at 60 °C (Fig. 22) (Zhang et al. 2003). Under this
conditions, addition of carbon monoxide (44), alcohol (43)
and carbon tetrachloride (47) to 1-octene (46) was achieved
which produced [alkyl 2-(2, 2, 2-triehloroethyl)octanoate
(48) with 60–79% yields. All three alcohols (ethanol,
methanol and isopropanol) yielded the desired products
under the optimized reaction conditions. Compound 49 was
produced here as a by-product. It was observed that the yield
of the desired product very much dependent on the reaction
temperature, pressure and the amounts of alcohol and the
base used. It was proposed that the reaction undergoes
through the formation of intermediate 50 using in situ gen-
erated Pd (0) as catalyst (Fig. 23). (Me3Si)3SiH-promoted
efficient free-radical carbonylation of 1-iodooctane (51) and
acrylonitrile (52) with CO (44) proceeded the corresponding
1-cyano-3-undecanone (53) with 80% in the presence of a
catalytic amount of 2, 2′-azobis(isobutyronitrile) (AIBN) as
a radical initiator in supercritical carbon dioxide at 80 °C

(Fig. 24) (Kishimoto and Ikariya, 2000). The same reaction
when carried out in benzene afforded lower yield. Under the
same optimized reaction conditions, the radical carbonyla-
tive ring-closer reaction of 6-iodohexylacrylate (54) was also
achieved which yielded the corresponding eleven-membered
oxacycloundecane-2, 5-dione (55) within 2 h (Fig. 25).

The carbonylation of (2-iodophenyl)methanol (56) with
carbon monoxide (44) yielded the corresponding
isobenzofuran-1(3H)-one (57) using triethyl phosphite
functionalized Pd complex as a catalyst and triethyl amine as
base in scCO2 (Fig. 26) (Kayaki et al. 1999; Ikariya et al.
2000).

2.9.1 Acetalization Reaction
In 1999, acetylation of methyl acrylate (20a) was first
achieved in supercritical carbon dioxide with high selectivity
using palladium catalyst (Jia et al. 1999). Later on, another
simple and facile procedure for the acetylation of methyl
acrylate (20a) with methanol (43) was developed by using
palladium chloride as a catalyst and polystyrene-supported
hydroquinone (PS-HQ) as co-catalyst in scCO2 under oxy-
gen atmosphere which yielded the corresponding methyl 3,

Fig. 22 Supercritical carbon dioxide mediated palladium catalyzed carbonylation reaction on 1-octene

Fig. 23 Plausible mechanism of palladium catalyzed carbonylation reaction in supercritical carbon dioxide
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3-dimethoxypropanoate (58) with excellent yield (Fig. 27)
(Wang et al. 2007). In 2006, the same batch of reaction was
carried in the presence of palladium chloride as catalyst and
polystyrene-supported benzoquinone (PS-BQ) as the
co-catalyst in scCO2 (Wang et al. 2006). It was observed that
under the optimized reaction conditions, co-catalyst PS-HQ
is more efficient than the PS-BQ in terms of selectivity as
well as product yield. Aerobic acetylation of methyl vinyl
ketone (59) in supercritical carbon dioxide yielded
mono-acetylated product i.e. 4-methoxybutan-2-one (60)

with high selectivity than the corresponding acetal product
(61). The reaction was carried out in the presence of palla-
dium as catalyst and copper chloride as co-catalyst at 50 °C
(Fig. 28) (Ouyang et al. 2002).

2.9.2 Olefin Metathesis Reaction
Ring-opening metathesis polymerization of norbornene (62)
was achieved in scCO2 using [Ru (H2O)6] (OTs)2 as a cat-
alyst at 65 °C (Fig. 29) (Mistele et al. 1996; Hamilton et al.
1998). Under this condition cis product predominates over

Fig. 24 Supercritical carbon dioxide mediated silane-promoted carbonylation of alkyl halides

Fig. 25 Supercritical carbon dioxide mediated carbonylative ring-closing reaction of 6-iodohexylacrylate

Fig. 26 Supercritical carbon dioxide mediated carbonylative ring-closing reaction of (2-iodophenyl) methanol

Fig. 27 Supercritical carbon dioxide mediated acetylation reaction of methyl acrylate

Fig. 28 Supercritical carbon dioxide mediated acetylation of methyl vinyl ketone
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trans. Later on, in 2005, the same reaction was also carried
out by using Grubbs’ catalyst in scCO2 (Hu et al. 2005).

Ring-closing metathesis of a long-chain diene (63)
afforded the corresponding sixteen-membered cyclic com-
pound (64) using a ruthenium-based catalyst in scCO2 with
density more than 0:65 g/ml (Fig. 30) (Furstner et al. 1997,
2001). It was observed that at lower density (d < 0:65 g/ml)
of scCO2, oligomerization predominant over ring-closing
metathesis process. That’s why; it was assumed that the
higher density favoured the intramolecular reaction.

2.9.3 Synthesis of heterocycles

Synthesis of a-alkylidene Cyclic Carbonates
Supercritical carbon dioxide mediated a mild and efficient
protocol was developed for the cyclization of propargyl
alcohols (65) with CO2 which afforded the corresponding

a-alkylidene cyclic carbonates (66) using polymer-supported
cuprous iodide as catalyst (Fig. 31) (Jiang et al. 2008). After
completion of the reaction, the catalyst was recovered by
simple filtration and recycled several times without any loss
of its catalytic activity.

Synthesis of 4-Methyleneoxazolidin-2-Ones
Synthesis of 4-methyleneoxazolidin-2-ones (67) was
achieved via the CO2 fixation with propargylic alcohols (65)
and primary amines (42) without using any catalyst in
scCO2. Here supercritical carbon dioxide was used both as
reaction medium as well as starting material. (Fig. 32) (Xu
et al. 2011).

Synthesis of 5-Alkylidene-1, 3-Oxazolidin-2-Ones
A series of 5-alkylidene-1, 3-oxazolidin-2-ones (69) was
synthesized via the CO2 fixation with propargylic amines

Fig. 29 Supercritical carbon dioxide mediated ring-opening metathesis polymerization

Fig. 30 Supercritical carbon dioxide mediated ring-closing metathesis reaction

Fig. 31 Supercritical carbon
dioxide mediated synthesis of
a-alkylidene cyclic carbonates
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(68) without using any catalyst under supercritical condi-
tions (Fig. 33) (Kayaki et al 2006; Maggi et al. 2007).

Synthesis of 6-Phenyl-3a, 4-Dihydro-1H-Cyclopenta[C]
furan-5(3H)-One
Synthesis of 6-phenyl-3a,4-dihydro-1H-cyclopenta[c]
furan-5(3H)-one (71) was accomplished via Pauson–Khand
Reaction starting from (3-(allyloxy)prop-1-yn-1-yl) benzene

(70) and carbon monoxide (44) in scCO2 using catalytic
amount of dicobalt octacarbonyl [Co2(CO)8] as catalyst at
90 °C (Fig. 34) (Jeong et al. 1997).

Synthesis of 3, 4, 5, 6-Tetraethyl-2H-Pyran-2-One
3,4,5,6-Tetraethyl-2H-pyran-2-one (42) was synthesized
with excellent selectivity by the coupling reaction between
carbon dioxide and diethyl acetylene (36a) in scCO2 using a

Fig. 32 Chemical fixation of carbon dioxide under supercritical condition

Fig. 33 Supercritical carbon dioxide mediated synthesis of 5-alkylidene-1, 3-oxazolidin-2-ones

Fig. 34 Supercritical carbon dioxide mediated Pauson–Khand Reaction

Fig. 35 Supercritical carbon dioxide mediated synthesis of 3, 4, 5, 6-tetraethyl-2H-pyran-2-one
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catalytic amount of [Ni(cod)2]/PMe3 as catalyst (Fig. 35)
(Jessop, 1998).

3 Conclusions

Several recent reports have shown that supercritical carbon
dioxide (scCO2) can be utilized as an efficient alternative
of conventional organic solvents. It is non-toxic, non-
flammable, inexpensive and easily available. Moreover, as a
reaction medium it has many advantages which include
higher substrate selectivity, zero surface tension, better
reaction rate, poor solvation effect, large diffusion coeffi-
cient, high diffusivity, and facile separation of products from
the reaction mixture. Because of these favourable properties,
scCO2 has been used as an efficient reaction medium for the
diverse organic transformations. In this chapter, we have
described supercritical carbon dioxide mediated various
organic transformations.
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Abstract

Nowadays, the issue of CO2 conversion becomes an
urgent necessity for human civilization, which any
ignorant will be caused irreparable damage to the future
of human life. Thus, all researchers in the CO2 utilization
field have been employed their facilities to overcome the
CO2 issue. In the past decade, computational chemical
modeling was mainly used to describe the observed
results of a carried out reaction. Nowadays, regarding the
rapid evolution of computational software and hardware,
computational chemical sciences have been converted to
powerful tools in the description of the obtained results,
studying the mechanism of a reaction and designing the
novel structures. The use of computational techniques in
the investigation of CO2 transformation to value-added
chemicals affords brilliant results that attract remarkable
attention among scientists. Among various theoretical
techniques, density functional theory (DFT) modeling is a
powerful and efficient approach to explore the mecha-
nisms of CO2 conversion and investigate novel catalysts
for more efficient CO2 transformation. DFT-based
approaches are valuable strategies to overcome the
disadvantages of trial-and-error experimental processes
such as tedious and time-/labor-consuming repetitions. In
this chapter, a comprehensive discussion by the DFT
calculations is represented about the investigation of the
mechanism of the catalytic CO2 transformation into
value-added materials such as CO, CH4, CH3OH,
HCOOH, and heterocyclic compounds in the presence
of heterogeneous, homogeneous, organo-based, and
photo- and electro-catalysts. Moreover, the DFT-based
design of novel catalytic systems, challenges, and oppor-
tunities in CO2 transformations is outlined.
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MESP Molecular electrostatic potential
MO Molecular orbitals
P�
k Mulliken atomic spin density

NBO Natural bond orbital
NHC N-heterocyclic carbine
NHO N-heterocyclic olefin
NHE Normal hydrogen electrode
NMR Nuclear magnetic resonance
PAW Projector-augmented wave

H. Sabet-Sarvestani � M. Izadyar (&) � H. Eshghi �
N. Noroozi-Shad
Department of Chemistry, Faculty of Science,
Ferdowsi University of Mashhad, Mashhad, Iran
e-mail: izadyar@um.ac.ir

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
Inamuddin et al. (eds.), Carbon Dioxide Utilization to Sustainable Energy and Fuels,
Advances in Science, Technology & Innovation, https://doi.org/10.1007/978-3-030-72877-9_8

153

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-72877-9_8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-72877-9_8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-72877-9_8&amp;domain=pdf
mailto:izadyar@um.ac.ir
https://doi.org/10.1007/978-3-030-72877-9_8


PBE Perdew−Burke−Ernzerhof
PW Perdew–Wang
PFC Perfluorocarbon
PR Phosphorous reagent
P-ylide Phosphorus ylide
PCM Polarizable continuum model
PED Potential energy diagram
TsCl P-Toluenesulfonyl chloride
QTAIM Quantum theory of atoms in molecules
RRKJ Rappe Rabe Kaxiras Joannopoulos
RDS Rate-determining step
RWGS Reverse water gas shift
SEM Scanning electron microscopy
SMD Solvation model based on density
SFLP Surface frustrated Lewis pairs
SB Superbase
TBAB Tetrabutylammonium bromide
THF Tetrahydrofuran
TMG 1,1,3,3-Tetramethylguanidine
TDI TOF-determining intermediate
TDTS TOF-determining transition state
TEM Transmission electron microscopy
TBD 1,5,7-Triazabicyclo[4.4.0]dec-5-ene
TOF Turnover frequency
VSEPR Valence shell electron pair repulsion theory
vdW Van der Waals
WGSR Water gas shift reaction
XPS X-ray photoelectron spectroscopy

1 Carbon Dioxide Properties

CO2 is a colorless, odorless, and non-flammable gas that is
heavier than air. Carbon dioxide is odorless gas at low
concentrations, but at high concentrations, it has a potent
acidic smell. Also, it is an inert material that does not react
with many substances. Thus, its storage, liquefaction,
solidification, and handling are very easy and safe. Table 1
shows the molecular properties of CO2 (Topham et al. 2000;
Nakamura et al. 2015).

As a simple triatomic molecule, the carbon atom of CO2

is covalently double bonded to two oxygen atoms which
consist of linear geometry, having short and equivalent C–O
bonds (1.1602(8) Å) (Gershikov and Spiridonov 1983). This
fashion of bonds causes a nonpolar molecule. The observed
behaviors of CO2 in the solid, liquid, and gas phases are the
outcomes of a molecular quadrupole that is due to the shape
of molecule and electron distribution. Figure 1a illustrates
Lewis structure of CO2, based upon valence shell electron
pair repulsion theory (VSEPR), and its electrostatic potential
(Fig. 1b), depicted on the electrostatic potential map (0.002

a.u.) at the PBE1PBE/aug-cc-pVTZ level of theory (Murphy
et al. 2015). It can be concluded that the oxygen and carbon
atoms are the centers of electrophilic and nucleophilic
attacks, respectively. In other words, the carbon and oxygen
atoms can behave as Lewis acid and base, respectively.

The molecular orbitals (MOs), which are the outcome of
the molecular orbital calculations, are helpful tools to afford
the basic information about the studied molecule (Nakamura
et al. 2015). Figure 2 depicts the molecular orbital diagram
and frontier orbitals (high occupied molecular orbital
(HOMO), low unoccupied molecular orbital (LUMO)) of
CO2. The illustrated MOs in this figure are not experimen-
tally detectable as a physical object. However, they are used
frequently in organic and organometallic chemistry as an
efficient concept to justify and evaluate the molecule prop-
erties. From the orbital viewpoint, the MOs are considered as
the most figurative images to explanation and characteriza-
tion of the molecular behavior in a typical reaction (Naka-
mura et al. 2015; Luther Iii 2004).

It is notable that, both HOMO and LUMO energies are
degenerate. Thus, the CO2 molecule has four degenerated
electrons with similar energy levels, which can transfer in a
typical reaction. Energy calculation reveals that the trans-
formation of one of the four electrons diminishes the
degeneracy, immediately. Therefore, the transformation of
four electrons to or from the outside of CO2 does not take
place, simultaneously. Moreover, CO2 possesses two
degenerate orbitals including four unoccupied sites that give
electron acceptation character for this molecule. An organic
molecule having such properties is rare. Indeed, CO2 is
neither a complex contains transition metal, nor an
electron-rich solid specie. The degenerated frontier orbitals
of CO2 are slightly similar to the topological characters of
the d orbitals (two HOMOs) and f orbitals (two LUMOs) in
transition metals and lanthanoids, respectively (Nakamura
et al. 2015).

2 CO2 Transformation as an Undeniable
Necessity

Carbon dioxide is an important component of the earth
matrix, found in the core, crust, and also the atmosphere,
considerably. According to the carbon cycle, soluble carbon
dioxide in water can react with other components, be solid-
ified in carbonated stones, and freely emitted into the
atmosphere (Hofmann et al. 2009). For centuries, the
exchange cycle had established CO2 equilibrium until the
Industrial Revolution. However, due to global industrializa-
tion in the past years, the consumption of fossil fuels has
intensified, which has been resulted in an irregular increase
in the concentration of greenhouse gases in the atmosphere.
Respiration procedure by living creatures on the earth and
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the sea causes CO2 emission into the atmosphere (Rafiee
et al. 2018). Similar to this respiration, the decay process of
the corpse of buried organisms by oxygen releases CO2

molecules. The produced CO2 by respiration or decompo-
sition processes is absorbed by plants and transforms into
carbohydrates, via the photosynthesis process, gradually.
The consumed water and CO2 by algae, plants, and
cyanobacteria via the photosynthesis process yield carbo-
hydrates and oxygen as the main product and by-product,
respectively. Both of these products are essential for other
living creatures. By starting the Industrial Revolution,
excessive fossil fuel extraction by human beings has dis-
rupted the CO2 equilibrium in the environment. This
extraction causes two forms of CO2 emission including
released pure CO2 gas to the atmosphere, due to the
extraction procedure, and the by-product of the combustion
process (Artz et al. 2018).

Until the Svante Arrhenius report, there was no anxiety
about the irregular emission of CO2. However, in the 1880s,
he was the first investigator that anticipated global warming
due to the libration of CO2 from the combustion of fossil

fuels (Maslin 2008), which received numerous criticisms,
firstly. However, after an investigation of variations of cli-
mate temperature by Guy Stewart Callendar, Arrhenius's
theory was attracted numerous attention (Rafiee et al. 2018).

The outcomes of irregular fossil fuel consumption are
increasing the global temperature beyond the normal value
(Saxena et al. 2014), socking the coastlines due to the
increment of water level in the sea, and occurring unpre-
dictable floods that affect the global economics and ecosys-
tem, catastrophically (Mukherjee et al. 2019). Six main
greenhouse gases, namely carbon dioxide (CO2), methane
(CH4), nitrous oxide (N2O), hydrofluorocarbons (HFCs),
perfluorocarbons (PFCs), and sulfur hexafluoride (SF6) are
specified by Kyoto Protocol as the agents which remarkably
affect the environment quality (Zhang and Da 2015).

Among the greenhouse gases, CO2 is the most important
gas due to the most contribution to global warming (Abey-
deera et al. 2019). Because of the combustion of fossil fuel,
among the global industries, about 60% of CO2 production
belong to industries, such as cement production, iron and
steel factories, manufacturing petrochemical materials, gas
refiner mills, generators of electrical power, and transporta-
tion sector (Yaumi et al. 2017). For example, the contribu-
tion of electricity manufacture, agriculture, and forestry is
evaluated by about 25% and 24% of the total CO2 emission,
respectively (Yaumi et al. 2017). However, regarding inex-
pensive and abundant sources of coal, it is applied in thermal
power plants, abundantly. Thus, the emitted CO2 is evalu-
ated up to 2249 lbs/MWh (Spigarelli and Kawatra 2013).
Figure 3 depicts the produced CO2 from different energy
sections (Mukherjee et al. 2019).

Table 1 Molecular properties of
carbon dioxide

Formula CO2

Molecular weight 44.0098 (g/mol)

Critical temperature 31.04 °C

Boiling point −78.46 °C

Melting point −56.6 °C

Density 1.977 g/L (gas at 1 atm and 0 °C)
0.914 g/L (liquid at 34.3 atm and 0 °C)
1.512 g/L (solid at −56.6 °C)

Dipole moment 0D

Point group D1h

Dielectric constant 1.000922 (gas)

Viscosity 0.0147 mN s m−2 (gas)

Vapor pressure 5728.9 kPa (at 20 °C)

Sublimation point −78.92 °C

Solubility in water 835 mL/kg (at 20 °C and 101 kPa)

Enthalpy 193.90 J/g (at 20 °C)

Entropy 632.625 J g−1 K−1 (at 20 °C)

Fig. 1 Lewis structure (a) and electrostatic potential map (0.002 a.u.)
(b) of CO2 molecule (Murphy et al. 2015)
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In 2014, the International Panel on Climate Change
(IPCC) declared that the released greenhouse gas via human
activities is the main reason for global warming and the
related climate change. Because of industrialization and
climate variation, caused by human activities including
emission of CO2, nitrous oxide (N2O), methane (CH4), and
water vapor (H2O) into the atmosphere, human life is put in
danger (Lee and Park 2015). Investigations show that 76%
of the overall volume of greenhouse gases is CO2, as the
consequence of the combustion of fossil fuels in various
sections of the industry. Thus, CO2 emission has undeniable
effects on global warming, environmental changes, and
ecosystem conditions (Siqueira et al. 2017). As reported by
world environmental organizations, carbon dioxide emis-
sions in ambient air have been increased from 22.15 Gt in
1990 to 36.14 Gt in 2014. The beginning of the Industrial
Revolution has become the main reason for the global
warming phenomenon (Rashidi and Yusup 2016).

Therefore, to reach sustainable development, conscious-
ness about increasing environmental problems and global
climate change is necessary. Hence, scientific societies need
to apply their potentials toward resolving new challenges,
such as mitigation of climate change, conservation of the
environment, and replacement of fossil fuels by renewable
energies. The first investigation on carbon emission was

reported in 1981, and afterward, carbon emission researches
have been increased, gradually. Figure 4 depicts the gradual
growth of research publications corresponding to the carbon
emission starting from 1980 to June 2019. According to this
plot, about 479 research articles were reported in 2018, which
reveal the growing importance and concern about this issue
among the scientific communities (Abeydeera et al. 2019).

Various solutions, such as a decrease of irregular use of
energy resources, changing sources of fossil fuels by
renewable and sustainable energies, and utilization of CO2,
have been considered to reduce CO2 emission and con-
sumption of fossil fuels. All these solutions are considerable
approaches to solving the greenhouse gas problem. How-
ever, most of the new sources of energy are less efficient
than fossil fuels (mainly natural gas) and regarding the
economic possibility viewpoint are not competitive. Based
on reported studies, it is not possible to attain the target of
100% sustainable energy systems in a short or medium
period. Hence, to provide energy, fossil fuel consumption
will continue (OECD I 2016). Therefore, CO2 capture and
utilization are approaches that can be regarded as a solution
to global warming. But, after three decades of investigation,
these approaches need greater maturity.

After the industrialization and the maturation of chemical
industries, CO2 has been applied in numerous industries.

Fig. 2 Molecular orbital diagram
and frontier orbitals (HOMO and
LUMO) of CO2 (Luther Iii 2004)
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The utilization techniques can be considered into two cate-
gories. First, the direct use of CO2 without any transforma-
tion to value-added compounds (Huang and Tan 2014). The
manufacturing of carbonated drinks in beverage industries
can be considered as the earliest and direct application of
CO2. Also, enhanced oil recovery (EOR) techniques by CO2

injection remarkably improves the economic efficiency of oil
extraction from the oil reservoir owning to high mutual
solubility of supercritical CO2 and oil, as a hydrophobicity
material (Dai et al. 2014). As well as, increasing the CO2

pressure leads to a substantial decrease in the viscosity of the
CO2–oil mixture. Accordingly, CO2 injection can enhance
production by about 15%. Moreover, it can also be used in

enhanced gas recovery (EGR) and enhanced geothermal
systems (EGS). Application of CO2 in the production of dry
ice, fire extinguisher, supercritical solvent, and the refriger-
ant is the next direct CO2 utilization without any transfor-
mation. However, these direct usages for CO2 are limited in
volume and have a small consequence on the overall CO2

concentration (Muradov 2014), as well as the CO2 molecules
in all the mentioned applications stay pure and do not con-
vert to another chemical. The left side of Fig. 5 depicts the
physical utilization of CO2.

The second category of CO2 utilization is its transfor-
mation to value-added material and fuels (Aresta 2010). This
approach has been attracted very attention among scientific

Fig. 3 Produced CO2 from different energy sections (Mukherjee et al. 2019)

Fig. 4 Trend of research publications about carbon emission starting from 1980 to June 2019 (Abeydeera et al. 2019)

Theoretical Approaches to CO2 Transformations 157



communities. Hence, widespread attempts are accomplished
for converting CO2 to C1 building block chemicals (Bertau
et al. 2010; Keim and Offermanns 2010; Ola et al. 2013;
Aresta and Dibenedetto 2007). In this approach, using the
specific heat or pressure conditions, the CO2 molecules
mostly decompose to the simple substances (such as pure
carbon or CO) or in the presence of a catalyst react with
other chemicals to produce value-added materials, such as
hydrocarbons. Thus, the CO2 molecule is a constituent of a
chemical product, in which the product cannot be synthe-
sized without CO2. The right side of Fig. 5 shows the
application of CO2 in the manufacture of value-added
chemicals, as chemical utilization.

3 CO2 Activation

The activation of a molecule means elevation of the reac-
tivity of the molecule. Therefore, it can be considered by
making an obvious change in molecular properties in com-
parison with the properties of a stable ground state.
Regarding the molecular structure, CO2 activation can be
considered in three methods such as (1) bending of the O–
C–O angle from linear equilibrium geometry. Notably, more

bending causes a greater decrease in LUMO energy. (2) One
or two C–O bond stretching and (3) CO2 polarization due to
charge transfer to the molecule (Song et al. 2017; Álvarez
et al. 2017).

CO2 is a stable compound with low reactivity, and its
carbon atom is in the highest oxidization state, thermody-
namically. Thus, overcoming thermodynamic barrier energy
is an essential step in CO2 activation, which is an important
challenge in its conversion to value-added chemicals. The
greatest limitation in the industrial application of CO2, as a
starting material, is its thermodynamic stability and/or
kinetically inert in a typically favorable transformation. It
can be concluded that a large energy source is essential to
CO2 transformation (Sakakura et al. 2007). Generally, most
of the usual reported methods in CO2 activation are limited
to the use of highly reactive chemicals (i.e., energy-rich
substrates, epoxides, and aziridines) and/or vigorous situa-
tions, such as high temperature and pressure, although side
reactions are unavoidable. Thus, designing and using effi-
cient catalyst systems have remarkable advantages such as
effectually activate CO2 and/or the substrate, decrease the
energy barrier of activation, modify the rate of the activation
reaction, and decrease the production of by-products. It can
be concluded that developing a convenient functional

Fig. 5 Various chemical and physical routs in CO2 utilization (Rafiee et al. 2018; Song et al. 2017)
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catalyst with an efficient active site to achieve high selec-
tivity of the goal products is an important necessity in CO2

transformations. Therefore, impressive functional catalysts
have key roles to get an efficient and selective procedure for
CO2 transformation (Liu et al. 2015).

3.1 Methodologies of CO2 Activation

The oxygen atom of CO2, as a Lewis base, has a nucle-
ophilicity property, while the carbon atom, as Lewis acid,
behaves as an electrophile (Song et al. 2017). Thus, as
shown in Fig. 6, two general methods for CO2 activation can
be considered. One method involves the catalysts having
nucleophile characters such as superbase, N-heterocyclic
carbine (NHC) (Kayaki et al. 2009), N-heterocyclic olefin
(NHO) (Wang et al. 2013), tungstate, frustrated Lewis pair
(FLP) (Bontemps 2016), and hydroxyl group-containing
compounds (Yang et al. 2011) which involve with the car-
bon atom of CO2. In another method, the oxygen atom is
affected by the species having Lewis acid orbital such as a
transition metal, yielding metal–CO2 complex. In 1971,
Aresta and coworkers reported the first almost planar metal–
CO2 complex, as (PCy3)2Ni(CO2) in which Ni atom is
linked to CO2 molecule and phosphine ligands (Aresta et al.

1975). This complex has two unequal C–O bonds (1.17 and
1.22 Å) and an O–C–O angle of 133° in the linked CO2.
Afterward, various transition metals such as iron, ruthenium,
and palladium, with different oxidation states, have been
investigated in this issue (Paparo and Okuda 2017). More-
over, using high energy and active chemicals such as
unsaturated chemicals (alkene, alkyne, etc.), three-
membered rings (aziridines, epoxides), and organometallic
structures is another key to successful CO2 conversion.
Figure 7 depicts the energy profile of the CO2 reaction with
high energy substrates, which leads to low energy chemicals
(e.g., organic carbonates and carbamates) (Paparo and
Okuda 2017).

Besides the CO2 activation, there are still various scien-
tific and practical difficulties in CO2 conversion. Other
problems are CO2 collection from the atmosphere by proper
technologies and economical aspects of the whole process of
CO2 conversion using renewable resources of energy.
Nevertheless, low reactivity and selectivity of the catalysts
for the chemical transformations are the most considerable
challenges, which are related to the high chemical durability
of CO2. Thus, understanding the basic chemical procedure
of the transformation and investigation of efficient,
cost-effective, and eco-friendly catalysts are essential sol-
vation for this challenge.

Fig. 6 Various methods in CO2 activation (Song et al. 2017)
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4 Theoretical Insight of CO2 Transformation

Despite the various investigations, the determination of the
mechanism of a catalytic CO2 conversion is a challenging
problem (Cheng et al. 2013). From the experimental view-
point, the catalyst activity and complex structures, the pro-
portion of reactant, catalyst, and substrate in the reaction, the
circumstance of the interactions between the involved spe-
cies and energy levels in the catalytic reactions make
understanding the mechanism of CO2 conversion as a very
difficult issue. Consequently, the mechanism investigation
based on a trial-and-error attitude is a very tedious and
time-consuming task that includes designing synthesis–
structure–property correlations. This procedure is not so
effective nor fully perfect and is very labor-consuming due
to the various number of conditions to be studied. Therefore,
low yield and negligible selectivity are two obstacles in the
catalytic transformation of CO2, which can be improved
remarkably by the logical design of catalysts, predicting key
structure–activity relationships, and evaluation of specific
structures (Wang et al. 2011; Centi and Perathoner 2009).

Experimental limitations give a unique opportunity to
computational modeling. Due to current advances in theo-
retical methods such as novel methods, algorithms, and
efficient computational tools, the accessibility of applicable
software packages for electronic structure calculations, the-
oretical CO2 transformation and simulations can play a
significant role in two overall main approaches including
understanding catalytic reaction mechanisms and designing
new efficient catalysts to CO2 transformation (Pople 1999;
Kohn and Sham 1965; Kohn 1999; Ben-Nun and Martínez
2002; Bartlett and Musiał 2007). However, theoretical
approaches can aid in a deep understanding of determining
factors on the structures, binding energies, bond lengths,

vibrational frequencies, intermolecular long-range interac-
tions, dispersion forces, and reactivity of the catalysts, which
are the main factors in the investigation of the reaction
mechanism. Also, computational methods can be used as a
predictive tool in the catalyst designing and the controlled
synthesis of the target materials. Based on previous experi-
ence in the theoretical transformation of CO2, in this chapter,
we focus on the mechanism investigation and catalyst
designing based on computational approaches. It is notice-
able that the experimental features of CO2 transformation are
discussed in several reviews (Olah et al. 2009; Riduan and
Zhang 2010; Mikkelsen et al. 2010; Ma et al. 2009; Hunt
et al. 2010; Darensbourg 2010; Spinner et al. 2012; Cokoja
et al. 2011; Yaashikaa et al. 2019; Schilling and Das 2018)
and are not considered in this chapter. The chapter is divided
into two sections. The first section deals with the theoretical
aspects and possible reaction pathways of the catalytic CO2

conversion to value-added materials such as CO, CH4,
HCOOH, CH3OH, and heterocyclic compounds. In the
second section, theoretical modeling and design of novel
catalysts are discussed, and successful examples, within
challenges and opportunities, are provided in this approach.

4.1 The Theoretical Approach in CO2 Conversion
to Value-Added Chemicals

4.1.1 Carbon Monoxide
The water gas shift reaction (WGSR) is a traditional process,
which is applied for the transformation of synthesis gas to
needed hydrogen for ammonia manufacture in the fertilizer
industry and petroleum refineries (Bs et al. 2010). Nowadays,
the produced hydrogen of this reaction is used as fuel for
power production and transportation. The primary applica-
tion of the reaction back to 1888 (Bs et al. 2010) and its

Fig. 7 Energy profile of the CO2

reaction with high energy
substrates (Song et al. 2017)
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advantage refer to the Haber ammonia synthesis process and
evolution of catalyst by Bosch and Wilde in 1912 (Bs et al.
2010). The developed catalyst is based on iron and chro-
mium, which catalyzed the reaction at 400–500 °C and
reduce the existing carbon monoxide. Nowadays, reverse
water gas shift (RWGS) reaction (Eq. 1), as an endothermic
reaction, is a well-known procedure in CO production from
CO2, which is regarded as the elementary step for many other
hydrogenation reactions, such as the Sabatier reaction (Liu
et al. 2015; Wang et al. 2018a) and methanol synthesis (Hu
et al. 2013). RWGS reaction is carried out in the gas phase
and thermodynamically favorable at high temperatures.

CO2 þH2 � COþH2O

DH0
298 ¼ 41:3kJ mol�1

ð1Þ

The mechanisms of RWGS reaction can be classified into
two overall classes, namely the redox mechanism and
associative mechanism (Su et al. 2017). In the redox
mechanism, a catalyst bed is responsible for the oxidation–
reduction cycle (Bs et al. 2010), in which CO2 and H2 are
firstly adsorbed on the active site of reducing metal or metal
oxide. Equation 2 depicts steps of the reactions on an
adsorbed species (star notation denotes a typical metal or
metal oxide). At the end of the mechanism, the oxidized
catalyst is reduced by H2, and the active sites are reproduce
again (Saeidi et al. 2017; Yan et al. 2014).

H2 þ� ! H�
2 Step 1 ð2Þ

H�
2 ! H� þH� Step 2

CO2 þ� ! CO�
2 Step 3

CO�
2 þ� ! CO� þO� Step 4

H� þO� ! OH� þ � Step 5

OH� þH� ! H2O
� Step 6

OH� þOH� ! H2O
� þO� Step 7

H2O
� ! H2Oþ � Step 8

CO� ! COþ � Step 9

The second mechanism named associative mechanism
also named dissociative (Aresta et al. 2016; Chen et al. 2000)
or formate (Cheng et al. 2013; Scibioh and Viswanathan
2018) mechanism. The critical step in this mechanism is
described by an adsorption–desorption model, in which the
adsorbed intermediate (carbonate, formate, carbonyl, etc.) is
produced during the reaction between the absorbed species.
Then, the produced product decomposes to form H2 and a

monodentate carbonate (Podrojkova et al. 2020). On the
other hand, the reaction of CO2* and dissociated H* produces
bidentate formate intermediate by the adsorption of oxygen
atoms on the metal surface. The reaction is followed by the
formation of HCOOH via more hydrogenation which
decomposes into HCO* and OH* and afterward into CO*
and H*. In another pathway, CO2 is adsorbed on the surface
of the carbon atom, followed by the hydrogenation of the
oxygen atoms. Due to more hydrogenation, the produced
COOH* decomposes into COH* and OH* forming CO* and
H*. Also, COOH* intermediate can be directly decomposed
into CO* and OH*. Finally, H2O is formed by the addition of
OH* and H* intermediates. Equation 3 shows the steps of
this mechanism, and Fig. 8 depicts two separate pathways for
the associative mechanism.

H2 þ� ! H�
2 Step 1 ð3Þ

H�
2 ! H� þH� Step 2

CO2 þ� ! CO�
2 Step 3

CO�
2 þH� ! HCOO� COOH�ð Þþ � Step 4

HCOO� COOH�ð Þþ � ! HCO� COH�ð ÞþOH� Step 5

HCO� COH�ð Þ þ � ! CO� þH� Step 6

COOH� þ � ! CO� þOH� Step 7

OH� þH� ! H2O
� Step 8

H2O
� ! H2Oþ � Step 9

CO� ! COþ � Step 10

Cai and coworkers were employed the DFT method to
investigate the performance of the MoP (0001) surface, in
comparison with the Ni2P (0001) surface (Fig. 9) by the
generalized gradient approximation (GGA) using the Perdew
−Burke−Ernzerhof (PBE) functional. Higher adsorption
energies and charge for MoP (0001) confirm that the inter-
mediates are more stable on the MoP (0001) surface.
However, both MoP and Ni2P are active in the RWGS
reaction. Additionally, the obtained potential energy diagram
(PED) (Fig. 10) in mechanistic study illustrates that in the
case of MoP (0001) the direct path is more favorable,
whereas the COOH-mediated mechanism is a better path for
progressing the reaction in the presence of Ni2P (0001) as a
catalyst (Guharoy et al. 2019).

In another study, the performance of the surfaces of
Cu@Mo2C (001) and Cu4@Mo2C (001) (Fig. 11) was
explored in the RWGS reaction by DFT calculations using
the PBE functional (Jing et al. 2018).
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The results show that the doped b-Mo2C (001) surface by
Cu needs lower energy for desorption of CO. Therefore, the
introduction of non-noble metal copper is a useful technique
in CO release. Also, mechanism studies illustrate that the
reaction progress by the redox mechanism is the most pre-
ferred path for both Cu@Mo2C (001) and Cu4@Mo2C
(001) surfaces. Also, regarding the rate-determining step
(RDS) of the redox mechanism on the PEDs, corresponding
to Cu@Mo2C (001) and Cu4@Mo2C (001) surfaces
(Fig. 12), the latter surface is a better candidate for the
proceeding of the RWGS reaction (Jing et al. 2018).

As mentioned in two previous examples, DFT calcula-
tions based on the plane-wave basis sets are a privileged

approach to exploring the solid-state materials as catalysts in
the RWGS reaction. However, DFT calculations by
Gaussian-type orbitals are another method for the investi-
gation of this reaction. Guo and coworkers investigated
Cu12TM (TM = Co, Rh, Ir, Ni, Pd, Pt, Ag, Au) as the
bimetallic metal catalysts in RWGS reaction, in which
6-31G(d,p) basis set and LANL2DZ pseudopotential were
used to describe the H, C, O atoms and metal elements,
respectively (Zhang and Guo 2018).

Figure 13 illustrates the optimized structure of Cu12TM
and adsorbed reactants, intermediates, and products, in the
RWGS reaction. Figure 14 depicts the PED of the reaction
on the Cu13 and Cu12TM clusters. The results indicate the

Fig. 8 Two separated pathways for the associative mechanism, a formation of HCOO intermediate and b formation of COOH intermediate
(Podrojkova et al. 2020)

Fig. 9 Crystal structures of the
applied MoP (0001) and Ni2P
(0001) surfaces in RWGS
reaction (Guharoy et al. 2019)
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redox mechanism, in which CO2 is cleaved to CO* and O*
is more favorable than both carboxyl and formate mecha-
nisms. Also, as it is shown in PED, H2O formation is the
RDS of the reaction (Zhang and Guo 2018).

In other DFT calculations by the Gaussian-type orbitals,
four mechanisms were considered to explore the thermo-
dynamic and kinetic aspects of the RWGS reaction in the
presence of the Rh–Mo6S8 cluster as a catalyst. Besides the
general mechanisms in the RWGS reaction, the authors
considered the possibility of formic acid formation for the
possible paths of the reaction mechanism. Equation 4 illus-
trates the proposed steps of the formation and consumption
of formic acid in the RWGS reaction (Cao et al. 2016).

Figure 15 depicts the optimized species in the reaction,
and Fig. 16 illustrates the PEDs corresponding to (A) the
redox mechanism, (B) the carboxyl mechanism, (C) the

directly formic acid decomposition to CO, and (D) the for-
mation of a CHO as the intermediate through the reaction.
Based on the studied mechanisms, the reaction progress
through the direct decomposition of HCOOH to CO and
H2O (mechanism C) leads to a lower value of barrier energy
in comparison with other mechanisms. Also, due to the high
energy barrier of RDS (76.01 kcal mol−1), the decomposi-
tion of HCOOH to CHO* is unlikely to proceed (Cao et al.
2016).

H2 þ� ! H�
2 Step 1 ð4Þ

H�
2 ! H� þH� Step 2

CO2 þ� ! CO�
2 Step 3

CO�
2 þH� ! HCOO� þ � Step 4

Fig. 10 Potential energy
diagram (PED) for the RWGS
reaction on a MoP (0001) and
b Ni2P (0001) (Guharoy et al.
2019)
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HCOO� þ H� ! HCOOH� þ � Step 5

HCOOH� þ � ! CO� þH2O
� Step 6

HCOOH� þ � ! HCO� þOH� Step 7

HCO� þ � ! CO� þ H� Step 8

OH� þH� ! H2O
� þ � Step 9

H2O
� ! H2Oþ � Step 10

CO� ! COþ � Step 11

Despite the various studies about the RWGS reaction, the
subjects, such as the effects of the metal catalysts and related
mechanisms along the spontaneous, dynamic, and high-
temperature reaction, need more investigation and clarifica-
tion (Choi et al. 2017). It was revealed that to reach a sat-
isfactory level of conversion, high temperature is required,
thermodynamically. Therefore, remarkable attempts are
performed to modify catalytic activity and selectivity for
carrying out the RWGS reaction at lower temperatures
(Yang et al. 2018).

4.1.2 Methane
CO2 reduction to methane (CO2 methanation or Sabatier
reaction) shows numerous benefits among other chemical
reaction because methane can be straightly driven into the
natural gas pipelines, and it can be applied as fuel or starting
material for the generation of other chemicals (Frontera et al.
2017). Also, CO2 conversion to methane is a simple reaction

that proceeds under atmospheric pressure and room tem-
perature. Regarding thermodynamic property, CO2 metha-
nation remains the most advantageous transformation than
other reactions, which form hydrocarbons or alcohols (Aziz
et al. 2015). This reaction is exothermic, pressure-dependent,
and thermodynamically favorable at low temperatures
(Eq. 5). But, the full reduction of the carbon atom of CO2

with the highest oxidation state has a significant limitation,
kinetically. Thus, to attain an acceptable rate and selectivity,
the use of a catalyst is necessary.

CO2 þ 4H2 � CH4 þ 2H2O

DG298 ¼ �114 kJ mol�1
ð5Þ

Two general reaction mechanisms can be considered for
CO2 methanation on the solid surfaces. The first route is
passing through the CO intermediate via RWGS reaction
followed by further reduction and CO conversion to CH4

(Wei and Jinlong 2011). However, the second mechanism is
a direct reduction, in which the reaction of CO2 with H2

forms methane without CO formation as an intermediate.
Figure 17 depicts (A) direct hydrogenation mechanism and
(B) possible routes for the mechanism including the CO
intermediate (Lapidus et al. 2007).

Ren and colleagues report a DFT investigation about
methanation of CO2 on the Ni(111) surfaces within the GGA
and Perdew–Wang (PW91) functional (Ren et al. 2015). Fig-
ure 18 depicts the most stable configurations of the reactants
and intermediates involved in the investigated mechanisms.

Three mechanisms were considered for this conversion.
In the first path, HCOO species are formed by the reaction
between CO2 and H. CH4 is produced due to the dissociation
reaction of HCOO to CO and OH and hydrogenation of CO.

Fig. 11 Optimized crystal structures of the Mo-terminated b-Mo2C (001) surface, Cu@Mo2C (001), and Cu4@Mo2C (001) surfaces, in which
Mo, C, and Cu atoms have been detected by blue, gray, and orange color, respectively (Jing et al. 2018)
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Fig. 12 PED of the RWGS reaction in the presence of a Cu@Mo2C (001) and b Cu4@Mo2C (001) surfaces and corresponding energy values for
RDS (Jing et al. 2018)
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In this path, dissociation of HCOO shows the highest energy
barrier (306.8 kJ mol−1). In the second route, CO2 directly is
split into CO and O on the Ni(111) surface, without any
HCOO formation. Then, CO decomposition and hydro-
genation of C atoms lead to CH4 molecules. The RDS for
this mechanism is 237.4 kJ mol−1, which belongs to the
decomposition of CO into C and O species. In the third
route, CO2 is firstly hydrogenated to C(OH)2 species, which
dissociate into CH2O and OH in the next step. Further
hydrogenation leads to CH2O dissociation into CH2 species.
RDS for this path belongs to the formation of C(OH)2 on the
Ni(111) surface, corresponding to 292.3 kJ mol−1. There-
fore, regarding all studied mechanisms, path 2 is the best
candidate for reaction progress. Figure 19 depicts the PED
diagrams for the studied pathways.

In other DFT calculations, CO2 methanation is studied on
Ni4/t-ZrO2(101), Ni4/VO-t-ZrO2(101), and Ni4/H-t-ZrO2(101)
surfaces within the GGA method. Geometry optimizations
were obtained using the PBE functional and double numeric
polarized (Han et al. 2017) basis set. This basis set is analogous
in measure and feature to the 6-31G(d,p) basis set, as a Pople
basis set. Figure 20 shows the optimized crystal structures of
the studied surfaces.

Based on the obtained results, the reaction passes through
the CO intermediate for all surfaces, and direct reduction of
CO2 to methane without any formation of CO intermediate
was not observed. On the other hand, methanol production,
based on the steps of Eq. 6, is a competitive reaction with
methane formation. In the case of Ni4/t-ZrO2(101) catalyst,
the difference between the highest barrier energies of CH4

and CH3OH formation is 261.8 kJ mol−1 and 197.9 kJ
mol−1, respectively. Therefore, CH3OH formation reduces
the productivity and selectivity of the CO hydrogenation into
the CH4 product. In the case of Ni4/VO-t-ZrO2(101) catalyst,
the highest barrier energies for the production of CH4 and
CH3OH from CO are 157.8 kJ mol−1 and 202 kJ mol−1,
respectively, which specify that the formation of CH4 is more
favorable, thermodynamically and kinetically. However,
regarding the highest barrier energies for the conversion of
CO to CH4 (246.9 kJ mol−1) and CH3OH (274 kJ mol−1) for
Ni4/H-t-ZrO2(101) catalyst, it can be concluded that the
hydroxyl groups and oxygen vacancies on Ni4/t-ZrO2 sur-
faces are useful to the development of CH4. Moreover, the
selectivity of CO conversion to methane is enhanced due to
the oxygen vacancies. Figure 21 depicts PED diagrams of the
reaction for the investigated surfaces (Han et al. 2017).

Fig. 13 Optimized structure of
Cu12TM and adsorbed reactants,
product, and intermediates in the
RWGS reaction (Zhang and Guo
2018)
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CO ! CþO Step 1 ð6Þ

COþH ! CHO Step 2

COþH ! COH Step 3

CHOþH ! CH2O Step 4

CHOþH ! CHOH Step 5

CHO ! CHþO Step 6

CH2O ! CH2 þ O Step 7

CH2OþH ! CH2OH Step 8

CH2OþH ! CH3O Step 9

CH3OþH ! CH3OH Step 10

CH3O ! CH3 þO Step 11

CH3 þH ! CH4 Step 12

Applied catalysts in CO2 methanation are not limited to
heterogeneous surfaces, and Wei and coworkers reported a
DFT investigation by the cationic Ir-pincer complex
((POCOP)Ir(H)(acetone)+ (POCOP = 2,6-bis(dibutylphos-
phinito)phenyl)) as the catalyst and silane as the reducing
agent. The investigation of a four-step mechanism was
performed by the hybrid meta exchange–correlation M06
functional, in which the effective core potentials (ECPs) of
Hay and Wadt with double-f valence basis sets (LanL2DZ)
were applied to study the Ir metal atom. Also, these basis
sets have been improved by polarization functions (ff =

Fig. 14 PED of the RWGS reaction on Cu13 and Cu12TM clusters, within the involved species in the different steps (Cao et al. 2016)
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0.938). The 6-311G(d, p) basis set was applied to describe
other atoms. Figure 22 depicts the overall reaction and the
studied mechanism for the reaction (Fang et al. 2018).

The reaction progresses by sequential reduction of CO2

molecule to silylformate, bis(silyl)acetal, methoxysilane, and
methane as the final product, respectively. In stage 1, the
hydrosilylation of CO2 to silylformate was investigated via
three routes. In the first step of path A, the cationic Ir-pincer
complex activates CO2, accomplished by the Ir–CO2 moiety
activation by a silane molecule. Bridged hydrogen between
Ir and Si atoms is the result of Path B, which is started by the
interaction between the cationic Ir-pincer complex and the
silane molecule. This path is followed by the activation of a
CO2 molecule by the silane iridium adduct. CO2 molecule
inserts into the iridium-hydride bond of the cationic Ir-pincer
complex in path C. Then, the produced iridium formate
reacts with a free silane to produce silylformate (HCOO-
SiMe3). Figure 23 depicts the involved species and corre-
sponding relative energies in stage 1.

Similar to step 1, three pathways can be considered for
the conversion of silylformate to bis(silyl)acetal (H2C
(OSiMe3)2) or formaldehyde (H2C=O) in step 2. Path A

proceeds through the breaking of the next silane Si–H bond
and C=O bond reduction of silylformate, path B is related to
the ionic SN2 outer-sphere mechanism, accomplished by the
silylformate nucleophilically attacking the 1-silane iridium
complex, and pathway C corresponds to silylformate inser-
tion into the Ir–H bond. The obtained results show that path
B (Fig. 24) passes through lower barrier energy than A and
C paths. The calculated RDS energy for this step is about
12.2 kcal mol−1. In the third step, bis(silyl) acetal is con-
verted to methoxysilane, in which the obtained RDS energy
for this step is 16.4 kcal mol−1. Finally, in the fourth step,
by overcoming to activation energy about 22.9 kcal mol−1,
methoxysilane is reduced to methane (Fig. 25). Also, it is
notable that formaldehyde production by the cationic
Ir-pincer complex is not probable.

Electrochemically CO2 reduction reaction (CO2RR) to
fuels and organic feedstock is another approach toward CO2

utilization. CO2RR can be scaled to facilitate the large-scale
storage of chemical products (Wang et al. 2011; Gattrell
et al. 2007; Costentin et al. 2013). Since the products of
CO2RR are extracted from petrochemical sources, their
manufacture via CO2RR could decrease the global demand

Fig. 15 Stable reactants,
intermediates, and products in the
catalyzed reaction by Rh–Mo6S8
cluster, in which Mo, S, Rh, H, O,
and C atoms are colored by light
blue, yellow, dark blue, white,
red, and gray, respectively (Cao
et al. 2016)
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for fossil fuels. Lihui and coworkers reported the CO2

reduction into CH4 on the Cu (111) via electrochemical
reaction (Ou et al. 2019). Figure 26 depicts the crystal
structure of Cu (111) in water as the studied solvent in this
reaction.

The DFT investigation was accomplished using the GGA
method and the PBE exchange–correlation functional. Also,
ultrasoft pseudopotential was applied to study the nuclei and
core electrons, and the Kohn–Sam equations are solved by a

plane-wave basis set. Two overall mechanisms including
(a) CH2O and (b) CHOH pathways in the presence of the
simulated low overpotential have been considered for the
reaction. Common intermediates for the first and second
mechanisms are CHO and CH2, respectively (Fig. 27). The
results showed that both considered mechanisms may hap-
pen in a parallel way in the presence of the simulated low
overpotential. Also, the formation of CO is the
potential-limiting step, which is according to the observed

Fig. 16 PED corresponding to
a the redox mechanism, b the
carboxyl mechanism, c the
directly formic acid
decomposition to CO, and d the
formation of a CHO intermediate
along with the reaction (Cao et al.
2016)
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experimental results. Based on the studied mechanisms,
methanol formation is a side reaction, which can interrupt
the methane formation; however, in the simulated low
overpotential, methanol formation on Cu(111) is prohibited,
kinetically. Figure 28 depicts the obtained PED of CO2

reduction into CH4 and CH3OH on Cu(111) in the presence

of the considered low overpotential: (a) CH2O pathway;
(b) CHOH pathway.

4.1.3 Methanol
The vision of liquid sunshine was applied by Shih and
coworkers that mentioned that solar energy is an enormous

Fig. 17 Two general mechanisms of CO2 methanation on the solid surfaces (Podrojkova et al. 2020)

Fig. 18 Involved species in the mechanism of CO2 methanation on Ni(111) surfaces, in which C, O, H, and Ni atoms are depicted by as the gray,
red, white, and blue colors, respectively (Ren et al. 2015)
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resource to make renewable alcohol fuels, such as methanol
(Shih et al. 2018). Also, regarding obtaining a sustainable
energy source, the “Methanol Economy” suggested by

George A. Olah has been widely accepted among the sci-
entific community (Olah et al. 2018).

Nowadays, the main starting material for the industrial
production of methanol is mostly from syngas (a mixture of
CO and H2 molecules). Syngas is mainly produced by coal
and natural gas, as fossil resources, due to the gasification of
coal and the reforming of natural gas by steam (Zhong et al.
2020). To improving the kinetic aspect and to achieve a
desired stoichiometry for the reaction, a few amounts of CO2

(about 2–8%) are added to the CO/H2 mixture. Equation 7
shows the stoichiometric ratio for methanol synthesis from
CO and CO2. It can be concluded that in comparison with
syngas (CO), methanol synthesis from CO2 needs an
excessive value of hydrogen. Because an excess amount of
H2 is required to eliminate one oxygen atom from CO2 via
the production of water as a by-product. Also, the thermo-
dynamic aspect of methanol formation from CO2 is not
favorable, similar to CO. Thus, methanol production from
CO2 leads to a lower yield than that of the syngas reaction
(Mikkelsen et al. 2010; Macquarrie 2005).

COþ 2H2 � CH3OH

DH298 ¼ �90:6 kJ mol�1

CO2 þ 3H2 � CH3OHþH2O

DH298 ¼ �49:5 kJ mol�1

ð7Þ

The lower temperature and higher pressure for the reac-
tion favor the methanol production from CO2, thermody-
namically. Accordingly, an increase in reaction temperature
is helpful for CO2 activation and methanol formation, sub-
sequently. Also, other by-products are formed. However, the
formation of undesired by-products, such as CO, hydrocar-
bons, and higher alcohols, causes the use of a highly

Fig. 19 PED diagrams for the methanation of CO2 on the Ni(111) surfaces (Ren et al. 2015)

Fig. 20 Optimized crystal structures of the Ni4/t-ZrO2(101), Ni4/
VO-t-ZrO2(101), and Ni4/H-t-ZrO2(101) surfaces (Han et al. 2017)
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selective catalyst to become an undeniable necessity.
Regarding the various investigation, methanol synthesis over
an active surface catalyst such as Cu-based can proceed
through three different reversible reaction paths including
(1) formate production as intermediate via CO2 reaction with
surface atomic H, (2) the formation of carboxyl intermediate
through RWGS mechanism, (3) the formation of *C(OH)2 as
the produced intermediate by CO2 hydrogenation (Dang
et al. 2019; Saeidi et al. 2014; Wu et al. 2017). The progress
of the hydrogenation for the mentioned three mechanisms
leads to the formation of formyl (H2CO*), methoxy
(H3CO*), and methanol (CH3OH), respectively. Mechanism
1 passes through the chemisorbed formate, which can be
produced from the CO2 reaction with dissociated surface
hydrogen. Afterward, the hydrogenation of surface-bound
formate causes dioxomethylene formation that H2CO* is
formed by the elimination of hydroxyl as H2O. The hydro-
genation of H2CO* intermediate can be continued to meth-
oxy and methanol formation. Mechanism 2 proceeds
through the CO* formation by the elimination of hydroxyl
from hydrocarboxyl. The sequential hydrogenation of the
formed HCO intermediate leads to formyl and methanol.
However, in mechanism 3, the hydrogenation of hydrocar-
boxyl leads to COOH* intermediate formation, which is

converted to *COH and hydroxymethylene by continuous
hydrogenation. Figure 29 depicts three mechanisms for CO2

reduction to methanol by a catalytic surface (Wu et al. 2017;
Qiu et al. 2016; Liu et al. 2019).

Yang and coworkers reported a theoretical investigation
on the CO2 hydrogenation to methanol on the PdIn(310)
surface (Fig. 30) (Wu et al. 2019). The calculations were
accomplished within the projector-augmented wave
(PAW) method. Also, considering the long-range dispersion
force, the Bayesian error estimation functional with van der
Waals correlation (BEEF-vdW) exchange−correlation
functional has been applied, which is widely used to study
surface catalysis reactions by the plane-wave basis set. In the
reported study, three overall mechanisms of CO2 conversion
were investigated that are divided into four distinguishing
paths corresponding to I, II, III, IV in Fig. 31. The results
showed that the reaction mechanism of methanol formation
on the clean PdIn(310) proceeds through the COOH inter-
mediate and CO stepwise hydrogenation. Also, based on the
applied microkinetic analysis, it was illustrated that Pd atom
is the active catalytic site in comparison with In atom.

However, on this basis of DFT calculations and
microkinetic analysis, it was illustrated that the differential
adsorption energies of formate at the Pd or the In site are

Fig. 21 PED of the reaction for hydrogenation of CO to CH4 on Ni4/t-ZrO2(101), Ni4/VO-t-ZrO2(101), and Ni4/H-t-ZrO2(101) surfaces (Han
et al. 2017)
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close to each other when two formates are preadsorbed at the
In step-bridge site. Moreover, in the presence of formate on
the surface, the favorable path of methanol formation
changes from the COOH/CO path to HCOO/HCOOH.
Figure 32 depicts the obtained PED diagram for the studied
paths (Wu et al. 2019).

In another DFT calculation, the consequence of the size
of the Cu cluster on the reduction of CO2 to methanol was
studied by using PAW potentials and the PBE functional.
Figure 33 depicts the optimized structures of the adsorbed
species on the crystal structure of Cu clusters having dif-
ferent sizes and corresponding adsorption energies. The
studied mechanism reveals direct CO2 decomposition to CO
and O rather than hydrogenation of CO2 to COOH because it
has been reported that the former mechanism has lower
barrier energy than the latter one on the Cu (111) and Cu
(211) (Zhang et al. 2018a). Figure 34 illustrates a schematic

presentation of the mechanism of CO2 reduction to methanol
on the Cu clusters.

The DFT results showed that all barriers of the reaction,
involved in the CO2 transformation to methanol, represent a
linear correlation with the adsorption energies of CO and O.
Also, based on the results of the microkinetics simulations, it
can be concluded that Cu19 clusters are appropriate candi-
dates for CO2 reduction. Moreover, particle measure of the
Cu alters the adsorption energies of the involved interme-
diates, which can be associated with the position of the
d-band of the Cu clusters. Thus, the upshift of the d-band
center has remarkable effects on the strengths of the bonding
interaction between the metal and intermediates, which has a
substantial influence on the CO2 reduction activity. Fig-
ure 35 depicts the PED of the CO2 reduction to methanol in
the presence of different size of Cu clusters and involved
species in each step.

Fig. 22 Overall CO2 methanation reaction by the Ir-pincer complex and studied four-step mechanism for the reaction (Fang et al. 2018)
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The electrochemical approach based on the Cu surface is
another method in CO2 hydrogenation to methanol. The next
example is DFT calculation based on the PAW method to
understand and comparison of the catalytic activity and
mechanism investigation of CO2 reduction on the Cu85
nanocluster and Cu (111) surface. Also, the exchange–cor-
relation interaction is treated by the generalized gradient
approximation of Perdew–Burke–Ernzerhof (GGA-PBE)
(Rawat et al. 2017).

Equation 8 shows electrochemical CO2 reduction in
which two-electron reduction leads to H2, CO, and HCOOH
formations. However, four- (4e−) and six-electron (6e−)
reduction leads to CH2O and CH3OH formation, respec-
tively. The authors describe two overall electrochemically

C–O bond dissociation, as direct and indirect. The direct C–
O bond dissociation (*CO2 ! *CO + *O) improves the
four- and six-electron reduction processes, kinetically. On
the other hand, indirect C–O bond dissociation by hydro-
genation (*CO2 + *H ! *COOH) and then COOH disso-
ciation (*COOH ! *CO + *OH) are more favorable than
direct C–O bond dissociation. Also, the direct C–O bond
dissociation has a remarkable effect on the product
selectivity.

2Hþ þ 2e� ! H2 E0 ¼ �0:000VRHE Step 1 ð8Þ

CO2 gð Þþ 2Hþ þ 2e� ! HCOOH lð Þ
E0 ¼ �0:250VRHE Step 2

Fig. 23 Schematic representation of the involved species and corresponding relative energies in stage 1 silylformate (HCOOSiMe3) formation via
pathways A and B (Fang et al. 2018)
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CO2 gð Þþ 2Hþ þ 2e� ! CO gð ÞþH2O lð Þ
E0 ¼ �0:106VRHE Step 3

CO2 gð Þþ 4Hþ þ 4e� ! CH2O lð ÞþH2O lð Þ
E0 ¼ �0:070VRHE Step 4

CO2ðgÞþ 6Hþ þ 6e� ! CH3OHðlÞþH2OðlÞ
E0 ¼ 0:016VRHE Step 5

The obtained results show that Cu85 nanocluster is more
active than the Cu(111) surface in the reduction reaction.
Also, the reduction of *CO to *CHO/*COH is the RDS of
the hydrogenation reaction, whose barrier energy for Cu85
nanocluster is lower than that of Cu(111) surface. However,
the formation of *CHO is more favorable than *COH, fol-
lowed by CH3OH formation. The next obtained result is a
lower required overpotential of Cu85 nanocluster for pro-
gressing the potential-limiting step of the reaction. Indeed,

Fig. 24 PED of the silylformate conversion to bis(silyl)acetal or formaldehyde in step II via path B (Fang et al. 2018)

Fig. 25 PED of the bis(silyl)acetal conversion to methoxysilane and methane within steps 3 and 4 through the ionic outer-sphere mechanistic
routes (Fang et al. 2018)
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the reduction of *CO to *CHO is a potential-limiting step on
both Cu(111) and Cu85 surfaces. The overpotential of this
step for Cu(111) is 0.71 eV, which is the reaction Gibbs
energy for the development of *CO to *CHO. While the
reaction Gibbs energy for this reaction on Cu85 nanocluster

is 0.53 eV. Figure 36 depicts the PED of the reduction
reaction on the Cu85 nanocluster and their dependence on the
applied electrode potentials (Rawat et al. 2017).

Nowadays, the photocatalytic CO2 conversion to metha-
nol has been attracted specific attention among the scientific

Fig. 27 Considered CO2 reduction mechanisms on Cu(111): a CH2O pathway; b CHOH pathway (RHE = reversible hydrogen electrode) (Ou
et al. 2019)

Fig. 26 Arrangement of solvent molecule on Cu(111): a side view; b top view (Ou et al. 2019)
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community (Wang et al. 2011; Bensaid et al. 2012; Centi
et al. 2013) because, by using sustainable solar energy,
methanol can be formed without any emission of greenhouse
gases. Recently, a defect-laden indium oxide, In2O3-x(OH)y,
with a rod-like nanocrystal superstructure was reported,
which is a photocatalyst in the reduction of CO2 to methanol
with 50% selectivity under the atmospheric pressure. This
report is a suitable investigation for the formation of a
low-pressure solar methanol process using CO2 and renew-
able H2 sources (Wang et al. 2018b).

To investigate the mechanism based on the DFT calcu-
lation, all involved species were optimized by the PBE
exchange–correlation functional, together with the Rappe–

Rabe–Kaxiras–Joannopoulos (RRKJ) ultrasoft pseudopo-
tentials. Structural analysis shows that the surface of
In2O3-x(OH)y possesses hydroxide groups that coordinate to
unsaturated indium positions. These positions behave as a
Lewis base and a Lewis acid, respectively, which form a
surface-frustrated Lewis pairs (SFLP) that plays a key role in
catalytic hydrogenation of CO2 to CO and CH3OH. Also,
compared with the ground state, Lewis acidity and Lewis
basicity of the SFLPs increase the excited state leading to a
remarkable facility of the photochemical CO2 transformation
to methanol. Figure 37 shows the investigated mechanism of
CO2 reduction on the In2O3-x(OH)y. As shown in this figure,
CO2 reduction to CO is a side reaction developed by CO2

Fig. 28 Obtained PEDs of CO2 reduction into CH4 and CH3OH by Cu(111) in the presence of the considered low overpotential: a CH2O
pathway; b CHOH pathway (Ou et al. 2019)

Fig. 29 Three possible mechanisms in CO2 reduction to methanol on the catalytic surface: a formate, b RWGS, and c hydrocarboxyl mechanisms
(Wu et al. 2019)
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Fig. 31 Three overall mechanisms of CO2 conversion on the PdIn(310) surface (Wu et al. 2019)

Fig. 32 Obtained PEDs of the
studied paths for methanol
synthesis in the Pd and In sites
over PdIn(310) with two
preadsorbed formates at the In
step-bridge site (Wu et al. 2019)

Fig. 30 Optimized crystal structure of PdIn(310), in which Pd and In atoms are depicted in blue and brown colors, respectively. (Left) top and
(right) side views (Wu et al. 2019)
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conversion to methanol. However, the results illustrate that
methanol selectivity increases from 40% for nanocrystals
to >50% for nanocrystal superstructure of In2O3-x(OH)y,
which shows that the nanocrystal superstructures enhance
both yield and selectivity toward the methanol production.
Figure 38 depicts the PED diagram of the CO2 reduction to
methanol over In2O3-x(OH)y (Wang et al. 2018b).

The application of organic molecules, as a catalyst in CO2

transformation, has remarkable properties, such as
cost-effectiveness, metal-free status, and sustainability (Fio-
rani et al. 2015). The investigations show that, in comparison
with the organo-based catalysts, the activation of the sub-
strates by metal-based catalysts, via the coordination of the
functional group to metal, is more effective. But,
organocatalysts have some privileges, such as non-toxicity,
stability along with the reaction, and resistance toward
moisture and air. Thus, they can be considered safe catalysts
(Fiorani et al. 2015). Moreover, in some cases, they can be

readily provided from renewable chemicals. Based on DFT
studies, our group investigated the performances of the
proton sponges in CO2 reduction to methanol through the
B3LYP/6–311 + + G (d,p) level of theory. Thermodynamic
and kinetic aspects of the CO2 reduction to methanol were
investigated in the presence of six proton sponges, as the
organocatalysts, and borane molecule as the reducing
reagent. Figure 39 illustrates the investigated proton sponges
and the overall reduction of CO2 to methoxyborane
(MeOBO)3, as the final product of the reaction, which is
decomposed to methanol and boric acid by the reaction with
water (Sabet-Sarvestani et al. 2018).

Two different cycles can be considered for the catalytic
reaction, and the performance of considered proton sponges
was studied in gas and solvent phases. BH3OCOH is the
output of cycle 1, which can be considered as the starting
material of cycle 2. Based on the kinetic studies, the devel-
opment of boronium–borohydride ion pair (step 2) is the key

Fig. 33 Adsorbed key
intermediates on the Cun (n = 13,
15, 19, 55, and 79) clusters and
corresponding adsorption
energies (Zhang et al. 2018a)
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step of the reaction in cycle 1. Also, the activation energy of
this step is affected by the steric effects of the linked methyl
groups to the proton sponges. Structural analysis of the
proton sponges reveals that dihedral angles (h) between two
aromatic rings of the proton sponges have a key factor in the
DG 6¼ value of step 2. Figure 40 illustrates the involved spe-
cies of cycle 1 (Sabet-Sarvestani et al. 2018).

In the next part of the study, the probable pathways of the
(MeOBO)3 formation from BH3OCOH were investigated.

Three paths that are nominated as green, blue, and red routes
were considered for this conversion (Fig. 41). BH3OCOH is
the starting material for all these paths. Figure 41 depicts the
involved species in red (above), green and blue paths (down)
in cycle 2.

Based on the PED of cycle 2 (Fig. 42), the red route is not
an appropriate path for the (MeOBO)3 formation, thermody-
namically and kinetically. Also, in comparison with the green
path, the blue route is not a probable path for the reaction,

Fig. 35 PED of the CO2

reduction to methanol for
different sizes of the Cu clusters
(Zhang et al. 2018a)

Fig. 34 Schematic representation of the reduction mechanism of CO2 transformation to methanol on the Cu clusters (Zhang et al. 2018a)
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kinetically. Therefore, the green route is the most probable
pathway for cycle 2, thermodynamically and kinetically.

4.1.4 Formic Acid
Due to the wide application of formic acid as a preservative,
insecticide, and industrial material, the development of the
efficient approaches of synthesis has been considered. The
formic acid fuel cell is the next usage of this compound to
provide electricity (Wang et al. 2018c). Moreover, properties
such as non-toxicity, biodegradability, being liquid at the
ambient conditions, easiness of storage and transportation,
relatively high hydrogen capacity (4.4 wt%), and sustain-
ability cause it to become one of the most proper materials

for hydrogen storage. In the gas phase, direct CO2 hydro-
genation to formic acid is endergonic; however, in the
aqueous phase or the presence of an inorganic base, such as
ammonia, the reaction becomes exergonic and feasible
(Eq. 9) (Wang et al. 2018c). The use of an inorganic base, as
a catalyst for the reaction, leads to formate production,
which by adding a strong acid is converted to formic acid.
Thus, the inorganic base changes the reaction equilibrium
toward higher selectivity to formic acid. Other approaches,
such as the application of buffers, basic ionic liquids, and
solvents addition (like DMSO as coordinating agent), are
alternative methods for the production of pure formic acid,
without the use of amine or other strong bases.

Fig. 37 Investigated mechanism
of CO2 reduction on the
In2O3-x(OH)y surface (Wang et al.
2018b)

Fig. 36 PED of the reduction reaction on the Cu85 nanocluster and the difference between the applied electrode potentials (Rawat et al. 2017)
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COþH2 � HCO2H

G298 ¼ þ 33 kJ.mol�1

CO2 þH2 þNH3 � HCO�
2 þNHþ

4

G298 ¼ �9:5 kJ mol�1

ð9Þ

In 1976, the first study of the CO2 hydrogenation to formic
acid was reported by Inoue and et al that applied the com-
plexes of Ru, Rh, and Ir and triphenylphosphine (PPh3). This
report did not attract significant regard until the 1990s, in
which the attention to the CO2 transformation to formate was

revived (Inoue et al. 1976). Based on the recent investigations,
two different paths can be considered in CO2 hydrogenation to
formic acid on a catalytic surface. These pathways depend on
the different adsorption mode of the CO2 and generated for-
mate. As shown in Fig. 43, in paths A and B, monodentate
formate and bidentate formate are generated, respectively, in
which formic acid is produced after hydrogenation of these
intermediates (Peng et al. 2012; Chiang et al. 2018; Zhang
et al. 2018b; Filonenko et al. 2016).

A DFT investigation based on the M06-L density func-
tional is reported to study the efficacy of the copper atoms

Fig. 38 PED of the CO2 reduction to methanol over the In2O3-x(OH)y, in which gray, red, green blue atoms corresponds to In, O, C, and H,
respectively (Wang et al. 2018b)

Fig. 39 Overall reduction of
CO2 within the studied proton
sponges (Sabet-Sarvestani et al.
2018)
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implanted in the plane of graphene (Cu/dG) in catalytic
hydrogenation of CO2 to formic acid. For this study, the
Stuttgart–Dresden effective core potential and 6-31G(d,p)
basis set are considered for copper and normal atom,
respectively. Cu atom on the Cu/dG surface is an active site
for the adsorption and heterolytic cleavage of the hydrogen
molecule. Figure 44 depicts the optimized structure of
(Cu/dG), atomic natural bond orbital (NBO) charges, and
bond lengthen of Cu bond with the nearby atoms(Siri-
jaraensre and Limtrakul 2016).

Two different paths have been considered for CO2

hydrogenation. In the initial path, CO2 is reduced via the
bimolecular adsorption, without H2 activation. As depicted
in Fig. 45, this path passes through the barrier energy of
34.6 kcal mol−1 for the first hydrogenation of CO2, which
produces an unsteady H-Cu-COOH intermediate. However,
in the first step of the second path, the H2 molecule splits
into coordinated hydride and proton on the Cu atom. The
calculated barrier energy for this step is 19.7 kcal mol−1.
The H2-activated Cu/dG can make easy the CO2 reduction to
the formate kinds.

In the second step of path 2, CO2 is hydrogenated by H2-
activated Cu/dG, yielding a bidentate complex of formate on
the Cu, which is more stable than the monodentate HCOO–
complex. After the formation of formate intermediate
(INT2b), two routes are possible for path 2. The first route
includes the protonation of INT2b through the hydrogenated
site of graphene to an oxygen atom of the HCOO–moiety,
and the second route is the further reduction by the second

hydrogen molecule. The obtained results show that hydro-
genation of INT2b through the adsorbed hydrogen on the
graphene has lower barrier energy than another hydrogen
molecule. Also, as depicted in the PED (Fig. 46), the
obtained energy of the RDS of path 2 (19.7 kcal mol−1) is
lower than the first one (Sirijaraensre and Limtrakul 2016).

In another report based on the DFT calculation, CO2

activation and reduction to formic acid on the hybrid metal
−organic frameworks (MOFs), namely Mo-Cu-BTC and
W-Cu-BTC, has been investigated in which the Cu-BTC is
formed from copper carboxylate dimers, [Cu2(COO)4 − (
H2O)2], and organic linker, benzene-1,3,5-tricarboxylate
(BTC). The metallic property of the bond of M-Cu dimer
provides the unsaturated metal site which is distinguished
from the metallic site of the pure M-M-BTC (Fig. 47) (Dong
et al. 2018), in which a unit cell of Cu-BTC consisting of 48
coppers, 192 oxygens, 288 carbons, and 96 hydrogens is
chosen for the calculation by exchange–correlation func-
tional, the GGA-PW91 method, and double numeric plus
polarization (DNP) basis set.

Two potential reaction paths were considered for the CO2

reduction to formic acid, called formate (HCOO*) and car-
boxyl (COOH*) mechanisms. Each path can be accom-
plished by two hydrogenation modes, and CO2 is
hydrogenated either by H2 molecule (mode 1) or by acti-
vated atomic hydrogen (H*) linked to the metallic site (mode
2). Regarding the CO2 hydrogenation through the H2

molecule, the calculated energy barrier on the W-Cu-BTC
via carboxyl path (1.27 eV) is lower than that of formate

Fig. 40 Involved species of
cycle 1 in CO2 reduction in the
presence of PS1 as a typical
proton sponge (Sabet-Sarvestani
et al. 2018)
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(1.48 eV), while on the Mo-Cu-BTC, the energy barriers in
both paths are nearly equal. Thus, Mo-Cu acts as a relatively
ideal catalytic system in hydrogenation via H2 molecule
mode. However, in the case of hydrogenation through H*,
there is a remarkable reduction of the activation energy

between CO2 and H* in the formate (HCOO*) path for two
bimetallic MOFs. The energy barrier of the carboxyl
(COOH*) path stays almost similar. Also, the calculated
energy barrier for CO2 reduction along the HCOO* path is
0.30 eV. Figure 48 shows the PED of Mo-Cu-BTC and

Fig. 41 Involved species in red
(above), green, and blue pathways
(down) of cycle 2
(Sabet-Sarvestani et al. 2018)
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W-Cu-BTC for formate (HCOO*) and carboxyl (COOH*)
paths (Dong et al. 2018).

In an electrochemical study, In–Zn bimetallic nanocrys-
tals were evaluated as the catalysts for CO2 conversion to
formic acid. Electro-reduction of CO2 to formic acid for-
mation by using several transition metals is an easy and
highly efficient method (CO2 + 2H+ + 2e ! HCOOH;
E = −0.608 V versus normal hydrogen electrode (NHE) at

pH = 7). However, the hydrogen evolution reaction (HER,
2H+ + 2e ! H2) is a competitive reaction that distributes
the high efficiency of the CO2 to HCOOH conversion.
A composition ratio of In: Zn = 0.05, like Zn0.95In0.05,
shows the highest catalysts selectivity toward HCOOH. In
this research, a DFT calculation based on the PAW method
with the PBE basis set was employed. Also, the effect of
attractive van der Waals (vdW) interaction was considered

Fig. 42 PED of cycle 2 corresponding to the green, blue, and red paths (Sabet-Sarvestani et al. 2018)

Fig. 43 Two different paths for
CO2 reduction to formic acid on a
catalytic surface (Podrojkova
et al. 2020)
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Fig. 45 PED and optimized involved species for path 1 of CO2 hydrogenation to formic acid (Sirijaraensre and Limtrakul 2016)

Fig. 44 Optimized structures and atomic NBO charges of applied Cu/dG surface in CO2 hydrogenation to formic acid (Sirijaraensre and
Limtrakul 2016)
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Fig. 46 PED and optimized species for path 2 of the CO2 hydrogenation to formic acid (Sirijaraensre and Limtrakul 2016)
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by applying Grimme’s D3 correction (PBE-D3). Based on
the obtained results, the energy of formate intermediate
(*OCHO), (produced by CO2 + H+ + e ! *OCHO) is a
key factor in Zn0.95In0.05 selectivity. The relative Gibbs
energy diagram of the CO2 hydrogenation to formic acid
over Zn (002), Zn (101), In (110), In (101), (112) facets
(Fig. 49), and Zn0.95In0.05 was calculated, in which depos-
ited four-atom In monolayer on a three-layer (5 � 5) Zn
(002) surface is used to model the Zn0.95In0.05 nanocrystals
(Fig. 50) (Kwon et al. 2019).

Based on DG values, the strong adsorption strength of
*OCHO acts as a limiting factor in HCOOH formation.
Based on these diagrams, the energy of *OCHO interme-
diate on the Zn0.95In0.05 surface is higher than those of other
studied surfaces, and therefore, the adsorbed *OCHO easily
releases. These results reveal that the Zn–In interface makes
the HCOOH production energy-favorable, which causes a
higher reaction rate of Zn0.95In0.05 (Kwon et al. 2019).

CO2 reduction by photocatalysts is the next approach
toward formic acid production. Zhao and coworkers reported
a theoretical study, in which the facet-dependent photocat-
alytic activity of TiO2 (101) and (001) was investigated in
photocatalytic CO2 reduction to formic acid. All calculations
were carried out using the GGA-PBE exchange–correlation
potential, and the PAW method was applied to consider the
effect of core electrons. Two TiO2 facets including (101) and
(001) in this investigation are depicted in Fig. 51 (Ma et al.
2016).

By analogy between the obtained results for the surface
and the bulk of TiO2 (101) and (001), it can be deduced that
the excited electron tends to stay on the surface than the
bulk. Also, the barriers for transferring the excited electron
through the bulk and among the surface are similar for both

facets. Moreover, the energy of Ti3+ that appeared on the
(001) facets is lower than that on the (101) facets, and thus,
(101) facets possess a higher conduction band minimum
(CBM). Figure 52 shows the PED of CO2 reduction to
formic acid over both facets of TiO2 (101) and (001). The
energy barrier of CO2 reduction to HCOOH over
(101) facets is lower than that of the (001). A higher CBM
generates stronger reducing electrons. Thus, the lower
energy barrier of the (101) facets and a faster rate of formic
acid production on this surface can be related to a higher
level of CBM (Ma et al. 2016).

4.1.5 Heterocycles
Heterocyclic compounds are an important class of chemicals
that possess various biological and pharmacological prop-
erties (Joule and Mills 2010). Value-added heterocycles such
as carbonates, carbamates, carboxylic acids, and numerous
sophisticated heterocyclic rings having “CO2”, “CO”, “CH2”
or “CH” ingredients are the products of CO2 reaction with
different substrates such as amino groups, hydroxyl groups,
and carbon nucleophiles. CO2 incorporation by nucle-
ophiles, as an efficient and green approach in heterocycle
synthesis, has been investigated in recent years, frequently
(Wang and Xi 2019). Based on the investigations, CO2

incorporation proceeds through three modes including
(I) nucleophilic addition to CO2 followed by intramolecular
cyclization to carboxylated cycle production; (II) concerted
two nucleophilic site attacks on CO2 affording cyclic car-
bonyl compound; (III) cyclization due to nucleophilic attack
on the reduced CO2 (Wang and Xi 2019). Figure 53 repre-
sents different approaches of CO2 incorporation cyclization
in the formation of the heterocyclic compounds. The carbon
atom of CO2 is an electrophile, and therefore, CO2 reaction

Fig. 47 Structure of the periodic model (a) and cluster model (b) of Cu-BTC. Orange, red, gray, and white colors indicate copper, oxygen,
carbon, and hydrogen atoms, respectively (Dong et al. 2018)
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with strong nucleophiles leads to the development of the C–
N, C–O or C–C bond and the negative charge over the O
atom of CO2. However, due to CO2 stability, an efficient
catalyst is required for CO2 transformation to heterocycles.

Cyclic Carbonates
Low vapor pressure, high boiling point, low toxicity, and
environment-friendly are appealing characters of cyclic
carbonates, which cause extensive applications of this
compound. The use of the cyclic carbonates as the
high-boiling polar solvents, additives for fuel, and precursor
of plastics are the well-known applications of cyclic car-
bonates. Moreover, these compounds are intermediates for
the formation of other valuable compounds like dialkyl
carbonates, glycols, carbamates, and pyrimidines (Calabrese
et al. 2019). Traditionally, cyclic carbonates are prepared by

phosgene as highly toxic, corrosive, and difficult to handle
chemicals. Thus, the formation of cyclic carbonates via
carbon dioxide and epoxide, as a low-toxicity and sustain-
able choice, has been attracted very much attention among
scientists. Also, this approach is known as a high-yielding
catalytic procedure which shows an atom economy of 100%.
However, the use of efficient catalysts is an important
necessity for this conversion (Calabrese et al. 2019).

Xia and coworkers report an amine-functionalized ionic
liquid (AFIL) to produce 3-chloro-1,2-propylene via CO2

cycloaddition with epichlorohydrin (Chen et al. 2019). All
the structures of reactants, intermediates, transition states,
and products were optimized in the solution phase by
employing xB97X-D/6–31 + G(d) level of calculation.
Also, the solvent effects were described by the solvation
model based on density (SMD) to improve the accuracy of

Fig. 48 PED of the CO2 hydrogenation, in which a, b, c, and d are
used for hydrogenation over W site by mode 1; over W site by mode 2;
c over Mo site by mode 1 and d over Mo site by mode 2, respectively.

(Black and red lines indicate HCOO* and COOH*mechanisms,
respectively (Dong et al. 2018)
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Fig. 49 a DG diagrams for CO2 hydrogenation to HCOOH over In (110), In (101), In (112), Zn (002), and Zn (101) surfaces. b Optimized
structures of the reaction intermediates (*OCHO) on each surface in the top (c-axis) and side (a-axis) views. Zn: bluish-purple, In: brown, C: gray,
O: red, and H: white (Kwon et al. 2019)

Fig. 50 Relative Gibbs energy diagrams for the CO2 hydrogenation to HCOOH over Zn (002), In (110), and Zn0.95In0.05 surfaces in which Zn, In,
C, O, and H atoms are indicated by bluish-purple, brown, gray, red, and white colors (Kwon et al. 2019)
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the calculated results. Based on the obtained results, the Br−

of the AFIL acts as a nucleophile. However, hydrogen bond
formation between the oxygen atom of the epoxide and a
hydrogen atom of the catalyst, as a Lewis acid, is a key
interaction to epoxide activation against a nucleophilic
addition. As depicted in Fig. 54, the authors described a
reaction between AFIL and carbonic acid (H2CO3) to pro-
tonation of tertiary amine groups of the ionic liquids (Chen
et al. 2019).

Figure 55 shows the PED of the ring-opening step of the
reaction of epichlorohydrin facilitated by the hydrogen bond
interaction of AFIL. The protonated tertiary amine group of
AFIL stabilizes Br− along with the ring-opening reaction of
epichlorohydrin through the Br− nucleophilic attack to the
carbon atom of epichlorohydrin. 2-buthylimidazole is
another moiety of the ionic liquid, which has an important
effect in the ring-opening procedure of epoxides via hydro-
gen bonding interaction. After hydrogen bond formation,
due to the nucleophilic attack of Br−, the O–C bond of
epichlorohydrin is broken, and yielding Int-b3 consists of
the protonated AFIL and ring-opened epichlorohydrin. After

coming back the protonated AFIL to the catalytic cycle,
Int-b6 is produced due to the nucleophilic reaction between
the negatively charged oxygen atom of the Int-b4 and CO2.
Int-b6 is an intermediate, which can be considered as the
starting material for 3-chloro-1,2-propylene formation in the
final step. The obtained results show that the ring-opening
process is the RDS of the whole reaction. Figure 56 illus-
trates the PED of the final step and the optimized structure of
the involved species.

The MOFs are the next efficient catalysts in CO2 trans-
formation to cyclic carbonate. Park and coworkers reported a
joint of experimental and theoretical studies on novel
adenine-based Zn-(II)/Cd(II), namely PNU-21 and PNU-22
assisted by tetrabutylammonium bromide (TBAB) as the
cocatalyst. Based on structural analysis, both MOFs possess
unsaturated Lewis acidic metal centers [Zn(II) and Cd(II)],
free basic N atoms of adenine molecules, and auxiliary
dicarboxylate ligand (Fig. 57). Experimental results show
that both catalysts have similar efficiency in the cycloaddi-
tion reaction of CO2 and epichlorohydrin (ECH) as the
heterogeneous catalysts. In the theoretical section, a

Fig. 52 PED and the optimized structure of CO2 reduction to formic acid over both facets of TiO2 (101) (right) and (001) (left) (Ma et al. 2016)

Fig. 51 Optimized structure of TiO2 (101) and (001) (Ma et al. 2016)
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comparative DFT-based investigation was performed on the
mechanistic aspects of the cycloaddition reaction in three
paths, namely noncatalyzed, TBAB-catalyzed, and
PNU-21/TBAB cocatalyzed. For this purpose, meta-hybrid
GGA functional M06 was employed, in which 6-31G(d)
basis set was applied for H, C, N, O, and Cl atoms, while the
heavier atoms (Zn and Br) were studied by LanL2DZ as a
“double-n” quality basis set. Figure 58 depicts the investi-
gated mechanism for the cycloaddition reaction by
PNU-21/TBAB catalytic system (Rachuri et al. 2019).

In the reaction mechanism, firstly, the oxygen atom of the
epoxide is coordinated to the Zn site via the oxygen atom of
the epoxide. Afterward, due to the nucleophilic attack of the
activated Br− anion of TBAB, three-membered epoxide
rings are opened. Then, alkyl carbonate anion is formed
through another nucleophilic attack of oxide anion of the
opened epoxy to the polarized CO2 molecule by one of the
−NH2 groups of adenine molecules. Finally, the corre-
sponding cyclic carbonate is produced by an ultimate
ring-closure step. The obtained results show that the acti-
vation energy of the ring epoxide opening for the noncat-
alyzed pathway, as the RDS of the cycloaddition reaction, is

61.96 kcal mol−1. This value for TBAB-catalyzed pathways
is reduced to 39.60 kcal mol−1. However, as depicted in the
PED of PNU-21/TBAB cocatalyzed cycloaddition pathway
(Fig. 59), the energy barrier of the ring-opening of epoxide
by nucleophilic attack of Br− is 7.58 kcal mol−1.

Organocatalysts are the other kind of the applied catalysts
in CO2 transformation to cyclic carbonates by ethylene oxide
(Galvan et al. 2014; Aoyagi et al. 2013; Wang et al. 2012;
Wong et al. 2008; Girard et al. 2014; Yu et al. 2010; Tsut-
sumi et al. 2010; Chatelet et al. 2013). We reported a DFT
study on the kinetics and mechanism of the cyclic carbonate
formation by carbonyl-stabilized phosphonium ylides as a
helpful organocatalyst (Fig. 60). M06-2X/6-31G(d,p) level
of the theory was employed for geometry optimization of the
starting materials, intermediates, products, and transition
states. Also, single-point energies were obtained to reinforce
the accuracy of the theoretical results, at the
MPW1PW91/6–311 + + G(d,p) (Sabet-Sarvestani et al.
2020).

This transformation can be considered by two mecha-
nisms (Fig. 61). The oxygen atom of the organocatalyst has
a nucleophilic character, and the first mechanism is begun

Fig. 53 Different approaches of
CO2 incorporation cyclization in
the formation of a heterocyclic
compound (Wang and Xi 2019)
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via the nucleophilic attack of this atom to the carbon atom of
CO2 (mechanism A). This pathway is followed by another
nucleophilic attack of the oxygen atom of In1A, as the
product of step 1, to the epoxide ring. In the second mech-
anism (mechanism B), the reaction is initiated by the oxygen
attack of organocatalysts to the three-membered ring of
ethylene oxide, followed by the next nucleophilic attack to
the carbon atom of CO2.

The energetic span model (ESM) is a quantum chemistry
descriptor to evaluate turnover frequency (TOF) based on
the obtained energy profile from the electronic structure
calculations, which is used for investigation of the kinetic
aspects of the proposed mechanisms (Kozuch and Shaik
2011). In this model, the degree of the TOF control (XTOF) is
applied to determine the effects of each involved species in
reaction on the TOF values. Then, TOF-determining inter-
mediate (TDI) and the TOF-determining transition state
(TDTS) can be identified by the XTOF values (Kheirabadi
et al. 2018; Falivene et al. 2018).

Figure 62 illustrates the obtained TDI and TDTS of
mechanisms A and B on the PEDs of four typical
organocatalysts. The results show that the transition state of
In2A formation through In1A in step 2 is TDTS for
mechanism A. In the case of mechanism B, the energy
barrier of step 1 is the TDTS. Also, In2B is considered as the

TDI of the mechanism. Finally, based on the calculations, it
can be concluded that linked electron-donating groups to
carbonyl-stabilized phosphonium ylides have an efficient
effect on the barrier energy of the cyclic carbonate
formation.

Cyclic Carbamate
This class of heterocyclic rings is found in numerous valu-
able chemicals. For example, a five-membered carbamate
ring (2-oxazolidinone) is a heterocyclic core of antibiotics
such as Linezolid, Posizolid, and Tedizolid and also
antidepressants like Toloxatone (Brickner 1996; Schaadt
et al. 2009; Chen et al. 2017). Traditionally, chemicals such
as isocyanates, phosgene, urea, or organic carbonates are
used to synthesize cyclic carbamates. However, due to high
toxic and expensive starting materials, CO2-based synthetic
paths, as sustainable, cost-effective, and highly efficient
methods, can be an alternative for the cyclic carbamates
synthesis. Thus, the investigation of novel catalysts to
overcome the kinetic and thermodynamic stability of the
CO2 conversion to cyclic carbamates is of interest to sci-
entists (Niemi 2019).

Lan and coworkers reported a DFT study on the mech-
anism of CO2 (1 atm) transformation to cyclic carbamates
via the copper complex and Togni’s reagent in the presence

Fig. 54 PED and optimized
structures of protonated AFIL via
reaction with H2CO3 (Chen et al.
2019)
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of DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) (Fig. 63). The
calculations are based on B3LYP functional with the stan-
dard 6-31G(d) basis set, for normal atoms, and SDD basis
set for Cu and I. Also, single-point calculations by the
integral equation formalism (IEF) polarizable continuum
(PC) model (IEF-PCM) were performed to evaluate the
solvent effects (Zhu et al. 2018).

Based on obtained results, the reaction is progressed by a
mutual conversion of Cu(I)/Cu(II) in the catalytic cycle. As
shown in Fig. 63, coordination of the nitrogen atom of 1a to
the Cu(I) center of catalyst gives an amine-coordinated
intermediate. This step is followed by the deprotonation of
amine by the DBU base, as the RDS of the reaction. The
next step is an insertion reaction, in which CO2 is inserted
between the Cu(I)-N bond of intermediate II, yielding

copper(I) carboxylates (III). Then, the Cu (I) atom of the
later intermediate is oxidized by Togni reagent (2) to copper
(II) dicarboxylate intermediate (IV) and free trifluoromethyl
radical. Subsequently, radical intermediate (V) is produced
through the trifluoromethyl radical attack to the alkene
moiety of IV. Finally, the final oxytrifluoromethylation
product and the released active Cu(I) intermediate are pro-
duced via a radical–radical cross-coupling reaction. More-
over, regarding the global electrophilicity, x°, and global
nucleophilicity, N°, indices, proposed by Domingo and
coworkers, x° and N° indices of the CF3 radical are 2.36 eV
and 0.74 eV, respectively, which suggest that this radical
possesses a strong electrophilicity character. Also, based on
the local electrophilicity analysis of intermediate IV, the x°
index of the Cu(II) atom is 2.16 eV. Therefore, the

Fig. 55 PED and the involved compounds in the ring-opening process of epichlorohydrin through the hydrogen bond interaction of AFIL (Chen
et al. 2019)
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combination of the strong electrophile (CF3�) and the
electron-deficient Cu center is unfavorable. Thus, elec-
trophilic addition to the C–C double bond of intermediate IV
simply occurs to produce the diradical intermediate V.

In another study, the formation of cyclic carbamates from
carbon dioxide and amino alcohols, in the presence of
p-Toluenesulfonyl Chloride (TsCl) as a hydroxyl protecting
agent, was reported (Fig. 64). Some properties, such as mild
situations, appropriate yields, high enantiomeric excess, and
stereoselectivity, were considered as the advantages of this
method. The results show that the tosylation of the alcohol
group of the amino alcohols improves the leaving group
character, and also, an external base is required for the

reaction progress toward the corresponding cyclic carbon-
ates. However, tosylation of the amine group is a side
reaction that can reduce the yield of the cyclic carbonate
formation (Niemi et al. 2018).

DFT calculations were carried out based on the dispersion
corrected meta-hybrid functional M06-2X by the standard 6–
31 + G(d) basis set for all atoms. According to the PED of
the reaction (Fig. 65), the energy barrier of the nucleophilic
attack of a nitrogen atom to MsCl (30.3 kcal mol−1) is
higher than that of nucleophilic attack to CO2 molecule
(17.5 kcal mol−1). The linked proton atom to INT1 is
abstracted by the carbonate part of Cs2CO3 as an external
base. Finally, cyclic carbonate is formed due to the

Fig. 57 Bonded ligands to Zn and Cd atoms in PNU-21 (a) and PNU-22 (b) structures (Rachuri et al. 2019)

Fig. 56 PED and the involved species of 3-chloro-1,2-propylene formation through intramolecular nucleophilic reaction of Int-b6 (Chen et al.
2019)
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Fig. 58 Proposed mechanism for cycloaddition of CO2 and epichlorohydrin in the presence of PNU-21/TBAB catalytic system (Rachuri et al.
2019)

Fig. 59 PED and optimized
involved structures of the
PNU-21/TBAB-catalyzed
cycloaddition (Rachuri et al.
2019)
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tosylation of the alcohol group and an SN2-type reaction
mechanism during the ring-closing stage.

Kukhtin–Ramirez adducts, as organophosphorus com-
pounds, are other intermediates in carbamate synthesis
(Wang and Radosevich 2013). Between the various
organophosphorus having distinct valence states, trivalent
phosphorus derivatives are known as compounds that
undergo an addition reaction with 1,2-dicarbonyl structures,
yielding 1:1 adduct, formulated as either dioxaphospholene
(A) or oxyphosphonium enolate (B) (Fig. 66) (Zhao et al.
2013). The reaction is named as Kukhtin–Ramirez addition.
The reaction of B with the electrophilic agents produces
alkoxyphosphonium C, which has an electrophile character
for nucleophilic displacement. We reported the thermody-
namic and kinetic parameters of the carbamate formation
through various phosphorous reagents (PRs), as a Kukhtin–
Ramirez addition (Sabet-Sarvestani et al. 2017a). The pro-
duced carbamate is a valuable starting material for the for-
mation of oxazolidine-2,4-dione as a bioactive compound.
DFT calculations are carried out at the B3LYP/6–31 + G(d,
p) level of theory. Also, MPWB95, as a meta-GGA func-
tional, is employed for single-point energy calculations.
Figures 67 and 68 show the studied PRs in overall reaction

and considered mechanism, respectively (Sabet-Sarvestani
et al. 2017a).

In 1 is formed through the nucleophilic addition of the
phosphorous atom of PR to the carbonyl group of a-keto
ester (1), with two isomeric structures of In 1(A) and In 1
(B). The corresponding absolute Gibbs energies of these
isomeric forms are −1318.207 and −1318.211 (a.u),
respectively. Thus, In 1(B) is the most stable isomer of In 1.
In step 2, In 2 is produced through the proton abstraction of
phenyl carbamic acid (2) by In 1. However, In 1(B) pos-
sesses two prochiral centers, re and si faces, which make
step 2 able to proceed via re face or si face approaches.
Finally, in step 3, the final product 3 is developed via the
nucleophilic attack of phenyl carbamate part of In 2 and PRs
abstraction as oxide forms (PORs). Kinetic results show that
step 1 is RDS of the reaction. Based on quantum chemistry
descriptors such as local nucleophilicity indices (Nk), Mul-
liken atomic spin density (Pk

−)(Domingo et al. 2013), and
donor–acceptor orbital interactions of the phosphorous atom
of the PRs, it has been concluded that the PRs having
nitrogen atom such as P(NC4H8)3 and P(NEt)3 are appro-
priate agents in the reaction, due to larger Pk

− values.
Finally, it has been concluded that P(NEt)3 is a more

Fig. 60 Applied carbonyl-stabilized phosphonium ylides as the efficient catalysts in the cyclic carbonate synthesis (Sabet-Sarvestani et al. 2020)
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efficient phosphorus agent for the reaction, kinetically and
thermodynamically.

Quiznazoline-2,4(1H,3H)-Dione
Because of various biological activities and being a basic
moiety of numerous available drugs, such as Ketanserin,
Cloperidone, and Pelanserin this heterocyclic system has
attracted the attention of chemists and medicinal chemists
(Biswas et al. 2020). The reactions between anthranilamide
and phosgene, anthranilic acid and potassium cyanate or
chlorosulfonyl isocyanate, aromatic amino nitriles and
diethylformamide, methyl anthranilate and various iso

(thio)cyanates as well as 2-nitrobenzamide and CO are tra-
ditional approaches for the synthesis of quinazoline-2,4
(1H,3H)-dione (Nale et al. 2014). Thus, a synthetic
methodology based on carbon dioxide as a feedstock is
much more admitted than other methods. The majority of the
traditional approaches have drawbacks, such as the use of
highly toxic and specialized reagents like phosgene. There-
fore, researchers focus on designing efficient catalysts for
CO2 utilization to various derivatives of this heterocyclic
system.

Islam and coworkers reported a heterogeneous catalyst
based on incorporated palladium metal to aminically

Fig. 61 Two investigated mechanisms for cyclic carbonate formation in the presence of phosphonium ylides as the organocatalyst
(Sabet-Sarvestani et al. 2020)
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improved graphene oxide (GO). They used Pd(II)EN@GO
for the formation of quinazoline-2,4(1H,3H)-dione deriva-
tives through a one-pot reaction of atmospheric carbon
dioxide, isocyanides, and 2-iodoaniline (Fig. 69) (Biswas
et al. 2020). In the mechanism study, a DFT-based investi-
gation was carried out by the B3LYP function and LanL2DZ
basis set. The structural analysis of the Pd(II)EN@GO
shows that Pd(II) atoms are stabilized by nitrogen atoms of
ethylene diamine moieties on the EN@GO composite. At
the first step of reaction, Pd(II)EN@GO is reduced to Pd(0)
EN@GO through the elimination of two chlorine atoms as a
Cl2 molecule. The next step is an oxidation addition in
which intermediate-1 is produced via o-iodoaniline coordi-
nates with Pd(0)EN@GO. Subsequently, due to the tertbutyl
isocyanide attack to intermediate-1, the next intermediate is
formed. The coordination of the oxygen atom of CO2 with
Pd increases the p-accepting capacity of the carbon atom of
carbon dioxide. Thus, the carbon atom of CO2 can be readily
attacked by the nitrogen atom of the amine group of inter-
mediate-2, yielding intermediate-3, which is converted to
intermediate-4 due to the intramolecular rearrangement.

Finally, after proton attraction by the DBU as the applied
based in the reaction and a ring-closing/ring-opening rear-
rangement, intermediate-4 is converted to the final product
(Fig. 70). Figure 71 depicts the PED of the reaction, in
which the attack of tertbutyl isocyanide to intermediate-1 is
the RDS of the reaction (Biswas et al. 2020).

In the next report, the water molecule has been considered
as a catalyst that activates CO2 as carbonic acid (H2CO3) in
the formation of various substituents of quinazoline-2,4
(1H,3H)-diones using CO2 and 2-aminobenzonitriles (Ma
et al. 2013). Based on the DFT calculations at the M06-2X/
D95(d,p) and M06-2X/aug-cc-pVDZ levels of theory, the
mechanism of the reaction was investigated. Moreover, the
single-point energies were evaluated at the M06-2X/aug-cc-
pVTZ level. The CPCM model was applied to investigate the
effects of water as the solvent. Figure 72 depicts the consid-
ered mechanism for this reaction. H2CO3 is produced via the
nucleophilic attack of H2O to CO2. Then, the hydrogen bond
formation between the OH moiety of H2CO3 and CN segment
of the amino nitrile activates the CN group against the next
nucleophilic attack by H2CO3 in step 2. Step 3 consists of

Fig. 62 PED of the substituted organocatalysts (G = CF3, CO2Me, Me and NMe2) and corresponding TDI and TDTS of mechanisms A and B
(Sabet-Sarvestani et al. 2020)
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continuous rearrangements including oxime group conversion
to amide and reorientation of the –COOH group by the C–N
bond rotation. Step 4 is an intramolecular nucleophilic addi-
tion, which is started by hydrogen bonding formation between
the intermediate 6 and new formic acid molecules.
Thus, along with the reaction, H2CO3 has two distinct
behaviors. First, instead of CO2, H2CO3 interacts with
2-aminobenzonitriles, and second, H2CO3 plays as a proton
bridge that improves the nucleophilic addition, efficiently. As
depicted in the PED of the reaction (Fig. 73), oxime group

rearrangement to amide in step 3 is the RDS of the reaction
(Ma et al. 2013).

Guanidines-based organic superbases (SBs) are the other
efficient organocatalysts in the formation of quinazoline-2,4
(1H,3H)-diones derivatives (Mizuno et al. 2000a,b; Gao
et al. 2010). We investigated the performances of four SBs,
including DBU, 1,5- diazabicyclo[4.3.0]non-5-ene (DBN),
1,1,3,3-tetramethylguanidine (TMG), and 1,5,7-triazabicyclo
[4.4.0]dec-5-ene (TBD) in the conversion of CO2 and
2-aminobenzonitrile to quinazoline-2,4(1H, 3H)-diones.

Fig. 63 Mechanism of the CO2

conversion to cyclic carbamates
via copper complex (Zhu et al.
2018)
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The DFT study was carried out at the M06-2X/6-31G(d)
level, in which some quantum chemistry descriptors were
analyzed to justify the obtained kinetic parameters. Mecha-
nisms A and B were investigated for the reaction. In 1A in
the mechanism A is produced by the nucleophilic attack of
2-aminobenzonitrile to CO2 and proton adsorption by the
SB. Step 2 in the mechanism A is an intramolecular nucle-
ophilic attack to the CN group, yielding In 2A. The for-
mation of isocyanate and the iminol groups in In 3A via
intramolecular rearrangement is the output of step 3. Finally,
due to the tautomerization of the iminol group to amide and
another intramolecular nucleophilic attack, the final product
is produced. However, mechanism B is started by the
nucleophilic attack of SBs to CO2, and the obtained SB+

–

COO− intermediates act as the base through the reaction. In
step 2 of this mechanism, via another nucleophilic addition
reaction, SB molecule is liberated, and In 1B is formed. The
other stages of this mechanism are the same as mechanism
A; however, the SB+

–COO− plays as a base. Figure 74
illustrates the mechanisms A and B in the presence of the
SBs as the organocatalysts (Sabet-Sarvestani et al. 2017b).

The theoretical results show that mechanism B passes
through higher barrier energy than mechanism A. Thus,
along with the reaction, the basic character of the SBs is
more dominant than the nucleophilic character. The quantum
theory of atoms in molecules (QTAIM) (Bader 1990;
Henkelman et al. 2006) and NBO analysis (Sabet-Sarvestani
et al. 2014) are two powerful quantum chemistry descriptors

Fig. 65 PED of the reaction of
amino alcohol 1a and CO2 in the
presence of MsCl and other
compounds (Niemi et al. 2018)

Fig. 64 Cyclization of carbon dioxide and amino alcohols in the presence of an external base and N-tosylation reaction, as a disrupting reaction
(Niemi et al. 2018)
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to describe the behavior of the SBs in mechanism A. In this
mechanism, the transition state of step 1 includes the N–H
bond diminishing and a new bond developing between the
dissociated proton of the N–H bond. Figure 75 depicts the

obtained QTAIM graph, the bond critical points (BCPs), and
the natural atomic charge of nitrogen atom corresponding to
studied SBs at TS1. According to the results, when DBU is
the involved base, the H–N developing bond and N–H

Fig. 66 Kukhtin–Ramirez addition via trivalent phosphorus derivatives (Sabet-Sarvestani et al. 2017a)

Fig. 67 Overall reaction and studied trivalent phosphorus in this reaction (Sabet-Sarvestani et al. 2017a)
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diminishing bond possess the highest and lowest electron
density values, respectively. Also, the natural atomic charge
of the nitrogen atom of 2-aminobenzonitrile, when DBU has
been used as the base, is the maximum value than the next
SBs. Thus, DBU is a more effective base than the other SBs
at the TS1 (Sabet-Sarvestani et al. 2017b).

4.1.6 Summary and Outlook
It is undeniable that DFT calculations can be applied in
exploring new intermediates, designing the novel catalysts,
and determining the reaction pathways. Obviously, identi-
fying the reaction intermediate, reaction steps, RDS of a
catalytic cycle and most favorable reaction pathway based

Fig. 68 Proposed mechanism of Kukhtin–Ramirez addition (Sabet-Sarvestani et al. 2017a)

Fig. 69 Formation of
quinazoline-2,4(1H,3H)-dione
derivatives in the presence of Pd
(II)EN@GO (Biswas et al. 2020)
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on energy barrier for each step of the reaction has remark-
able advantages of the DFT methods, which significantly
improve our insights about the most favorable conditions for
the reaction progress. However, it is noticeable that
notwithstanding various theoretical reports, an obvious
agreement on a unit reaction mechanism is not achieved by
the researchers. Because there are not integrative opinions
and principles, which can lead the theoretical and experi-
mental researchers to the same outcomes. In the catalytic

CO2 transformation, the high chemical durability of the CO2

molecule is another problem in the mechanism investigation.
Indeed CO2 activation is an essential step that shows a high
chemical energy barrier in CO2 conversions. Moreover,
some issues such as active possible path in a given experi-
mental condition and active site of the catalytic surfaces are
the other problems in mechanism investigation of catalytic
CO2 transformations. Notably, computational costs are also
serious problems in the mechanism studies. For a given

Fig. 70 Mechanism of
quinazoline-2,4(1H,3H)-dione
formation through a cycloaddition
reaction using Pd(II)EN@GO and
DBU as the catalyst and base,
respectively (Biswas et al. 2020)

Fig. 71 PED of quinazoline-2,4
(1H,3H)-dione formation (Biswas
et al. 2020)
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accomplished reaction, the mechanism must be determined
either by the comparison of the previously reported reac-
tions, which is based on guesses or by systematical inves-
tigations based on computational approaches. Due to
difficulties and being time-consuming, the computational
expense of the calculation of activation energy and the actual

pathway of the reaction are limiting issues to employing
these approaches. Thus, it can be anticipated that new
unexplored mechanism may exist, and more attempts should
be carried out along with this aim in the future. However,
some critical ignored subjects such as synergetic factors of
multiple CO2 adsorptions on a catalytic surface, ligand–

Fig. 72 Studied mechanism for the reaction of activated CO2 molecule as H2CO3 in the synthesis of quinazoline-2,4(1H,3H)-diones (Ma et al.
2013)

Fig. 73 PED of the studied mechanism of CO2 and 2-aminobenzonitrile reaction in water (Ma et al. 2013)
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Fig. 74 Studied mechanisms A and B in the presence of SBs as organocatalysts in the formation of quinazoline-2,4(1H,3H)-diones
(Sabet-Sarvestani et al. 2017b)
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ligand interactions on a typical catalyst, and unrealistic
assumptions in the reaction conditions are effective factors
on the accuracy of computational results.

5 Theoretical Designing of Novel Catalysts
Based on DFT Studies

Despite defects such as being expensive and
time-consuming, the main outcome of the previous section is
that DFT calculations are efficient tools to investigate the
mechanism of CO2 transformation to value-added materials.
Numerous clear potential advantages of DFT optimization of
new catalysts and virtually designing novel procedures in the
computer before the experimental evaluations can be con-
sidered (Streitwieser 2009). Against the experimental efforts,
whenever a mechanism is explored based on DFT calcula-
tions, it is readily possible to make changes in the catalytic
structures and reactant structures to evaluate the effect of
these variations. Virtual exploring attempts with the aim of
discovering novel catalysts in CO2 conversion have been
rapidly achieved popularity. Because of the importance of
CO2 transformation, mechanistic studies often require
specific regards (Cheng et al. 2013). Besides the energies
and optimized structures of the intermediates and transition
states that cannot be achievable experimentally, approaches
based on DFT provide a qualitative/quantitative

investigation of the new optimized structures that are
responsible for the observed kinetic and thermodynamic
behaviors (Ahn et al. 2019). Although there are numerous
reported catalysts in CO2 transformation, the greater selec-
tivity and reactivity of the catalysts are also considered as the
main issues among the researchers (Sakakura et al. 2007;
Wang et al. 2011; Centi and Perathoner 2009). Hence, cat-
alyst designing based on the DFT calculations can be
regarded as a helpful tool beyond tedious trial-and-error
experimental approaches. The opportunities and challenges
of this approach have been discussed in the following
section.

Nørskov and coworkers are the pioneers in catalyst
designing based on the DFT approach (Nørskov et al. 2009,
2011). Considering the explained principles, an intuition into
the kinetic aspects of a catalytic reaction, including opti-
mized structures, reaction energies, the energy barrier of
each elementary step of the reaction are necessities in
designing a catalyst based on the DFT approach. However,
to obtain a convenient agreement with the experimental
results, the kinetic results must be calculated by an appro-
priate computational technique (Andersson et al. 2006; Jones
et al. 2008). In the kinetic investigation, energies of inter-
mediates, reactants, products, energy barriers of the ele-
mentary steps, and the energy of RDS are criteria to evaluate
the catalytic activity and selectivity (Nørskov et al. 2009;
Sehested et al. 2007). Moreover, quantum chemical

Fig. 75 QTAIM graph, the bond critical points (BCPs), and natural atomic charge of nitrogen atom corresponding to studied SBs at TS1
(Sabet-Sarvestani et al. 2017b)
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descriptors are good criteria in the description of the
designed catalysts. In the following, some DFT-based
designing of catalysts and prediction of their performances
in CO2 transformation are described.

Leitner and coworkers reported a DFT investigation on a
catalytic cycle, progressed by ruthenium (II) pincer com-
plexes as catalysts to the direct carboxylation of the C–H
bonds of an arene with CO2 (Uhe et al. 2012). They applied
the ESM to evaluate the TOF of the designed catalysts and
their efficiency in the studied mechanism, in which TOF
values in the range of 10–5–10–7 h−1 were predicted for the
best systems. Moreover, for modification of the obtained
results, the effects of the substrate, the solvent, and a base on
the thermodynamic and kinetic aspects of the reaction were
investigated, computationally. The DFT calculations carried
out based on the Grimme’s B97-D functional that considers
the empirical dispersion correction, explicitly. Also, the
def2-TZVP basis set (Weigend and Ahlrichs 2005) was
employed for normal atoms and the associated ECPs for

ruthenium and iodine atoms. Figure 76 depicts the studied
mechanism for the direct benzene carboxylation by CO2

(Uhe et al. 2012).
In the first step of the catalytic cycle, the benzene

molecule is replaced by the oxygen atom of a coordinated
benzoate ligand, yielding a C–H bond r-complex (complex
2). Then, through a formed six-membered transition state via
r-bond-metathesis type CH-activation step, Ru–C bond
forms (complex 3). Complex 4, as a phenyl hydride com-
plex, is the outcome of leaving the coordinated benzoic acid
from complex 3, which is accomplished by deprotonation
via a base in the reaction mixture. Subsequently, the CO2

molecule can link in a 2 mode, which results in compound 5.
Finally, the C–C bond and complex 1 are formed, due to
passing the final step through TS5–1.

Two different complexes A and B having 2,6-bis
(di-tert-butylphosphino) methylpyridine ligand, PNP(tBu),
and 2,6-bis(diphenylphosphino)methylpyridine, PNP(Ph),
respectively, were considered as the catalysts of the reaction

Fig. 76 Studied mechanism for
the direct benzene carboxylation
with CO2, in which X−

corresponds to a monodentate
anionic ligand (Uhe et al. 2012)
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Fig. 77 Studied variations in the analysis of the TOF values of the direct carboxylation of the C–H bonds with CO2 (Uhe et al. 2012)

Fig. 78 PED of the reaction in
the presence of PNP (tBu) and
PNP(Ph) ligands (Ge et al. 2016)
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(Fig. 77a). Figure 78 depicts the PED of the reaction in the
presence of these catalysts. Considering the ESM, the cal-
culated TOF values of PNP(tBu) and PNP(Ph) are 1.6 � 10–
9 h−1 and 7.9 � 10–3 h−1, respectively. This result shows
that a small change in catalyst structure alters the TOF by six
orders of magnitude. The next studied change is the outcome
of the bonded substituents (R) to the phosphorous atom
(Fig. 77b), in which the results show that the pyrrolidinyl
group has the maximum increase in TOF = 8.6 h−1 relative
to the phenyl group. The calculated results of TOF values
corresponding to the variation of pincer backbone Y
(Fig. 77c) show that the PONOP structure with an
electron-releasing residue at the 4-position of the pyridine
possesses the maximum TOF values (3.7 � 10–1 h−1). The
variation of the anionic ligand X− (Fig. 77d) illustrates that
the TOF quantity of the halide systems strongly related to
the pKB value of the applied base, and thus, the studies are
carried out in trimethylamine and 2,7-substituted 1,8-bis
(diethylamino) naphthalenes (BDN). TOF values of Cl− and
Br− in the presence of DBN are larger than trimethylamine.
Therefore, these anions as the X ligand would be the favorite
selection for experimental investigations. Moreover, the
calculated TOF values in the gas phase, water, acetonitrile,
acetone, and anisole illustrate that acetone strongly affects
the TOF (1.6 � 10–2 h−1).

As the final result, the most favorable TOF can be pro-
vided by the conditions that include substitute R = 1-pyr-
rolidinyl, backbone Y = PONOP, having an
electron-releasing group at the 4-position, X = bromide as
an anionic ligand in composition with a powerful base, and
acetone as the solvent of reaction. Based on these choices,
synthetic conditions could be recognized that leading to
efficient catalysts with TOFs in the range of 10–2 to 10–5 h−1.

In another catalyst designing, a class of the PNP cobalt
pincer complexes, inspired from the structure of the active
site of [Fe]-hydrogenase, was reported for reversible
base-free hydrogenation of CO2 to formic acid (Ge et al.
2016). All calculations were carried out by applying the

M06-2X/6–31 + + G(d,p) level of theory for all atoms, in
which the solvent effects of water on the optimized struc-
tures were considered by the integral equation formalism
polarizable continuum model (IEFPCM) with SMD atomic
radii solvent effect corrections. Figure 79 depicts the opti-
mized structures of 1Co and its isomer 1Co′. Also, Fig. 80
illustrates the studied mechanism of the CO2 hydrogenation
(Ge et al. 2016).

The first step has been considered as a r-complex for-
mation between hydrogen molecule and cobalt complex,
yielding intermediate 2. Then, similar to the FLPs, the ortho
oxygen atom of acylmethylpyridinol ligand in intermediate 2
assists the H2 splitting by establishing a Co−Hd−���Hd+−O
dihydrogen bond. Subsequently, intermediate 4 is produced
through the CO2 activation as the formate anion by releasing
the hydride from the Co atom. This step is considered as the
CO2 insertion process, which is the RDS of the overall
reaction. A formic acid molecule in intermediate 5 is pro-
duced due to the transformation of hydroxyl proton in
acylmethylpyridinol to one of the oxygen atoms. Finally, the
catalyst is regenerated by the release of HCOOH from 5.
Regarding the principle of microscopic reversibility, the
authors reported that the designed catalyst could be applied
as an effective catalyst for the hydrogen abstraction of formic
acid in organic solvents with a similar energy barrier. Also,
this DFT-based design and mechanism investigation produce
favorable catalysts for the affordable and high-efficiency
reduction of CO2 and hydrogen abstraction of formic acid.

Mizuta and coworkers reported the CO2 conversion to
methoxyborane in the presence of the borane molecules and
sodium borohydride as a reducing agent, experimentally
(Fujiwara et al. 2014). We reported a DFT study, in which
the role of other borohydride salts of M[RBH3] (M = Li+,
Na+, and R = Ph, CH3, CN, and H), as the reductive reagent,
was evaluated (Fig. 81). The optimization of structures was
carried out by the B3LYP/6–311 + + G(d,p) level of the
theory, and the effect of tetrahydrofuran (THF) as the solvent
of the reaction was considered by the CPCM model.

Fig. 79 Optimized structures of
PNP cobalt pincer complexes as
the designed catalysts in CO2

conversion to formic acid (Ge
et al. 2016)
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Figure 82 depicts the studied mechanism for the CO2

reduction reaction (Sabet-Sarvestani et al. 2016).
In 3 is the product of the sequential CO2 reduction from

steps 1 to 3 by hydride ions of the studied salts. In this
intermediate, three hydride ions of the salt are replaced by
three units of the formate ion. In step 4, In 5 (formate salt)
and In 4 are made by the cleavage of the B–O bond of In 3.
Then, In 5 is reduced by a borane molecule in step 5.

Regarding the role of In 6 as the reducing agent, in step 6,
the obtained formaldehyde molecule (In 7) is reduced to In
8, having a linked methoxy group to the boron atom. Steps 7
and 8 proceed through the oxidant role of In 4, in which
other methoxy groups are formed. Finally, in step 9, due to
hydride ion absorption by In 4 and a ring-closing reaction,
(MeOBO)3 is formed (Sabet-Sarvestani et al. 2016).

Based on the roles of the linked substituents to the
borohydride salts, the steps of reaction can be classified into

Fig. 80 Studied mechanism of
the CO2 hydrogenation by PNP
cobalt pincer complex (Ge et al.
2016)

Fig. 81 Studied borohydride
salts in the CO2 reduction
reaction (Sabet-Sarvestani et al.
2016)
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three categories. Category 1 consists of steps 1–3, in which
M[RB(OCHO)3] is produced due to the replication of
hydride ions by formate ion. The results show that steps 5
and 6, classified as category 2, are independent of the sub-
stituent groups. These steps are similar for all considered
borohydride salts. The steps of category 3 include the
sequential oxidation of In 4, which leads to the ultimate
product with three methoxy groups, and In 2 category
includes steps 7–9. According to the calculated data, the
reactions of categories 1 and 3 are influenced by the R
substituents, only. Based on the theoretical results, the trend
of ΔG 6¼ values in category 1 for the substituted moieties of
the borohydride salt is CN > H > Ph > Me. Cyano and
methyl substituents as the electron-withdrawing and
electron-donating groups, respectively, have the highest and
the lowest value of ΔG6¼ in category 1. Also, it can be
concluded that in this category, Li[MeBH3] is the best
reductive agent for these kinds of reactions, kinetically.
However, in category 3, electron-withdrawing substituent
increases the tendency of hydride absorption via the boron
atom of In 4. When Na[CNBH3] is used, the obtained ΔG6¼

values are lower than the other reagents. Finally, from the
kinetic and thermodynamic viewpoints of all steps for the
general reaction, it is specified that Li[MeBH3] is the best
borohydride salts for carbon dioxide transformation to
methanol.

The role of the phosphorus ylides (P-ylides) chemistry in
the novel synthetic protocols is undeniable. P-ylides are used
in numerous reactions, mainly in the formation of natural
products, biological and pharmacological compounds
(Kolodiazhnyi 2008). In another DFT-based investigation, a
new class of the P-ylides was designed for CO2 activation in
which B3LYP/6–31 + G(d,p) and B3LYP/6–311 + G
(2d,2p) levels were employed for the optimization of the
involved compounds. Figure 83 depicts the CO2 activation
reaction and the considered P-ylides (Sabet-Sarvestani et al.
2017c).

Based on the obtained results, P-ylides having the ali-
phatic chains linked to the phosphorous atom have lower DG
values than the others. The minimum value of the molecular
electrostatic potential (MESP) (Ajitha and Suresh 2012) was
employed for justification of the calculated DG values.
MESP, as a quantifiable physical character, can be measured
experimentally by the X-ray diffraction tool or theoretically
determined by the electron density (Ajitha and Suresh 2012).
Figure 84 depicts the obtained MESP isosurfaces and the
values of minimum MESP (Vmin) at the bonded carbon atom
to the phosphorous atom of P-ylides (C1). The results reveal
that P-ylides having aliphatic chains, such as methyl, ethyl,
and propyl, show the lower Vmin values. Generally, in the
CO2 activation process, P-ylides having a more negative
character of Vmin possess the lower DG. Thus, P(Me)3CH2,

Fig. 82 Proposed mechanism for the CO2 reduction (Sabet-Sarvestani et al. 2016)
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P(Et)3CH2, and P(Propyl)3CH2 with the minimum values of
Vmin have the lowest DG. As a result, among the studied
P-ylides, this class is the most efficient in the CO2 activation.

Experimental investigations show that PPh3CH2CO2

adduct, as the product of CO2 activation by P-ylides, can be
used as an organocatalyst in CO2 conversion to cyclic a–
alkylidene carbonates, oxazolidinone, and N-methylated and
N-formylated amines (Zhou et al. 2015). These investiga-
tions reveal that in CO2 conversion, PPh3CH2CO2 adduct is
a more prosperous catalyst than PPh3CH2 ylides. It is clear
that the charge densities of the oxygen atoms of the
P-ylide-CO2 adducts are more localized and have a lower
interaction with the near orbitals than the carbon atom of
P-ylides (C1). Figure 85 depicts the MESP isosurfaces and
Vmin values (a.u) at the nucleophilic oxygen atom corre-
sponding to the P(Me)3CH2CO2, P(Et)3CH2CO2, P(Pro-
pyl)3CH2CO2, and PPh3CH2CO2. As a result, the oxygen
atom of P-ylide-CO2 adducts possesses a greater negative
character of the Vmin, which makes them stronger nucle-
ophilic catalysts than the P-ylides. Finally, thermodynamic
and kinetic data show that P-ylides having the aliphatic
chains, including P(Me)3CH2 and P(Et)3CH2, are the best
choices for CO2 transformation.

5.1 Theoretical Designing: Problems
and Opportunities

Several studies involving mechanism investigations and
DFT-based designing have been presented in this chapter.
Nowadays, computational molecular modeling and catalyst
designing have matured and become an inseparable part of
investigations. The developments in creating a realistic
model for exploring the complex mechanisms and catalytic
cycles have been significantly increased, and the field has
been grown considerably. Regarding many reported and
successful instances, it can be concluded that computational
techniques can be applied in an anticipating sense to the
logical design and optimization of novel categories of effi-
cient catalysts (Ahn et al. 2019). However, the investigation
of numerous possibilities in a DFT-based design is a chal-
lenge ahead.

In a catalytic CO2 transformation, depending on the given
experimental conditions, various reaction paths might be
involved and compete with each other. Thus, kinetic inves-
tigation for all possible paths, linking between the compo-
sition factors of the reactant, size, and the shape of the
designed catalyst to predict the optimal catalytic conditions,

Fig. 83 CO2 activation reaction
and the considered P-ylides
(Sabet-Sarvestani et al. 2017c)
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needs a perfect evaluation. Hence, the obtained DFT pre-
dictions need to be validated by a complete experimental
procedure (Bell et al. 2008). Unfortunately, the validation of
the DFT-based design has been investigated very partially in
the experimental reports, and more comprehensive investi-
gations are remarkably required.

In an experimental study, the catalyst structures are crit-
ically significant for the design of a new catalytic cycle.
Also, in a typical theoretical design, the prediction of the
properties of the structure, size, composition, and shape of
the catalysts has important in successful designing (Bell
et al. 2008; Guo and Wang 2011; Cuenya 2010). Thus, the
reported experimental catalytic structures based on charac-
terization techniques, such as vibrational spectroscopy,
X-ray crystallography, nuclear magnetic resonance (NMR),
X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM) and transmission electron microscopy

(TEM) are good inspirational criteria for DFT-based cat-
alytic design. The combination of the developed theoretical
and experimental characterization techniques will finally
produce new visions into the design of more efficient cata-
lysts for CO2 transformation (Somorjai and Li 2010).

The efficiency and the cost of the catalyst are also
important issues in catalyst efficiency. In a DFT design,
higher activity and lower cost must be considered in
exploring more economical and efficient pathways. Espe-
cially, regarding industrial applications, it would be crucial
to design non-expensive-metal catalysts instead of
expensive-metal ones. Considering the global issue that the
catalysts are used to solve, cost-effectiveness and higher
activity are critical purposes in exploring and designing
more economical and efficient paths. Moreover, the selec-
tivity of the catalyst is the next important issue. This means
that an increase in the yield of the reaction, energy

Fig. 84 Calculated MESP isosurfaces and corresponding Vmin values (a.u) at the C1 atom of P-ylides (Sabet-Sarvestani et al. 2017c)
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efficiency, and higher selectivity decreases the operating
costs of the catalytic cycle and produced by-products. Thus,
the designing of the catalysts having efficient active sites is a
method to increase the selectivity.

6 Conclusion

Global warming is a serious problem for humanity, and the
CO2 transformation into fuels and value-added chemicals is
a valuable approach for the limitation of atmospheric CO2 as
a greenhouse gas. Furthermore, CO2 transformation can be
considered as a cost-effective method for the manufacture of
hydrocarbons and thus to attain sustainable CO2 recycling.
Unfortunately, experimental catalytic cycles have draw-
backs, such as low activity and selectivity of the applied
catalysts. These issues are the main challenges in the CO2

utilization process. Accordingly, deep insights into conver-
sion processes and novel catalyst evaluations are an unde-
niable requirement in this field. It can be concluded that
understanding the reaction mechanisms of the catalytic
conversion and the logical design of efficient catalysts are
two essential concepts in CO2 conversions. Experimental

approaches, based on trial-and-error methodologies, are very
tedious, time-consuming, and frustrating. DFT-based tech-
niques are promising strategies to overcome the disadvan-
tages of the experimental approaches which could
significantly improve the experimental sampling.

In this chapter, recent developed computational studies
on the catalytic CO2 transformation to value-added materi-
als, such as CO, CH3OH, CH4, HCOOH, and heterocyclic
compounds, have been considered. The investigated cata-
lysts include heterogeneous and homogeneous forms,
organocatalysts, and also, the photo- and electro- catalysts.
DFT calculations are a successful tool in specifying inter-
mediates, exploring the efficient catalysts, and finding the
probable reaction paths. Generally, the goals of a DFT study
can be considered as an investigation of the kinetic aspects
of a catalytic cycle, providing the optimized structures of the
catalyst and helpful descriptors to explore the activity and
selectivity of a catalyst. The validity of DFT results can be
evaluated through the characterization of the catalytic
structures and performing a controlled synthesis.

It can be anticipated that the future of using computa-
tional techniques in CO2 conversion reactions is brighter
than ever. Improved software, availability of the required

Fig. 85 MESP isosurfaces and
the corresponding Vmin values (a.
u) at the nucleophilic oxygen
atom of P-ylide-CO2 adducts
(Sabet-Sarvestani et al. 2017c)
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hardware, and development in the efficient electronic struc-
ture programs based on modern quantum chemistry are the
effective factors in this field.
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Abstract

The carbon capture and sequestration (CCS) community
has searched with the economic viability of CO2 seques-
tration over the past few decades. In reality, however, it
was not technically feasible until a recovered CO2 sector,
like in the beverage or improved recovery of oil and gas,
was created. The scientific community and business are
slowly converging to the view that the demand offer is
significantly constrained by the sequestration of CO2.
Besides, the development of new consumer markets and
income sources will prevail in the economic viability of
this climate reduction strategy. The recovery of almost
pure CO2 is a potential alternative. In the energy and
chemical fields work is shown to shift both explicitly and
indirectly towards CO2 consumption in the field of carbon
capture and control. Within this segment, we have
examined and measured advancement in research and
development in this respect, the literature related to

carbon capture, recycling, and consumption routes.
Pathways for the usage of both physical and chemical
CO2 are researched and main pathways are defined. The
research is often reviewed to look at conditions for
method development and success assessment.

Keywords

CO2 � Conversion � Green synthesis � Climate change �
Greenhouse gases

1 Introduction

Environmental change is also due to pollution of other
GHG's including CO2, phosphorus, nitrous oxides, HFC,
perfluorocarbons, and SF6, the so-called “anthropogenic”
greenhouse gas. The normal influence of greenhouse by
added gasses is broken down by ozone (3–7%), water vapor
(36–70%), methane (4–9%) and carbon dioxide (9–26%)
(Zheng et al. 2017a). From the beginning of the industrial
era and fossil fuels discovery, the anthropogenic GHG
emissions have gradually amplified. As indicated by the
Intergovernmental Panel on Climate Change, the 5th valu-
ation study “The human impact on the global climate is the
current anthropogenic greenhouse gas releases in the past”
(Liu et al. 2016). The most significant in terms of emission
rates is carbon dioxide (CO2) among GHGs.

CO2 is one of the noteworthy elements present in the
Earth's composition in the heart, soil, and climate. This may
be absorbed in water, reacted to, solidified in carbonated
rocks or it can be contained in the natural atmosphere. This
pattern has continued for millions of years before the
Industrial Revolution. At that point, CO2 releases have first
risen by < 1 part per million (ppm/y) each year before the
1960s and after that by 2 ppm/y (Banerjee et al. 2016). In
the past, over-emission of CO2 has little effect. However, the
first human in the 1880s estimated that CO2 emissions from
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burnt fossil fuels were sufficiently high to induce global
warming, was Svante Arrhenius (Aresta et al. 2016a). This
hypothesis, however, was later confirmed in 1938 by Guy
Stewart Callendar, who in his Callendar hypothesis checked
the projections of Arrhenius by witnessing the climatic
increase (Aresta et al. 2014).

The key choices to replace fossil fuels and mitigate car-
bon pollution are (1) lowering electricity usage, e.g.
increasing performance, (2) substituting alternative energy
including renewables for fossil fuels as well as (3) CO2

capture and storage (Ishida et al. 2003). While renewable
energy sources are the best alternative round in solving the
issue of GHG pollution, most of these renewables have less
economic viability and reliability compared to fossil fuels
(especially natural gas). Several reports indicated that the
goal of 100% renewability in short to medium terms is not
realistic in the overall transformation to zero net future
electricity and that fossil fuels remain a dominant source
(Schuchmann and Müller 2013).

This chapter is a comprehended analysis concentrating on
the valuable fuels/chemicals technologies of CO2 conversion.
The main topics discussed in this chapter include CO2, ther-
modynamics, and kinetic oxidation in chemical formats.
Enzyme, mineralization, photocatalysis, and thermo-catalysis
are outlined with terms to CO2 conversion technologies.
However, an economic study is made of the transition of CO2

into usable energies/chemicals. The technological and
implementation issues are evaluated and outlined, and design
recommendations are introduced to promote potential study
and development for CO2 transformation techniques to
address the issues.

2 Molecular Structure of CO2

The CO2 is a spherical 44 Da triatomic particle. The nucleus
is characterized by strong electrical connections that are
accompanied by electric interaction between carbon and
oxygen atoms. It has an axial symmetry on the triangle, a
base of symmetry, and a horizontal axis (Armenise and
Kustova 2013). O atoms will capture the pair of electrons
compared to atoms of C and the electrons are partly sepa-
rated from the C atom, which causes fairly low energy levels
for the C atom (Rothman et al. 1996). Of notice, in molec-
ular CO2 the bond duration among C and O is 116 p.m. The
bond is weaker compared to usual dual bonds (e.g.
acetaldehyde C = O 128 p.m. and similar to triple bonds
(e.g. CO, 112.8 p.m.). This connection is less than average.
CO2 bonding energy is 803 kJ/mole (Stanbury et al. 2017)
which is far greater than the O–H bonding energy of H2O
(463 kJ/mole) molecules. The formation of two p-bonds
(p3

4) and two r bonds in CO2 tends to be due to these effects
(Ishida et al. 2003; Hamilton 1957).

3 Thermo-Kinetics of CO2 Conversion

CO2 in every combustion reaction is one of the most common
end products, be it chemical or biological. The handling of
CO2 is complicated from a thermodynamic point of view. As
for thermodynamics, when an O/C ratio of one component
is <2, the transmission process of CO2 is typically endergonic
(Aresta et al. 2014). In contrast, if CO2 is stored in the +4-
oxidizing environment, the reactions appear to be exergonic,
with different O/C ratios in the substance (for example, car-
bonate or urea). The thermodynamics (such as free energy,
enthalpy, and entropy change, etc.) include the heat and
temperature function. Conversion to the CO2 can take place at
298.15 K or a certain temperature in terms of thermodynamic
equations and carbon dioxide and other reactants or compo-
nents (Barin 1989). Therefore, even at higher temperatures,
negative thermodynamics will make conversion difficult.

The molecular C atom is usually initially targeted at CO2

reactions. The nucleophile often strikes the atom C at a more
positive charge in response to a reaction. An entity with a
C-metal relation (e.g. Grignard), a single pair of electrons
(e.g. an amine) and or a phenolate coupling (e.g.) may be a
nucleophile. Throughout this case, the structure of CO2 is
defined by the polarization of O- and C-bonds which regu-
lates both the CO2 and nucleophile kinetics. In terms of CO2

chemistry, its interaction with metals is the other significant
factor. Through binding of CO2 to the surface, it may change
the distribution of electron and molecular form in a CO2

molecule. The electrons are used as electron donors in the
bonding orbits of CO2, which break up the links between C
and O and help increase chemical reactivity. As discussed
above, thermodynamically a reaction is random, where the
free transition of energy (soft energy) is beneficial. But these
responses may also be spontaneous due to intense activating
forces. Such carbon reactions also require an efficient cata-
lyst. Catalysts can reduce energy activation and quicken the
reaction at appropriate temperatures. A catalyst for DG −
144 kJ/mol and (−56 kJ/mol) appropriate for the reaction is
essential for the development of ethylene carbonate of
ethylene oxides and CO2, for instance (North 2015).

4 CO2 Conversion Methods and Products

As described above, carbon dioxide is thermodynamically
and kinetically inert, rendering it difficult to transfer to other
substances. However, the electron deficit in carbonyl car-
bons may be due to CO2 attacks by a nucleophile, and
electron-donated reagents (Sakakura et al. 2007). Conse-
quently, facing technical obstacles, the synthesis of CO2 is in
principle achievable (Aresta et al. 2016a). Typical methods
are discussed in the following, in particular for the devel-
opment of high-energy fuels.
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4.1 Fischer–Tropsch Gas-to-Liquid (GTL)

To save the global reliance on liquid fuels for transport of
Fischer and Tropsch in the initial twentieth century, Syngas
conversion to intensively chained carbons was built up over
almost a hundred years. The main component of the FT
reactor is syncrode that is converted by the separation
methods into other hydrocarbons, like wax, LPG, naphtha,
and diesel. The Fischer–Tropsch GTL process is a technol-
ogy that enables the conversion of natural gas (NG) into
syngas first by one of the many reform procedures (Wilhelm
et al. 2001). In the so-called FT reactors and in the presence
of iron or cobalt catalysts the syngas is transformed into a
liquid blend of hydrocarbons (syncrudes) (Laan and
Beenackers 1999). Generation by several research groups
like Giesen et al. of liquid CO2 fuels utilizing solar energy.
CO2 is generated in a water gas change reactor from CO2 in
this that routine and H2 is created by electrical water elec-
trolysis. The LCA measured the output potential of 140,000
barrels of oil liquid fuel each day for five method configu-
rations Giesen and its co-authors. Such cycle paths are:
(1) CO2 and electricity and from the combustion of natural
gas and the processing of fuel for hydrocarbon fluids,
(2) solar photovoltaic power for additional energy, (3) en-
ergy and CO2 from biomass combustion, (4) photovoltaics
for supplementary electricity despite combustion, (5) CO2

from the procurement of additional electricity For any pro-
cess path, the authors measured the sum of emissions of CO2

and accumulated energy demand. The design in the above
phase was less energy usage. The CO2 emissions from routes
4 and 5 as a combined device are 0.03 kg per 1 MJ of fluid
air (Giesen et al. 2014).

4.2 Mineralization

Xie et al. (2014) suggested the theory and implementation
of CO2 mineralization for power production. The mineral-
ization of CO2 or carbonation reaction is a CO2 transfor-
mation into CO2 and the release of electricity. Specific CO2

(mixed N2/CO2) amounts have been studied. The findings
revealed that a large concentration of CO2 could reach a
higher power density. New research directed by Ebrahimi
et al. (2017) has suggested the production of “natural”
construction materials utilizing fly ash (FA) carbonation at
an energy plant in Australia. Jang et al. (2016) analyzed
recent developments in CO2 confiscation and usage of
cement-based equipment focusing on manufacturing prob-
lems, capacity-building and performance, economic via-
bility, environmental effects, and a few other primary
concerns. Bertos et al. (2004) examined the advancement
of rapid CO2 sequestration carbonation technologies. They
defined CO2 as the key control parameters of the

carbonation process as diffusivity and reactivity. Park et al.
(2017) examined the production of porosity during calcium
aluminum cement hydration at 10% CO2 concentration.
They stated that it was possible to turn the metastable
stages into polymorphs of stable calcium carbonate phases
without major changes in the pore structure. The CO2en-
hanced concrete preserving in a fluid reactor and the
records of carbonation output roughly were examined by
the Kashef-Haghighi and the Ghoshal (2010). 18 and 20%
carbon dioxide. Galan et al. (2010) stated that carbon depth
in concrete cannot be treated as the right sequestered CO2

measure. The effect on the physical–chemical characteris-
tics of cement morter was studied by Jange and Lee
(2016). The investigators investigated the microstructure,
CO2, reaction, and mechanical power.

4.3 Chemical Looping Dry Reforming

Three steps are involved in chemical-loop dry-forming:
(1) the elimination of methane; (2) carbon dioxide-
reforming; and (3) oxidation (Sudiro and Bertucco 2009).
This procedure is known as an effective revolutionary CO2

recovery technology. In a chemical loop dry-reforming
method, Huang et al. (2016) researched the feasibility of
using the spinal ferry (NiFe2O4). At 900 °C, air oxidation
was conducted. We decided that NiFe2O4 was a successful
candidate. With the usage of CO2 by chemical looping
Galvita et al. (2013) used CeO2, adjusted Fe2O3. Throughout
the quartz tube microreactor, having an inner diameter of
10 mm, the operation tests were carried out at ambient
pressure. In a furnace, the microreactor was installed.
A 20-wt% CeO2−Fe2O3 maximum CO production was
recorded. CeO2−Fe2O3 are 50 and 70 wt.% the most stable
varieties. On the development of CO2 from CO2, the impact
of CeO2 on Fe2O3 was examined. In contrast to single
compounds Fe2O3 and CeO2, the mixed CeO2−Fe2O3 cat-
alysts developed enhanced performance. Thermodynamic
test studies have also explored the possibility of chemical
looping dry reforming. The findings indicated the probability
of strong CO2 conversions. We determined that iron-based
transporters are the most auspicious for dry chemicals
change.

4.4 Enzymatic Conversion

The synthesis of carbon dioxide is a key method of inte-
grating CO2 into the form of organic matter. In contrast to
CO2 processing processes, CO2 enzymes make available an
effective and environment—friendly approach because of
their outstanding selectivity and specificity (Shi et al. 2015;
Demars et al. 2016; Zhou et al. 2016). There are several
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strategies for the enzyme transfer of CO2 in cells, such as the
Calvin process and the 3-hydroxypropionate process. For
plants, cyanobacteria, bacteria, and so on, the process Cal-
vin, the most effective known biosynthetic method, has been
commonly used in photosynthesis (Zheng et al. 2017b). In
addition to CO2 conversion in cells, alternate methods to
enzyme conversion with various enzymes occur in nature for
chemicals/fuels synthesis. Reda et al. (2008) has a method
for format processing concerning CO2 incorporation into
single enzyme systems. This book provides divided
approaches for the enzyme conversion of CO2, but scientific
and technological advances in the enzyme conversion pro-
cess and increased output rates, in particular in the field of
industrialization, must be necessary because these are envi-
ronmental friendly and efficient methods for turning CO2

into chemical substances/fuel.

4.5 Photocatalytic and Photo-Electrochemical
Conversion

A great deal of work has been performed on photocatalytic
and photo-electrochemical methods for the incorporation of
CO2 into carbon-based fuels since the last centuries. In 1979
Honda et al. accomplished CO2 photo-catalytical reduction
to hydrocarbons while particles of oxides and non-oxide
semiconductors likeCdS, TiO2, ZnO, and others were still to
grow. Since then, ongoing studies have been conducted and
published (Tu et al. 2012; Fujita 1999; Li et al. 2017; Yu
et al. 2017) on photocatalytic carbon reduction. The mech-
anism causes electrons to excite from their balancing band
(VB) to the conducting band (CB) as catalysts (for example,
the semiconducting material) are subjected to photon irra-
diation, creating concurrently a positively charged electron
holes in the CB. Such electron–hole pairs are isolated and
pass aggressively to the active sites on the catalyst sheet.
CO2 is reduced to many usable fuels with or without H2O at
the catalytic surface with the aid of certain photogenerated
electrons (e.g. CO, CH4, and CH3OH). The goods vary
relying on the frequency of the electrode in the chemical
reaction. Such as, CO or HCOOH are produced by 2e−,
whereas CH3OH is created by 6e− and CH4 requires 8e

−. In
regulating its kinetics in the stage of photocatalysis, the
behavior of the catalyst plays an important part. Here are
discussed three major groups: semiconductor-based materi-
als, nano-catalysts based on graphs, and organometal.
Half-manufacturing products involve various forms, such as
TiO2, ZnO, CdS, SYS, and other inorganic binary com-
pounds. On the surface of a semiconductor, a connection
between the energy rates of the semiconductor of the redox
agents of the resolution was suggested (Inoue et al. 1979). It
is the kinetic transfer charge between the photo-produced
carrier (e− and h+). (1) the width of the semi-conductor band

distance compared to the absorption spectrum of photons in
the generation of electron–hole pairs, (2) the efficient isola-
tion and migration of electron–hole paired band; and (3) the
volume and number of active sites that can pair with each
other. (4) The performance of the semiconductor photocat-
alyst is acknowledged. In this portion, several methods may
be used to achieve a photo-electric catalytic reduction of
CO2. The key research aim in this area is to develop
the Photoelectric Catalyst rationally by integrating photo-
catalytical and electrocatalytic techniques to achieve strong
CO2 reduction in performance and strong selectivity. Of this
reason, more study and mechanisms analysis of reducing
photo-electrocatalytic CO2, the different mechanisms for
joint effects, or the structures of the reaction equipment are
required. In this area, it is particularly important to under-
stand and develop various reaction routes in various reaction
media for photocatalytic CO2 reductions and guidance to
high efficiency and high-selectiveness CO2 conversions.

4.6 Thermo-Chemical Conversion

With a long history of study, the thermochemical method
(especially the CO2 hydrogenation technique) is an impor-
tant solution among many approaches to turn carbon dioxide
into hot fuels. According to the intrinsic properties of CO2

molecules, the absorption of electrons at catalyst sites by
CO2 is more likely than the donation (Sakakura et al. 2007;
Valverde and Medina 2017; Rao and Dey 2016; Zhang et al.
2016; Takacs et al. 2015). To achieve successful CO2 ther-
mochemical transitions, electrons must then be introduced
into the CO2 antibonding orbital. H2(g) must be isolated
from the atomic H* absorb in active areas for the thermo-
chemical processing of CO2 as a reducer and as a
high-energy material (Li et al. 2015).

Sabatier and Senderens first reported hydrogenation of
CO2 in the early twentieth century (Gnanamani et al. 2014)
as a typical mechanism on the thermochemical route for
carbon transformations. Numerous works on this topic have
subsequently been conducted (Li et al. 2015; Fidalgo and
Menendez 2011; Grabow and Mavrikakis 2011; Ashcroft
et al. 1991). In specific, the catalytic conversion mechanism
occurring on a solid–gas interface is investigated with VIIIB
metals on numerous oxide cares. In this section, three pri-
mary fuels/chemicals are produced: carbon monoxide (CO),
methanol (CH3OH) and formic acid (HCOOH) and.

4.7 Hydrogenation

CH3OH from carbon combustion has been widely resear-
ched (Zheng et al. 2017b; An et al. 2017; Larmier et al.
2017; Li et al. 2016; Martin et al. 2016; Rungtaweevoranit
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et al. 2016; Lei et al. 2015) in certain manufacturing pro-
cesses as an alternative fuel and raw material. Wang et al.
(2011) examined many CH3OH synthesis catalytic systems
increasing hydrogenation from CO2, stressing catalytic
sensitivity, and mechanisms of reactors. Compared to other
metals, Cu is chiefly studied in laboratories for its superior
catalytic efficiency and used in industrial applications. This
is also used in conjunction with numerous editors including
Si, Ti, Al, Zn, and so on (Kobl et al. 2016; Gao et al. 2013;
Arena et al. 2007). The Catalytic Process Cu/ZnO/Al2O3 for
industrial CH3OH, CO2, and H2 synthesis in mild terms
(200–300 °C and 5–10 MPa) is a common illustration of
this. While various experiments are performed on CO2

hydrogenation reaction processes, the principle of CO2

transitions is still complex and challenging to grasp.
More studies are therefore required, especially at the atomic
level.

4.8 Reforming

In addition to the hydrogenation of CO2 described above, the
reformation of CO2 is a further essential approach to the
thermochemical transfer of different fuels. The syngas pro-
duced by Fischer–Tropsch (Pakhare and Spivey 2014) can
be used in this method to produce several products such as
higher alkanes. Fischer and Tropsch are (Failed 1928)
believed to have first researched CO2 methane reform
(DRM) in 1928 using Ni and Co Catalysts. In this analysis,
carbon accumulation was detected, and the catalysts were
seriously damaged. Several experiments have also been
undertaken to deal with this question to enhance the effec-
tiveness and quality of this reform mechanism. For catalyst
systems, there might be other variables that affect the overall
functionality and quality of the catalyst used in the DRM
process, including the product's intrinsic properties, product
particle size, and support, morphological frameworks,
including the size of particle and surface area, and the sup-
port and interaction between the support and the metal
(Jafarbegloo et al. 2015; Kathiraser et al. 2015; Barroso
Quiroga and Castro Luna 2007). The most widely employed
catalysts for methane reforming CO2 are non-based. How-
ever, the main constraint for realistic use is extreme
decommissioning induced by carbon deposition (Avetisov
et al. 2010; Yuan et al. 2016). Catalysts are also commonly
produced based on such metals as Pd, Ce, Pt, Ru, and so on.
The development of Ni catalysts using other processes, for
example, Pd, Pt, and Ru is a viable option to achieve greater
output and lower costs. In conjunction with the CO2

reforming methane, alternate approaches to CO2 alteration to
generate organic chemicals should be added.

5 Economic Assessment of CO2Alteration
to Valuable Products

In addition to the hydrogenation of CO2 described above, the
reformation of CO2 is a further essential approach to the
thermochemical transfer of different fuels. The syngas pro-
duced by Fischer–Tropsch can be used in this method to
produce several products such as higher alkanes. Fischer and
Tropsch are believed to have first researched CO2 methane
reform (DRM) in 1928 using Ni and Co Catalysts. In this
analysis, carbon accumulation was detected, and the cata-
lysts were seriously damaged. Several experiments have also
been undertaken to deal with this question to enhance the
effectiveness and quality of this reform mechanism. New
technology must also be introduced to satisfy anticipated
consumer requirements, in particular concerning gasoline.
Such technologies must be commercially sustainable, and
they need to be commercially evaluated to facilitate more
advances in CO2 conversions. The fixed costs for invest-
ments, variable/fixed manufacturing costs, commodity rates,
etc., depend heavily on the form of product, plant produc-
tivity, processing methods and also on the disparity among
different provinces and countries regarding the economic
examination of the refining of carbon dioxide into usable
energies and chemicals in particular manufacturing tech-
niques or chemical plant.

The price of transforming CO2 into different usable
chemicals/fuels are also hard to measure systematically.
Consequently, in specific situations, this segment should
analyze the economic study of some common
chemicals/fuels. All economic analyzes in the literature
should be remembered that they are focused on standard
energy prices. The economic effects of the plant will vary as
surplus power is used from renewable energy or nuclear
supplies so that the method becomes more competitive.
However, in the subsequent study, the environmental effects
of CO2 elimination are not usually addressed. Aside from all
factors, the advantages of the ecosystem are much higher
than the potential gains from the decline of carbon dioxide.

5.1 Syngas

In comparison to low-temperature electro-chemicals CO2

production, the chemical selectivity, for example, CO
(electrolyzes) and CO/H2(co-electrolyzes CO2/H2O) at ele-
vated SOC temperatures is beneficial in the Manufacture of
the advanced high-temperature electrolysis (steam electrol-
ysis or H2O/CO2 SOC co-Electrolysis). The impacts, cell
degradation levels, CO2 feedstuff costs, and electrolytic
stack values of the following essential parameters are further
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analyzed. The most significant element here is undoubtedly
the energy. The cost of electricity, maintenance, and oper-
ation for the co-electrolysis is higher. The energy demand
for co-electrolysis is estimated to be $67/MWh and $8/MWh
at the average and state-of-the-art prices. The combination of
Fischer–Tropsch and the co-electrolysis of high temperatures
H2O/CO2 with SOC processes may also generate syngas for
electricity storage effectively. The economic analyses by
Pérez-Fortes et al. 2016a indicate that the chosen power
sources are surplus nuclear capacity and wind and that
fuel-making prices are competitive with the expense of the
‘biomass to liquid’ methods.

This section addresses the economic study of carbon
processing based on some common industrial situations,
comprising syngas, methanol, dimethyl carbonate, urea, and
formic acid, Besides the relative additional advantage of the
different goods. Although more research is still needed for
the economic viability of chemical/fuel processing, costs are
expected to decline more, with the further advancement of
the relevant technologies.

5.2 Methanol

Because of its durability, methanol (CH3OH) is a popular
feedstock and a building block of chemical production,
since they are compatible with a range of major chemicals
like acetic acid, chloro-methanol, alkyl halides, formalde-
hyde and even higher hydrocarbons (Armenise and Kus-
tova 2013; Zheng et al. 2017b; Rungtaweevoranit et al.
2016; Aresta et al. 2016b; Kiss et al. 2016). In 2014 about
60% of the methanol generated was used as a solvent and
the remaining 40% was used to manufacture fuels includ-
ing biodiesel, dimethyl ether (DME), marine fuels, etc.
(Kourkoumpas et al. 2016). This amount is projected to be
about 60%. Methanol is usually generated via the hydro-
genation technique (CO2 + H2) and bi-reforming cycle
(CO2 + NG). Kourkoumpas etc. have recently conducted a
technological and cost-effective study into the usage of
CO2 from Lignite Power Plants to introduce “Power to
Methanol (PtM).” Their principle involves the generation
of energy, capture, and isolation of CO2 (CCS), develop-
ment of H2, and main steps for processing and application
of methanol (Wiesberg et al. 2016; Pérez-Fortes et al.
2016b).

5.3 Formic Acid

A material contained commonly in clothes, food, and phar-
maceutical items is formic acid (or HCOOH). This can also
be used as a hydrogen and oxygen carrier and might be
utilized by fuel cells in particular. Formic acid has a wide,

proven, small substitution market and is a high-value drug
(Pérez-Fortes et al. 2016a). The main contributors to oper-
ating costs are products and consumables for example steam
and electricity. Sales of formic acid and other by-products
compensate for almost 50% of production costs. There is
also a need for more initiatives to minimize costs of pro-
cessing from CO2 to formic acid, comprising R&D for
electrolyzer, coupled with renewable energy and the
advancement of other associated equipment.

5.4 Urea

Urea is generally sold as a solid, normally granules or pills
(NH2CONH2). The development of urea requires four steps,
namely CO2 reaction and ammonia, recirculation, purifica-
tion, and granulation of low pressure (Pérez-Fortes et al.
2014). The coal-based poly-generation suggested by Bose
et al. (2015) first captured CO2 to generate urea, which is a
traditional fertilizer, then used captured CO2.

5.5 Dimethyl Carbonate (DMC)

Dimethyl carbonate ((CH3O)2CO) can be synthesized by 4
separate processes based on a CO2 conversion: (1) from
urea; (2) by ethylene carbonate; (3) directly from CO2 to
methanol and (4) from propylene to carbonate. The
techno-economic evaluation of the cycle utilizing modern
catalytic membrane reactors was reviewed, in particular
concerning investment costs and operational costs as a
standard to convert CO2for the formation of dimethyl car-
bonates (Kuenen et al. 2016). It can be argued that the
manufacturing cycle, as a consequence of the expense of
depreciation, repair, and services, is unrentable under the
conditions obtained.

6 Conclusions and Future Perspective

CO2 reduction presents the chemical and oil industry with a
threat and a potential. Despite three decades of CCS devel-
opment, this technique poses challenges as in the majority of
cases the cost of funding and service remains large and
inefficient. Work in the area of carbon control is now moving
to the use of CO2 in chemical and fuel syntheses to boost
CO2 capture efficiency. Within this chapter, we objectively
analyzed and evaluated improvements within our work and
growth on carbon recovery, recycling, and consumption
paths. The literature indicates that the practical usage of CO2

is an established market with a weak requirement for cre-
ative core scientific work. Instead, these routes focus pri-
marily on market conditions linked to global and local oil
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markets and policies on mitigation of climate change such as
carbon taxation frameworks. Nevertheless, the industrial
usage of CO2 is a growing area with significant competition
for research and production, except for certain specific
goods. Work is still underway in every field, from catalysis
to unit architecture, optimization of systems, lifecycle
review, environmental benchmarking, and policy study.
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Closing the Carbon Cycle

Anoop Singh, Prerna Mahajan, and Sandeep Arya

Abstract

The energy demand of the world can be fulfilled by
burning fossil fuels such as natural gas, petroleum, and
coal on a large scale. However, the burning of these
energy resources produces a large amount of carbon
dioxide in the atmosphere, which is outpacing the natural
carbon cycle and changes the natural environment.
Recently, the atmospheric concentration of carbon diox-
ide has surpassed the four hundred parts per million
marks. Despite producing much energy, these fossil fuel
reserves are limited. We must capture carbon dioxide to
get our environment neat and clean. For capturing carbon
dioxide, various technologies such as adsorption on
solids, separation of the membrane, and absorption into
liquids could be utilized after knowing some parameters
like the existence of impurities, temperature, the concen-
tration of carbon dioxide, etc. The extracted carbon
dioxide can be utilized for various applications such as
the conversion of carbon dioxide into dimethyl ethanol,
methanol, and hydrocarbons. There are various types of
energy resources that we can utilize instead of
carbon-emitting energy resources. By using such type of
resources, we can make our environment neat and clean.
While doing so, we can capture carbon more easily.

Keywords

Methanol � Carbon cycle � Dimethyl ether � Renewable
energy

1 Introduction

The population of the world is increasing day by day, due to
which energy demand is also increasing. To satisfy their
energy demand, fossil fuels such as natural gas, petroleum,
and coal are being burnt on a large scale. Presently, ten
billion cubic meters of natural gas, twelve million tonnes of
oil, and twenty-two million tonnes of coal are used in
everyday life to fulfill near about 82% demand for energy
(Abas et al. 2015). Simultaneously, they release thirty billion
tonnes of carbon dioxide annually into the environment
(Pachauri et al. 2014). Some part of this carbon dioxide is
absorbed by the oceans for acidification of seawater and few
plants in the world are also utilizing carbon dioxide. Nearly,
half of the carbon dioxide released in the world remains as it
is in the atmosphere. The concentration of carbon dioxide in
the atmosphere has just gone beyond the four hundred parts
per million marks. Carbon dioxide is one of the greenhouse
gases and it plays an important role to trap the heat radia-
tions radiated by the Sun. The change in the climatic phe-
nomena is observed due to the presence of carbon dioxide in
the atmosphere. Because of the large amount of anthro-
pogenic emission of carbon dioxide in the atmosphere, the
natural carbon cycle has been greatly disturbed i.e. excee-
ded. Numerous solutions are given by scientists to overcome
this disturbance. Conservation of energy is helpful up to
some extent but, it will not fully solve this issue relating to
the carbon cycle. One of the important solutions is to reduce
the usage of fossil fuel-based energy resources, and instead
of using these resources, we can use nuclear energy
resources as well as renewable energy resources.

These fossil fuel reserves, regardless of producing so
much energy, are inadequate. The fossil fuels such as shale
gas and shale oil are exploiting day by day; also their impact
on the environment raises numerous challenges. Almost half
of the countries of the world including Germany and France
banned the usage of a new technology commonly called
fracking. These newly developed technologies have not been
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proved safe for the environment and have also exploited
shale resources. The greenhouse gases are emitted by uti-
lizing fossil fuel resources and hence, it can become the
center of various problems. If these problems are overcome,
then humankind is permitted to utilize fossil fuels, otherwise,
the usage of fossil fuel resources would be banned. The most
general solution to control this problem is carbon capture
and sequestration (CCS). In this case, the carbon dioxide is
captured from numerous sources such as industrial facilities
and power plants followed by dumping this captured carbon
dioxide in the earth. The enhanced oil recovery can be done
by utilizing the captured carbon dioxide (Khoo and Tan
2006). Different methods are available to capture carbon
dioxide that includes adsorption on solids, separation of the
membrane, and absorption into liquids. For this, several
parameters such as the existence of impurities, temperature,
the concentration of carbon dioxide, etc. are required to be
known. Nowadays, various technologies are developed to
capture carbon dioxide in the air (Goeppert et al. 2012; Meth
et al. 2012). The direct air capture (DAC) technique is very
helpful to capture the carbon dioxide that arises from the
burning of fossil fuels in the trains, airplanes, cars, domestic
heating, and stoves (Lackner 2009,2010; Keith et al. 2006;
Stolaroff et al. 2008; Mahmoudkhani et al. 2009; Mah-
moudkhani and Keith 2006). It is not economically feasible
and also impractical to capture carbon dioxide at the source.

After extracting the carbon dioxide, it can be efficiently
transformed to dimethyl ethanol, methanol, and hydrocar-
bons and hence can be utilized in different applications. All
these applications are also playing an important role in
determining the cost associated with DAC. This will help to
decrease the cost of DAC. The specific term used for the
various types of heterogeneous materials is biomass; hence it
is convenient, advantageous, and easy to convert biomass
into products like methanol and dimethyl ether (DME).
Nowadays, more efficient conversion of biomass into
bio-methanol can take place (Hamelinck and Faaij 2002).
There are various technologies such as combustion, gasifi-
cation, liquefaction, and pyrolysis that are used for the
conversion of biomass. In diesel engines, one of the
prominent candidates which are efficiently used is methanol.
It is also used in direct methanol fuel cells (DMFC) which
use methanol and directly generate the electrical power at
ambient temperature (Bromberg and Cohn 2010; McGrath
et al. 2004). The dehydration of methanol gives DME. It
exists in gaseous form and hence moderate pressure is
required to liquefy this gas easily. The properties of DME
are similar to liquefied petroleum gas (LPG). DME is a
better substitute for diesel fuel and possesses high octane
rating that’s why it attracts much attention (Semels-
berger et al. 2006; Arcoumanis et al. 2008). In most of the
applications like cooking and heating, it efficiently replaces
LPG.

A variety of energy resources are there that would facil-
itate a neat and clean environment and can be accessed as a
competent replacement for carbon-emitting energy resour-
ces. It is economically feasible to replace fossil fuels with
renewable sources of energy. Life becomes easier with the
help of such type of energy. It helps us to regulate the
consumption of fossil fuels and make them available for
future generations. In this chapter, we discuss the capture of
carbon dioxide and its conversion into methanol and DME
and also a replacement of fossil fuels by renewable energy
resources that help in closing the carbon cycle.

2 Methods to Capture CO2

For the handling of carbon dioxide that releases through heat
or power generation, two methods are available. These are:

(i) Storage in geological strata
(ii) Chemical conversion of CO2 to products that are easier

to store and can be utilized effortlessly.

An immense amount of energy is needed in both the
methods and in several cases; the energy required is even
more than the energy that releases during the combustion
process. Therefore, the likelihood of CO2 capture i.e. the
storage or conversion of carbon dioxide significantly
depends on the utilization of extremely economical ‘waste’
energy. This ‘waste’ energy could be either superfluous
electrical energy generated from wind power or from tech-
nical systems that are completely dependent on direct solar
energy (MacElroy 2016). The carbon capture technology
must be established without any holdup because of the
existing as well as expected monetary pressures for the
continuous utilization of carbon-based fuels. Out of the two
elements of CCS, the carbon capture component is more
expensive. Further, it is believed that if we depend on carbon
fuels as a primary energy source for the long term, then we
must find some ways to re-use or recycle the released CO2.

3 CO2 Capture Technologies

Generally, three technologies can be practiced for the cap-
ture of CO2 from process streams or the atmosphere. These
are:

(i) Post-combustion
(ii) Pre-combustion
(iii) Oxy-fuel combustion.

All these three technologies add a considerable cost to
carbon fuel utilization during power generation, heating, and
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transportation. Thus, the basic physical chemistry behind the
combustion processes relies on cost and technology.

The existing capture technologies are typically operating
at an efficiency of 30–40%. As a consequence, around three
times extra power would essentially be needed than that
specified in the ideal estimation based on thermodynamics.
In all the three capture processes mentioned above, the
foremost operation includes separating the gas mixtures for
the production of pure carbon dioxide and after the separa-
tion process, the gas is finally compressed. The minimum
amount of power required for the separation process can be
predicted based on reversible work i.e. free energy change
needed during demixing (Goeppert et al. 2012).

These technologies possess some individual technical
advantages as well as disadvantages; however, there is a
considerable opportunity for developing a reduction in the
cost and enhancement in the efficiencies of the process. For
instance, while managing and matching the peak and
off-peak power loads and optimizing the processes for
internal heat recovery via the suitable implementation of
process integration, breakthroughs would be requisite (Har-
kin et al. 2010; Kemp 2011). These advancements
(Aro 2016) would undoubtedly play significant functions.
The solvent or the solution could be effectively replaced
with, for example, ionic liquids in the post-combustion
technology. The membrane applications like complex
membranes used for the transportation of hydrogen in the
pre-combustion method and oxygen in the oxyfuel com-
bustion process can also be replaced with new applications
such as adsorption processes that can be utilized during
small-to-medium-sized distributed emissions. For instance,
these novel applications can be employed while capturing
(location independent) CO2 from the atmosphere (Goeppert
et al. 2012). New carbon capture technologies are also under
progress that would certainly play an important part in
driving successful carbon capture power demands in the
vicinity of the ideal limits.

4 CO2 Capture from the Air

CO2 from both the natural and industrial sources can be
separated economically when a high concentration of carbon
dioxide is available in these sources. Anthropogenic emis-
sions of CO2 can be broadly divided into two portions. The
first portion consists of large manufacturing sources likely
cement factories and large power plants while the second
portion is distributed into various sectors such as the trans-
portation sector and cooling or heating in homes and offices.
It’s very difficult for us to collect CO2 from numerous small
scale units of fossil fuel burning. It is also a tedious task to
capture CO2 from a flying airplane. Moreover, the trans-
portation of captured CO2 from the collection site to the

conversion site requires expensive as well as enormous
infrastructure. To avoid the requirement of enormous
infrastructure for the collection of CO2, we must set up an
apparatus to capture CO2 straight out of the atmosphere. The
collection of CO2 directly from the atmosphere helps to save
transportation costs from the collection center to the con-
version site. DAC technique as mentioned earlier also was
reported in the past to collect CO2 independently from the
source of CO2 (Specht and Bandi 1999). This indicates that
the CO2 can be captured easily from various sources such as
dynamic or stable, large or small, etc. CO2 extraction plants
can be constructed anywhere in the world because of the
similar concentration of CO2 throughout the globe. It is also
mentioned in this chapter that DAC is free from the sources
of carbon dioxide. This leads to comparably more extraction
of CO2 than the production of it from human activities. This
technique is not only to control the production of CO2 but
also helps in the reduction of the concentration of atmo-
spheric CO2. Even though the atmospheric concentration of
CO2 is very low near about 400 parts per million, the the-
oretical requirements for energy for DAC to go from a
minimum amount of 400 parts per million to pure gas are
near about 5 kilocalories per mole (Zeman 2007). Theoret-
ically, DAC would need near about 3.4 times the energy
compared with the CO2 captured from the power plant
(fossil fuel) (Ranjan and Herzog 2011). To capture the CO2

from the atmosphere various chemical substances are used
but practically utilized chemical substances are only sor-
bents. These sorbents can accumulate the molecules of
another species by the phenomena of sorption. Sorbent also
soaks up molecules of oil production from water. This can
happen through both the phenomena of absorption and
adsorption. The oil from the water is penetrating through
pores into the sorbent by the process of absorption while
adsorption only helps to attract oil on the surface but does
not permit it to enter into the sorbent.

Broadly speaking, monoethanolamine dependent sorbents
are used. These types of sorbents have some limitations such
as less stability, unfavorable evaporation. While some bases
with high pH values such as hydroxide of sodium, calcium,
and potassium are generally used. Instead of these hydrox-
ides, we also use an aqueous solution of some strong bases.
These bases can strongly bind CO2 and help us to make our
environment neat and clean. Some other sorbents developed
through the utilization of amine and polyamine can either be
adsorbed physically or chemically with the help of some
supporting agents like mesoporous solids, silica, carbon
fibers as well as polymers, have a potential for DAC (Didas
et al. 2012; Sculley and Zhou 2012; Chen et al. 2013;
Goeppert et al. 2011,2014). Hyperbranched aminosilicas that
can be synthesized with the help of polymerization of
organic compound (aziridine) are also a potential candidate
for DAC (Choi et al. 2011). Some adsorbents which are
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based on networks of polymer, ammonium dependent resin,
and metal–organic frameworks are also having the possi-
bility for DAC (wang et al. 2013; He et al. 2013). However,
new techniques were also developed for the removal of CO2

from both the spacecraft and submarines (Goeppert
et al. 2012).

There should not arise any question against the possibility
of capturing carbon dioxide from the atmosphere, but still
many researches are required to make this technology eco-
nomically beneficial. By using the latest technologies, the
estimated expenditure of removing one ton of carbon diox-
ide from small power plants is more than 30 dollars. But
there is a lot of variation in the estimated cost of removing
one ton of carbon dioxide in the case of DAC (Simon et al.
2011; Pielke 2009). Various important factors play an
effective role to manage the cost of a commercial power
plant. Such factors are labor cost, the method used, energy
used, and the requirement of material. A very few companies
use carbon engineering to tackle carbon emissions (Keith
et al. 2006) for example Climeworks, Global Thermostat,
and Kilimanjaro Energy have been established with such
efforts. We can utilize the extracted carbon dioxide by
converting it into dimethyl ethanol, methanol, and hydro-
carbons and therefore can be exploited in a variety of
applications which also play a significant role in the deter-
mination of the cost associated with DAC. Consequently,
this would facilitate a reduction in the cost of DAC. Rely on
the process, not only the carbon dioxide is separated from
the air but also at the same time, water is separated. This
could generate purified water with added value.

5 Biomass and Waste-Based Chemicals

Rely on the recycling of carbon dioxide; biomass is defined
as a material obtained from animals or plants. This com-
prises crops, forests with their byproducts, animal waste,
algae, aquatic plants, and municipal solid waste. Originally,
methanol was popular with the name of wood alcohol, it is
generally because methanol is obtained from the wood
through thermal distillation. This thermal distillation method
was abandoned at the starting of the twentieth century with
the development of the latest synthetic process for the
development of syngas. Biomass is a definite term generally
utilized for a variety of different heterogeneous materials.
The conversion of biomass into products like methanol and
DME is therefore beneficial, suitable, and effortless. More-
over, biomass is being more efficiently converted into
bio-methanol these days. Different technologies are available
to convert the biomass. These are combustion, gasification,
liquefaction, and pyrolysis and are shown in Fig. 1 (Bridg-
water 1994; Chmielniak and Sciazko 2003; Bulushev and
Ross 2011; Larson 1993). The cellulosic material and wood

are the solid feedstock that requires technology similar to the
used one for the conversion of coal product to hydrocarbon
(methanol). Another type of feedstock is animal manure and
converts it into biogas which is a mixture of carbon dioxide
and methane, and in this process finally, methanol is syn-
thesized. An overview of methanol produced from biomass
is shown in Fig. 2 (Reschetilowski 2013).

6 Advantages of Biomass-Based Chemicals

Various energy sources such as geothermal, hydro, solar,
and wind are bounded to fulfill the requirements of energy in
the world by generating electricity. The electrical energy can
be transferred only in a short distance but its storage in a
huge quantity is still a big challenge. Batteries, flywheels,
compressed air storage, and hydro pumped are all possible
but these are available with limited capacity. The two main
renewable sources of energy such as wind and solar are
highly fluctuating and irregular, hence it is problematic to
use these sources in a huge amount to meet the requirements
of energy in the world. Solar energy produced under the
condition of a cloudy atmosphere is very less and also
produces a negligible amount of energy at night. The same is
the case with wind energy; the energy is not produced
consistently or constantly because the wind is not blown at a
constant speed. The electrical energy can be stored by con-
verting it into chemical energy in some compounds like
methane, methanol, hydrogen, and long-chained hydrocar-
bons. These chemicals are easier to store or transport in
comparison to electrical energy and hence this chemical
energy is further used for various applications such as
cooking, heating, cooling, etc.

By splitting water, it is simplest for us to get hydrogen
from electrical energy. Electrolysis is the sole practical
method these days to get hydrogen by splitting the water
molecules, but there are other methods under investigation
such as high temperature, thermal splitting, and photo-
chemical. The electrolysis method is practiced since 1900,
but the efficiency of conversion of this method is very high
i.e. more than 80%. The energy stored in the form of
hydrogen gas is environment friendly. Based on the con-
version of water into hydrogen gas, the simplest theory of
hydrogen economy is originated that would be helpful to
understand this conversion technique (Rifkin 2002). How-
ever, because of the physical properties and chemical
properties of hydrogen, it has few limitations (Bossel 2006).
Its storage is very problematic because of its very low vol-
umetric density. It is also difficult to handle such gas because
of its explosive and highly flammable nature. The require-
ment of infrastructure for storing, transporting, and con-
verting it safely is very expensive. Hence for storing energy
in the form of chemical bonds, it requires less manageable
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ways. In most of the applications, the chemicals in liquid
form are preferred for storing energy over the chemicals in
the gaseous form. However, in the transportation sector, it is
highly required to use renewable liquid fuel instead of using
kerosene, diesel fuel, and gasoline. Among the various
chemicals, methanol is the prominent candidate to fulfill the
requirements (Bromberg and Cheng 2010). Only one carbon
atom is present in the methanol and hence it is simplest
among other chemical compounds. It is also produced very
easily by the chemical process (hydrogenation) of carbon

dioxide whereas another technique such as electrochemical
reduction is also being developed (Olah et al. 2011). There
are various advantages of methanol and also promoted in the
past for its use as an energy carrier (Reed and Lerner 1973;
Moffat 1991; Gray and Alson 1985; Kohl 1990). The octane
rating of methanol is very high; hence it is an important
substitute or additive for gasoline internal combustion
engines (ICE).

Methanol is a well-known candidate that is proficiently
used in diesel engines. Further, methanol is also utilized in
DMFC where it is employed to directly generate the elec-
trical power at some ambient temperature conditions
(McGrath et al. 2004). Methanol exists in gaseous form and
therefore, this gas can be liquefied easily under moderate
pressure. Its dehydration results in the formation of DME
whose properties are similar to the LPG. Moreover, in most
home applications like cooking and heating, it competently
replaces LPG. (Arcoumanis et al. 2008). Furthermore, both
DME as well as methanol fuel are superior to the generation
of electric power in gas turbines (Temchin 2003). Besides its
applications as a fuel, methanol is also used in various
chemicals like methyl tert-butyl ether, acetic acid, and
formaldehyde. Due to these entire advantageous features,
methanol is therefore considered a better substitute for diesel
fuel and is attracting much consideration.

Gasification is an easy method to make methanol from
biomass. It is a process (thermochemical) that involves the
conversion of biomass into a mixture of gases such as
hydrogen, syngas, carbon monoxide, and carbon dioxide. In
this process, firstly solid biomass is dried and after that
crushed to get particles with uniform shape and size. To get
optimal results, the moisture content in the sample is not
more than 20%. The pretreated biomass is passed into the

Fig. 1 Various technologies for
the conversion of biomass into
chemicals. Reproduced with
permission from Ref.
(Chmielniak and Sciazko 2003).
Copyright @ Elsevier B.V.
(2003)

Fig. 2 Simplified schematic illustrating the methanol production from
the biomass-based feedstock. Reproduced with permission from Ref.
(Reschetilowski 2013). Copyright @ IOP Publishing (2013)
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gasifier where it is treated with oxygen and water at a par-
ticular pressure. The biomass starts burning when it interacts
with oxygen due to which heat evolves and hence this heat is
used for gasification. Some combustion gases are generated
such as steam and carbon dioxide which after reacting with
biomass generate other secondary gases such as carbon
monoxide and hydrogen. In this process, no external heat
sources are required; biomass itself acts as a fuel source. The
single partial oxidation process is a very good step for the
generation of syngas but this process has some technical
problems. Therefore, the two-step process is conducted for
the gasification of biomass. The first step is commonly
known as destructive distillation or pyrolysis, 400–600 °C
temperature is required for heating the dried biomass and
hence for avoiding complete combustion, the
oxygen-deficient atmosphere is generated. The pyrolysis gas
is composed of steam, carbon dioxide, methane, hydrogen,
carbon monoxide, and volatile tars. A total of 10–25% of the
biomass is left after the complete process and this leftover
residue is known as charcoal. Char conversion is the second
step of the process, in this step the charcoal residue is treated
with oxygen at 1300–1500 °C to get carbon monoxide. The
obtained syngas has to be adjusted in the right amount of
hydrogen, carbon monoxide, and carbon dioxide. These
gases can be purified before passing through the methanol
production center. The biomass has an advantage over other
commonly used coals. The biomass contains a very low
amount of sulfur and also a very less amount of metallic
impurities (arsenic, mercury, etc.). Despite that, biomass
gasification has some problems related to it. The formation
of tar faces various challenges such as restriction in flow and
clogging to commercialize the biomass-based gasification
process. The nature as well as the amount of tars depends on
the composition of biomass and technology of gasification
(Milne et al. 1998; Williams 1995; Azar et al. 2003).

7 Replacement of Carbon-Based Energy
Resources

Different kinds of energy resources are accessible that can be
exploited as an alternative to carbon-emitting energy
resources. These resources assist in closing the carbon cycle
more effortlessly and consequently result in making our
environment neat and clean. These energy resources are
biomass energy, wind energy, solar energy, hydrothermal
energy, geothermal energy, and ocean energy. Further, there
is an extensive range of technologies that do either exist or
under development and offer economical, consistent, and
sustainable energy services using the above-mentioned
renewable energy sources. However, these technologies
differ significantly in their stage of progress, performance,
and competitiveness which depend on the local conditions,

physical and socioeconomic as well as the local availability
of fossil fuels. Table 1 summarizes the categories of
renewable energy conversion technologies (Goldemberg
2001).

8 Biomass Energy

To fulfill energy requirements in the world with sustainable
development, biomass energy has a greater potential to
achieve energy needs. Presently, in the primary energy of the
world, biomass energy contributes to about 14%, but it is
expected that in the year 2050, this energy will contribute up
to 40%. Various benefits are obtained from biomass energy
such as environmental, economic, and social. Solid biomass
has vital traditional applications such as lighting, cooking,
and small scale industries (cottage industries) having very
less energy efficiency that results in a bad impact on the
environment by excreting a large amount of waste product.
Traditional bioenergy has efficiency varying from 2 to 20%
in developing countries. But, by using modern technology,
the efficiency of bioenergy can be reached up to 80–90% in
industrialized countries like Sweden, Finland, and Austria
(Rosillo-Calle 2006). That's why it’s our priority to mod-
ernize the application of biomass energy. In industrial
countries, the traditional application of biomass is greatly
changed by modern applications. For instance, in Sweden,
Finland, and China, the traditional application of biomass
energy is rapidly declined. Continuous growth in the usage
of bioenergy is due to an increase in the population and also
because of the lack of cheaper and accessible alternate
sources of energy. Modern applications of these energies are
confined in the urban areas only and the lack of some factors
such as skills, capital, market structure, technology, etc. in
the village is responsible for utilizing only traditional
applications (Chum et al. 2011).

9 Wind Energy

Wind energy is the most important and vital resource of
energy, because of its high neatness and negligible pro-
duction of pollutants (Wang et al. 2011). The amount of
this energy is generally relying on the environmental
conditions as well as on the speed of wind (Dongmei et al.
2011; Sideratos and Hatziargyriou 2007). As we know, a
nuclear fusion reaction continuously takes place in the sun
which causes the electromagnetic radiations that reach the
earth and it becomes warmer. As we are familiar that the
earth is not equally distributed; it includes high mountains
as well as plains so the environmental conditions vary from
one place to another. Low-pressure regions are created in
hilly areas. This is the responsible factor for the blowing of
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the wind. So we can establish windmills in such areas
where the speed of the wind is generally high. Hence, it is
a better replacement for the carbon dioxide producing
resources for the elimination of pollution. There are various
types of windmills but presently the most efficient turbine
unit has three cutting edges that rotate on the top of the
steel tower which is as shown in Fig. 3 (Kumar et al.
2018). Its blades are made up of fiberglass. The rotor
blades can be turned to optimize power and the entire
tower is rotated to face the wind.

10 Solar Energy

On our planet earth, solar energy is the inexhaustible source
of energy procured from the sun. Presently, various modern
technologies are being used to get electric energy from solar
energy. These techniques have been utilized in almost all
countries in the world as an alternative to non-hydro tech-
nologies. Hypothetically, solar energy has the potential to
cover the energy demands of this planet if technologies for

Table 1 Categories of renewable energy conversion technologies (Goldemberg 2001)

Technology Energy product Application

Biomass energy
Combustion (domestic
scale)
Combustion (industrial
scale)
Gasification/power
production
Gasification/fuel
production
Hydrolysis and
fermentation
Pyrolysis/production of
liquid fuels
Pyrolysis/production of
solid fuels
Extraction
Digestion

Heat (cooking, space heating)
Process heat, steam, electricity
Electricity, heat (CHP)
Hydrocarbons, methanol, H2

Ethanol
Bio-oils
Charcoal
Biodiesel
Biogas

Widely applied; improved technologies available
Widely applied; potential for the improvement Demonstration phase
Development phase
Commercially applied for sugar/ starch crops; production from wood
under development
Pilot phase; some technical barriers
Widely applied; wide range of efficiencies
Applied; relatively expensive
Commercially applied

Wind energy
Water pumping, battery
charging
Onshore wind turbines
Offshore wind turbines

Movement, power
Electricity
Electricity

Small wind machines, widely applied
Widely applied commercially
Development and demonstration phase

Solar energy
Photovoltaic solar
energy conversion
Solar thermal electricity
Low-temperature solar
energy use
Passive solar energy
use
Artificial
photosynthesis

Electricity
Heat, steam, electricity
Heat (water and space heating,
cooking, drying) and cold
Heat, cold, light, ventilation
H2 or hydrogen-rich fuels

Widely applied; rather expensive; further development needed
Demonstrated; further development needed
Solar collectors commercially applied; solar cookers widely applied in
some regions; solar drying demonstrated and applied
Demonstrations and applications; no active parts
Fundamental and applied research

Hydropower Power, electricity Commercially applied; small and large scale applications

Geothermal energy Heat, steam, electricity Commercially applied

Marine energy
Tidal energy
Wave energy
Current energy
Ocean thermal energy
conversion
Salinity
gradient/osmotic
energy
Marine biomass
production

Electricity
Electricity
Electricity
Heat, electricity
Electricity
Fuels

Applied; relatively expensive
Research, development, and demonstration phase
Research and development phase
Research, development, and demonstration phase
Theoretical option
Research and development phase
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supplying, storing, distributing were enthusiastically avail-
able (Blaschke et al. 2013). Solar radiations take around
8 min to reach the surface of the earth. Near about four
million exajoules of energy from the sun reaches the blue
planet yearly, out of which fifty thousand exajoules are
harvested easily. Even we get such a huge amount of energy
from the sun but the contribution of this energy to the total
energy used in the world is very low. One of the major issues
regarding research is connected with the movement of
reducing the emission of carbon at a global level, which has
been a social, environmental, economic, and political issue
in the past decade. For instance, through the installation of
household solar panels (113,533) in California in the USA,
about 696,544 metric tons of carbon dioxide have been
reduced. Hence, by using such types of technologies based
on solar energy, various issues related to unemployment,
climate change, and energy security, etc. have been greatly
reduced. It is also predicted that solar energy will play a
crucial role in the tertiary sector of the economy (trans-
portation sector) in the future. Funding, investment, policies,
and planning from organizations either governmental or
private for such technologies strengthen the foundation for
using such type of renewable energy system. Rebate and
incentives also play an important role in the development of
such markets. Additionally, for the generation of electric
energy from solar energy, subsidies must be provided to the
residents. Solar energy is the best replacement for the pol-
lution causing sources of energy because it never harms our
environment. Life becomes easier with the help of such type
of energy. It helps us to regulate the consumption of fossil
fuels and make them available for future generations. Fig-
ure 4 shows the conversion of solar energy into solar fuel

(Steinfeld and Palumbo 2001). Concentrated solar radiation
is used as the energy source for high-temperature process
heat to drive chemical reactions towards the production of
storable and transportable fuels.

11 Ocean Energy

On earth, two types of crust are found viz. continental crust
and oceanic crust. A large part of the earth is covered with an
ocean. In the ocean, a huge amount of renewable energy
sources are present. Rely on characteristics and origin, there
are six types of ocean energy: tidal current, ocean wave,
salinity gradient, tidal range, ocean thermal energy, and
ocean currents (Huckerby et al. 2011). Nowadays, tech-
nologies related to ocean energy other than tidal range are
supposed to be an early stage of development. Both energies
such as tidal current and ocean wave are very important and
advanced energy sources that are also expected to signifi-
cantly utilize in the future. In this chapter, along with other
renewable resources, we also focused on these two types of
energy, because these two sources generate green power.
Recently, some industries which are based on oceanic
energy sources have acquired much attention and achieved
significant growth but it has not reached its zenith (Magagna
et al. 2014). Some challenges were faced for the develop-
ment of this technology such as the reduction in the cost,
reduction of risk, and creation of an environment-friendly
atmosphere.

Oceanic energy has the potential to generate a huge
amount of electricity if we properly utilize all the sources
present in the ocean. Tidal energy plays an effective role and
hence its contribution is much greater than the other sources
of oceanic energy. Tidal energy can be directly generated
through the tides in the ocean. Tide arises in the ocean due to
the position of the earth, moon, and sun. If all of these bodies
i.e. the earth, moon, and sun lie in a straight line then, in that
case, higher tides are generated. The gravitational force of
both sun and the moon are added up in that case and hence,
the net gravitational force is exerted on earth. But, when the
position of the sun, moon, and earth are not linear, then
lower tides are generated. The higher tides not only help to
generate electricity in the ocean but also help the fishermen
in catching the fishes, navigation, etc. This type of energy is
also a good source of energy and helps us to minimize the
use of fossil fuels (non-renewable sources of energy).

12 Geothermal Energy

The shortage of energy, increase in the population of the
planet and rapid increase in environmental pollution are the
major problems that the world is facing for the attainment of

Fig. 3 NEG Micon 1.5 MW Wind Turbine, 68 m diameter Rotor,
Tubular Steel Tower. Reproduced from Ref. (Kumar et al. 2018) under
Creative Commons license. Copyright @ Gyancity Research Lab
(2018)
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sustainable development. Presently, almost all the countries
in the world are indulged in research on renewable energy
such as tidal energy, wave energy, solar energy, wind
energy, geothermal energy, and hydrothermal energy for the
reduction of usage of traditional fossil fuels (Hepbasli 2004;
Bahadori et al. 2013; Aikins and Choi 2012). It is also
published in the research papers that the generation of
energy from renewable resources is anticipated to double or
triple before 2035 and reach near about 31% of the total
production of electricity. Geothermal energy is produced
0.3% of the power generated in the world and it is 1.5% of
the total power produced from renewable resources.
Geothermal energy attracts more attention because of its
stability, abundance, and CO2 emission-free as compared to
wind, solar, and hydraulic energy (Li 2015). The core of the
earth has a temperature of more than 5800 °C and because of
that very high temperature; the earth’s interior possesses a
huge amount of energy which is inexhaustible in comparison
to other energy resources (Barbier 2002). More than 80
countries in the world directly use geothermal energy and
about 30 countries use geothermal energy for the generation
of power (Unverdi and Cerci 2013; Kuo et al. 2011; Li et al.
2012; Lund et al. 2010; Yang 2013; Lund and Boyd 2016).
The United States is the largest country in the world for the
production of power through geothermal power plants and
contributes about 28.8% to the total production capacity of
the world. For direct utilization of geothermal energy, it
stands at rank 2nd in the world and contributes near about
24.6% of the total. China is the no. 1 country in the world for
direct geothermal utilization and contributing near about
25% of the total. In the past few years, it is observed that
there is an increase in the growth of geothermal power

plants. One example of such a power plant is shown in
Fig. 5 (Zhu et al. 2015). It is confirmed that the geothermal
energy resources are pollution-free and hence, the geother-
mal energy can be effectively used for sustainable
development.

13 Hydrothermal Energy

Non-renewable sources like petroleum, natural gas, and coal
are mainly used as the main sources for the generation of
power in the world (Lazkano et al. 2017). The total depen-
dence on these fossil fuels from the past few decades results
in global warming and scarcity of fossil fuels and thus it
reduces the usage of these non-renewable resources (Chala
et al. 2019). In the united state of America, the generation of
power requires near about 600 billion US dollar and in South
Africa, the generation of power require near about 150 bil-
lion US dollar for the fulfillment of power density which are
based on one dollar per watt capital cost in a power plant
(conventional gas-based power plant). Nowadays, it
becomes a trend to switch towards renewable sources from
fossil fuel technologies, and hence the development of other
alternate technologies and energy sources for sustainable
development starts growing day by day (Guangul et al.
2019). Shifting towards pollution-free energy, like solar,
wave, geothermal and water energy attracts more attention
these days in the world. The replacement of fossil fuels over
the past decades is facing up and down in the way of pro-
gress. These alternative energy sources are adopted by the
various nations of the world for sustainable development.
Indonesian National Energy Policy provides the data which

Fig. 4 Schematic of solar energy
conversion into solar fuels.
Reproduced with permission from
Ref. (Steinfeld and Palumbo
2001). Copyright @ Elsevier Inc.
(2004)
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shows that in 2050; the renewable resources of energy would
contribute 31% of total energy, from which contribution of
biomass energy would be 23%, biodiesel 21%, hydropower
10%, coal gas methane 6%, geothermal 20%, nuclear 7%,
bioethanol 4% and the remaining from wind, solar, sea,
biogas, etc. (Erinofiardi et al. 2017). Environmental protec-
tion and economic growth are the major challenges that are
faced by these sources of energy (Ma’arof et al. 2018). The
two major barriers that come in the way of promoting the
usage of these energy sources are the difficulties to control
and irregular distribution of these energy sources (Kocaman
and Modi 2017). For the development of the hydropower
project, various technological facilities are required such as
stream technology, running rivers, dammed reservoirs, new
gravitational vortex, and pumped storage. In the European
continent, the research on this topic is primarily focused on
the component of electromechanical apparatus like pumps,
generators, and turbines. Nowadays, reaction turbines and
impulse turbines are mainly used for the generation of
energy from hydropower plants. The impulse turbines are
further classified as crossflow, turbo, and Pelton turbines.
Impulse turbines are less efficient in high flow and low head
sites in comparison with reaction turbines (Yaakob et al.
2014). Through the channel, the continuously flowing water
strikes with the specific parts of the wheel due to which the
turbine starts to rotate. The rotation of the turbine converts
the potential energy of water into kinetic energy which is
further converted into electrical energy with the help of a
generator that is connected with a rotating shaft. The benefits
of hydroelectric power such as environmental, economical,

and technical make it a crucial contributor to sustainable
development mainly in underdeveloped countries. The
popularity of the hydropower plant technique is confined
only in the hilly areas that possess numerous rivers, for
instance, India, Nigeria, Brazil, Ethiopia, and Malaysia. In
2013, 16.3% of total electricity is generated through
hydropower plants which are nearly 75.1% of natural energy
resources (Hidrovo et al. 2017). In the past decade, the
generation of electricity from Nepal Electricity Authority
(NEA) is near about 539 MW power out of which 485 MW
are produced through hydropower plants and the remaining
54 MW from liquid fuel. Similar research papers are also
published which report that Independent Power Producers
(IPPs) generate 362 megawatts of power by utilizing hydro
sources (Alam et al. 2017). However, the development of a
large hydropower plant needs much amount of money and it
also causes environmental instability which leads to less
demand on the earth. In this situation, various countries
adopt hydropower plant technique for the generation of
electricity only at a small scale. For the generation of elec-
tricity from water, the hydropower plant at the mini/micro
level has attracted various countries because of its usage in a
rural area and environment-friendly nature.

The increase in the amount of carbon dioxide in our
environment is the major factor for global warming and this
arises a major problem in the world. Every country in the
world either developed or developing is facing this danger-
ous problem. Various organizations are running in the world
either governmental or nongovernmental to tackle this dis-
aster. The efforts of these organizations have been proved
successful up to some extent. Various awareness programs
such as Van Mahotsav, save tree save the environment and
many more are awaking almost all the people in the world
for the betterment of the environment. In the environment,
carbon dioxide is present at nearly about 0.03%. This
amount of carbon dioxide is good for the nourishment of the
earth. It makes our planet warm and makes life possible only
in this planet but if the amount of carbon dioxide increase
slightly more than 0.03%, it would cause global warming
and would be harmful to living being on the earth. The
electromagnetic radiations come from the sun and only a few
amounts of its light radiation reach the earth. These light
radiations are taking near about eight minutes to reach the
surface of the earth. The surface of the earth starts absorbing
these radiations in a day time and this process is known as
isolation. During the night time, the earth starts emitting
these absorbed radiations. Due to the presence of carbon
dioxide in the environment, these radiations are not suc-
cessful to escape from the earth. The carbon dioxide helps to
keep this radiation in the atmosphere and hence our envi-
ronment remains warm. This is the reason for the existence
of life on the earth among the other planets. So it is up to us,
to keep this amount of carbon dioxide constant. To achieve

Fig. 5 300 kW geothermal power station in Fengshun, Guangdong.
Reproduced with permission from Ref. (Zhu et al. 2015). Copyright @
Elsevier Inc. (2015)

238 A. Singh et al.



this goal, we have to use natural resources in a good manner.
For this reason, we must shift from using fossil fuels to green
power resources.

These days, green power is marked as the essential
power source in developing countries like Bangladesh,
northern India, and central-southern China. The prosperity
of Nepal mainly depends on hydropower resources because
the potentiality of hydropower is huge in Nepal. Thus, this
strength of Nepal makes them the main producer and
exporter of green power and for better trades of power,
Nepal has purchased secured power agreements with
neighboring countries like Bangladesh and India. The
revenue generated from exporting power supplies is very
helpful for developing countries to generate funds for
housing, agriculture, education, infrastructures, and
healthcare (Manzano-Agugliaro et al. 2017). There is no
consumption of water for the production of power through
the installation of hydropower plant that helps the devel-
oping countries in views of economic, social, and envi-
ronmental perspective (Faria et al. 2017). Inadvertent of the
huge capital cost of a hydropower plant, it has low main-
tenance and renewing cost and also the favorable rainfall
that makes it productive in comparison to other green
energy production sources. Hydropower plays an effective
role in controlling floods and is also used for irrigation
purposes.

Micro-hydro technology is flourishing nowadays because
of its low maintenance and environmental friendly. Due to
the negligible cost of fuel, efficient technology, and very low
operative cost, the hydropower plant attracts much attention
and hence, it is a better alternative energy source. Both
William and Simpson observed the new scheme
(Pico-Hydro) and told them that this new scheme is cheap
and hence it is a good option for some areas. The small
hydropower plant is very helpful to improve the life quality
of the villagers. This power plant creates a job for the local
people due to which they run their life easily. These small
power plants also gain the support of the government to run
smoothly in the village over large hydropower plants. The
stored water in the dams is not only used to generate elec-
tricity but also used for other purposes such as irrigation, fish
production, and recreational tourism. In comparison with
other sources of energy, the generation of electricity through
hydropower plant has very low emission of methane and
carbon dioxide and no emission of NO2, NO, and SO2, that
leads to its better performance. It is also noted that the
sustainable usage of H2O for irrigation, water supply, and
hydropower plant have high investment returns. The growth
in the economy and the consumption of hydropower energy
are complementary and hence, with the rise in the con-
sumption of hydropower energy, there is also an increase in
economic growth.

14 Conclusions

The burning of fossil fuels harvested the energy that allowed
the unprecedented and rapid development of human society.
But, the utilization of fossil fuels globally changes the
environment. Numerous solutions are given by scientists to
overcome this disturbance. Conservation of energy is helpful
up to some extent but, it will not fully solve this issue
relating to the carbon cycle. One of the important solutions is
to reduce the usage of fossil fuel-based energy resources, and
instead of using these resources, we can use nuclear energy
resources as well as renewable energy resources. The most
general solution to control this problem is CCS. In this case,
the carbon dioxide is captured from numerous sources such
as industrial facilities and power plants facilities followed by
dumping this captured carbon dioxide in the earth. The
enhanced oil recovery can be done by utilizing the captured
carbon dioxide. DAC is very helpful to capture the carbon
dioxide that arises from the burning of fossil fuels in the
trains, airplanes, cars, domestic heating, and stoves. We can
utilize the extracted carbon dioxide by converting it into
dimethyl ethanol, methanol, and hydrocarbons and therefore
can be used in a variety of applications which also play a
significant role in the determination of the cost associated
with DAC. Different kinds of energy resources are accessible
that can be employed as an alternative to carbon-emitting
energy resources. These resources assist in closing the car-
bon cycle more effortlessly and consequently result in
making our environment neat and clean.

References

Abas N, Kalair A, Khan N (2015) Review of fossil fuels and future
energy technologies. Futures 69:31–49

Aikins KA, Choi JM, (2012) Current status of the performance of
GSHP (ground source heat pump) units in the Republic of Korea.
Energy 47:77–82

Alam F, Alam Q, Reza S, Khurshid-ul-Alam SM, Saleque K,
Chowdhury H (2017) A review of hydropower projects in Nepal.
Energ Procedia 110:581–585

Arcoumanis C, Bae C, Crookes R, Kinoshita E (2008) Fuel 87:1014–
1030

Aro EM (2016) From first generation biofuels to advanced solar
biofuels. Ambio 45(1):24–31

Azar C, Lindgren K, Andersson BA (2003) Energ Pol 31:961–976
Bahadori A, Zendehboudi S, Zahedi G (2013) A review of geothermal

energy resources in Australia: current status and prospects. Renew
Sustain Energ Rev 21:29–34

Barbier E (2002) Geothermal energy technology and current status: an
overview. Renew Sustain Energ Rev 6:3–65

Blaschke T, Biberacher M, Gadocha S, Schardinger I (2013) Energy
landscapes: meeting energy demands and human aspirations.
Biomass Bioenerg 55:3–16

Bossel U (2006) Proc IEEE 94:1826–1837
Bridgwater AV (1994) Appl Catal 116:5–47

Closing the Carbon Cycle 239



Bromberg L, Cheng WK (2010) Methanol as an alternative transporta-
tion fuel in the US: Options for sustainable and/or energy-secure
transportation. Cambridge, MA: Sloan Automotive Laboratory,
Massachusetts Institute of Technology

Bromberg L, Cohn DR (2010) Heavy duty vehicles using clean, high
efficiency alcohol engines, PSFC/JA-10-43. MIT, Cambridge

Bulushev DA, Ross JRH (2011) Catal Today 171:1–13
Chala GT, Guangul FM, Sharma R (2019) Biomass energy in

malaysia-A SWOT analysis. In 2019 IEEE Jordan international
joint conference on electrical engineering and information technol-
ogy (JEEIT) (pp 401–406). IEEE

Chen Z, Deng S, Wei H, Wang B, Huang J, Yu G (2013)
Polyethylenimine-impregnated resin for high CO2 adsorption: an
efficient adsorbent for CO2 capture from simulated flue gas and
ambient air. ACS applied materials & interfaces 5(15): 6937–6945

Chmielniak T, Sciazko M (2003) Appl Energ 74:393–403
Chum H, Faaij A, Moreira J, Berndes G, Dhamija P, Dong H,

Pingoud K (2011) Bioenergy. In: Renewable energy sources and
climate change mitigation: special report of the intergovernmental
panel on climate change (pp 209-332). Cambridge University Press.

Choi S, Drese JH, Eisenberger PM, Jones CW (2011) Environ Sci
Technol 45:2420–2427

Didas SA, Kulkarni A, Sholl DS, Jones CW (2012) Chemsuschem
5:2058–2064

Dongmei Z, Yuchen Z, Xu Z (2011) Research on wind power
forecasting in wind farms. In 2011 IEEE Power Engineering and
Automation Conference (Vol. 1, pp 175–178). IEEE

Edenhofer O, Pichs-Madruga R, Sokona Y, Seyboth K, Kadner S,
Zwickel T, Matschoss P (Eds.) (2011) Renewable energy sources
and climate change mitigation: Special report of the intergovern-
mental panel on climate change. Cambridge University Press.

Erinofiardi PG, Date A, Akbarzadeh A, Bismantolo P, Suryono AF,
Mainil AK, Nuramal A (2017) A review on micro hydropower in
Indonesia. Energ Procedia 110:316–321

de Faria FA, Alex Davis M, Severnini E, Jaramillo P (2017) The local
socio-economic impacts of large hydropower plant development in
a developing country. Energ Econ 67:533–544

Goeppert A, Czaun M, May RB, Prakash GKS, Olah GA,
Narayanan SR (2011) J Am Chem Soc 133:20164–20167

Goeppert A, Czaun M, Prakash GS, Olah GA (2012) Air as the
renewable carbon source of the future: an overview of CO2 capture
from the atmosphere. Energ Environ Sci 5(7):7833–7853

Goeppert A, Zhang H, Czaun M, May RB, Prakash GKS, Olah GA,
Narayanan SR (2014) Chem SusChem 7:1386–1397

Goldemberg J (2001) World energy assessment. Energ Challenge
sustain

Gray CL Jr, Alson JA (1985) Moving America to Methanol. The
University of Michigan Press, Ann Arbor

Guangul FM, Chala GT (2019) Solar energy as renewable energy
source: SWOT analysis. In 2019 4th MEC international conference
on big data and smart city (ICBDSC) (pp 1–5). IEEE

Hamelinck CN, Faaij APC (2002) J Power Sour 111:1–22
Harkin T, Hoadley A, Hooper B (2010) Reducing the energy penalty of

CO2 capture and compression using pinch analysis. J Clean Prod 18
(9):857–866

He H, Li W, Zhong M, Konkolewicz D, Wu D, Yaccato K, Rappold T,
Sugar G, David NE, Matyjaszewski K (2013) Energ Environ Sci
6:488–493

Hepbasli A, Ozgener L (2004) Development of geothermal energy
utilization in Turkey: a review. Renew Sustain Energ Rev 8(5):433–
460

Hidrovo B, Andrei JU, Amaya M-G (2017) Accounting for GHG net
reservoir emissions of hydropower in Ecuador. Renew Energ
112:209–221

Huckerby J, Jeffrey H, Jay B (2011) An international vision for ocean
energy (Phase 1)

Keith DW, Ha-Duong M, Stolaroff JK (2006) Clim Change 74:17–45
Kemp IC (2011) Pinch analysis and process integration: a user guide on

process integration for the efficient use of energy. Elsevier
Khoo HH, Tan RBH (2006) Energ Fuels 20:1914–1924
Kocaman AS, Modi V (2017) Value of pumped hydro storage in a

hybrid energy generation and allocation system. Appl Energ
205:1202–1215

Kohl WL (1990) Methanol as an alternative fuel choice: an assessment
Kumar A, Khan MZU, Pandey B, Mekhilef S (2018) Wind energy: a

review paper. Gyancity J Eng Technol 4(2):29–37
Kuo CR, Hsu SW, Chang KH, Wang CC (2011) Analysis of a 50 kW

organic Rankine cycle system. Energ 6(10):5877–5885
Lackner KS (2009) Eur Phys J Spec Top 176:93–106
Lackner KS (2010) Washing carbon out of the air. Sci Am 302(6):66–

71
Larson ED (1993) Technology for electricity and fuels from biomass.

Annu Rev Energ Environ 18(1):56–7630
Lazkano I, Nøstbakken L, Pelli M (2017) From fossil fuels to

renewables: the role of electricity storage. Eur Econ Rev 99:113–
129

Li K, Bian H, Liu C, Zhang D, Yang Y (2015) Comparison of
geothermal with solar and wind power generation systems. Renew
Sustain Energ Rev 42:1464–1474

Li T, Zhu J, Zhang W (2012) Cascade utilization of low temperature
geothermal water in oilfield combined power generation, gathering
heat tracing and oil recovery. Appl Therm Eng 40:27–35

Lund JW, Boyd TL (2016) Direct utilization of geothermal energy
2015 worldwide review. Geothermics 60:66–93

Lund JW, Freeston DH, Boyd TL(2010) Direct utilization of geother-
mal energy 2010 worldwide review. Proceedings World Geothermal
Congress, Bali, Indonesia, 25–29 April 2010, 1–23

Ma’arof MIN, Chala GT, Ravichanthiran S (2018) A study on
microbial fuel cell (MFC) with graphite electrode to power
underwater monitoring devices. Int J Mech Technol 9(9):98–105

MacElroy JD (2016) Closing the carbon cycle through rational use of
carbon-based fuels. Ambio 45(1):5–14

Magagna D, MacGillivray A, Jeffrey H, Hanmer, C, Raventos A,
Badcock-Broe A, Tzimas E (2014) Wave and Tidal Energy
Strategic Technology Agenda, published by SI Ocean

Mahmoudkhani M, Keith DW (2009) Int J Greenhouse Gas Control
3:376–384

Mahmoudkhani M, Heidel KR, Ferreira JC, Keith DW, Cherry RS
(2009) Energ Procedia 1:1535–1542

Manzano-Agugliaro F, Taher M, Zapata-Sierra A, Juaidi A, Mon-
toya FG (2017) An overview of research and energy evolution for
small hydropower in Europe. Renew Sustain Energ Rev 75:476–
489

McGrath KM, Prakash GKS, Olah GA (2004) J Ind Eng Chem
10:1063–1080

Meth S, Goeppert A, Prakash GKS, Olah GA (2012) Energ Fuels
26:3082–3090

Milne TA, Evans RJ, Abatzaglou N (1998) Biomass gasifier''Tars'':
their nature, formation, and conversion

Moffat AS (1991) Science 251:514–515
Olah GA, Prakash GKS, Goeppert A (2011) J Am Chem Soc

133:12881–12898
Ortiz FG, Serrera A, Galera S, Ollero P (2013) Methanol synthesis from

syngas obtained by supercritical water reforming of glycerol. Fuel
105:739–751

Pachauri RK, Allen MR, Barros VR, Broome J, Cramer W, Christ R,
van Ypserle JP (2014) Climate change 2014: synthesis report.
Contribution of Working Groups I, II and III to the fifth assessment

240 A. Singh et al.



report of the Intergovernmental Panel on Climate Change (p 151).
Ipcc

Pielke RA Jr (2009) Environ Sci Pol 12:216–225
Ranjan M, Herzog HJ (2011) Energ Procedia 4:2869–2876
Reed TB, Lerner RM (1973) Science 182:1299
Reschetilowski W (2013) Russ Chem Rev 82:624–634
Rifkin J (2002) The hydrogen economy. Tarcher/Putnam, New York
Rosillo-Calle F (2006) Energy technologies. In: Biomass energy, in

Landolf-Bornstein handbook, vol 3. Springer, Germany. https://doi.
org/10.1007/10858992_13

Sculley JP, Zhou HC (2012) Enhancing amine-supported materials for
ambient air capture. Angew Chem Int Ed 51(51):12660–12661

Semelsberger TA, Borup RL, Greene HL (2006) J Power Sour
156:497–511

Sideratos G, Hatziargyriou ND (2007) An advanced statistical method
for wind power forecasting. IEEE Trans power syst 22(1):258–265

Simon AJ, Kaahaaina NB, Friedmann SJ, Aines RD (2011) Energ
Procedia 4:2893–2900

Specht M, Bandi A (1999) The'methanol cycle'-sustainable supply of
liquid fuels; Der''Methanol-Kreislauf''-nachhaltige Bereitstellung
fluessiger Kraftstoffe

Steinfeld A, Palumbo R (2001) Solar thermochemical process
technology. Encycl Phy Sci Technol 15(1):23–756

Stolaroff JK, Keith DW, Lowry GV (2008) Environ Sci Technol
42:2728–2735

Temchin J (2003) Analysis of market characteristics for conversion of
liquid fueled turbines to methanol prepared for the methanol
foundation and methanex by electrotek concepts

Unverdi M, Cerci Y (2013) Performance analysis of Germencik
geothermal power plant. Energ 52:192–200

Wang X, Guo P, Huang X (2011) A review of wind power forecasting
models. Energ procedia 12:770–778

Wang T, Lackner KS, Wright AB (2013) Phys Chem Chem Phys
15:504–514

Williams RH (1995) Energ Sustain Dev 1:18–34
Yaakob OB, Ahmed YM, Elbatran AH, Shabara HM (2014) A review

on micro hydro gravitational vortex power and turbine systems.
Jurnal Teknologi 69(7):1–7

Yang W (2013) Experimental performance analysis of a
direct-expansion ground source heat pump in Xiangtan, China.
Energ 59:334–339

Zeman F (2007) Environ Sci Technol 41:7558–7563
Zhu J, Kaiyong Hu, Xinli Lu, Huang X, Liu K, Xiujie Wu (2015) A

review of geothermal energy resources, development, and applica-
tions in China: current status and prospects. Energy 93:466–483

Closing the Carbon Cycle 241

http://dx.doi.org/10.1007/10858992_13
http://dx.doi.org/10.1007/10858992_13


Carbon Dioxide Utilization to Energy
and Fuel: Hydrothermal CO2 Conversion

Demet Ozer

Abstract

CO2 reduction has gained great attention due to its effects
on climate changes, ecological environment, and human
health. In addition to these, finding an alternative energy
source to the non-renewable fossil fuels has been a crucial
topic. For greenhouse gas control and supplanting fossil
fuel, one promising technique is to transform CO2 into
fine chemicals, building materials, energy, and fuels using
different reductants. Metals, catalysts, organic wastes,
inorganic wastes, and biomass were used as reductant and
converted CO2 to alkanes, formic acid, methanol, phenol,
syngas, and ethylene glycol. This chapter briefly surveys
the reduction, conversion, and utilization of the CO2 with
these reductants through the hydrothermal method. The
obtained high-temperature water treats as both a reaction
ambient and a cheap hydrogen resource and gained
economical and practical advantages in hydrothermal
CO2 conversion.

Keywords
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1 Introduction

The increasing carbon dioxide levels in the Earth has been
an important problem and finding new solutions to reduce
the CO2 amount as a greenhouse gas is crucial to control
global warming (Philander and Philander 2008). From the
viewpoint of the environmental safeguard, it is valuable to
reduce the exhaust amount of CO2 and reuse as carbon

resources of low cost and vast quantities (Onoki et al. 2006).
Due to its abundance, the CO2 is an attractive raw material
that is colorless, odorless, harmless, nontoxic, non-
flammable, eco-friendly, inexhaustible, and renewable car-
bon source (Song 2002). Carbon dioxide has great
thermodynamic stability and −390 kJ/mol free formation
energy (Jagadeesan et al. 2015) that lets it transform high
external energy substances like hydrogen, organometallic,
and small-membered ring compounds, etc. (Andér-
ez-Fernández et al. 2018). CO2 is generally used in differ-
ent industrial processes such as food and beverage industries
as antimicrobial (Ravindra et al. 2014) and cryogenic
freezing gas (Mascheroni 2012). CO2 has also been applied
as a surface cleaning agent (Sherman 2007), CO2-enhanced
oil recovery (North and Styring 2015), urea production (Hao
et al. 1996), water treatment (Eskandarloo and Badiei 2015),
the production of fire retardants and coolants (Zhu 2019),
reactant and soft oxidant (Ansari and Park 2012). To remove
and utilize CO2 from the atmosphere, the most effective
technique is to transform CO2 into fine chemicals, building
materials, energy, and fuels. For CO2 conversion, several
types of methods were successfully applied (Fig. 1).
Fischer-Trospch reactions (Perez-Alonso et al. 2008),
hydrogenations (Jessop et al. 2004; Gao et al. 2018), pho-
tochemical conversions (Denning et al. 2015), electro-
chemical reductions (Sanchez-Sanchez et al. 2001),
photoelectrochemical reduction (Zhang et al. 2004), bio-
logical process supercritical CO2 usage (Jessop et al. 1996),
catalytic hydrogenation reduction (Inui et al. 1999) and
various catalytic processes (Matsuo and Kawaguchi 2006)
were used to obtain valuable products like methane (Tam-
bach et al. 2009), methanol (Kobayashi and Takahashi
2004), ethanol (Inui et al. 1999) and phenol (Constantinou
et al. 2012). However, these technologies have some limi-
tations, selectivity, and productivity problems. New techni-
cally and economically feasible researches concerning
process enrichment and energy integration are required
(Navarrete et al. 2017). The hydrothermal reactions have
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gained great attention for the reduction of CO2 to chemicals
like alkanes, phenol, formic acid, methane, and methanol.
High-temperature water that has lower dielectric constant,
higher isothermal compressibility, and fewer hydrogen
bonds than ambient water (Akiya and Savage 2002) are used
as an environmentally benign solvent and enables to occur
various reactions without any catalyst. In the hydrothermal
method, gaseous CO2, or basic CO2 solution (NaHCO3) is
generally reduced using a different catalyst, organic reduc-
tants, organic wastes, and biomasses to eliminate the need
for hydrogen gas that has economic and safety problems.
Thus, CO2 hydrothermal reduction can be simple, rapid, and
efficient, which are important attributes for industry appli-
cations (Luo et al. 2017).

This chapter aims to explicate the hydrothermal conver-
sion of CO2 into valuable products as chemicals, fuels, and
energy using various biomasses, organic wastes, inorganic
wastes, and catalysts as reductants. Using these reductants,
the formation of alkanes, methanol, formic acid, phenol,
syngas, and ethylene glycol were detailed explained.

2 Hydrothermal CO2 Conversion

To transform CO2 into valuable chemicals, energy, and fuels
via the hydrothermal method is an important process for the
deduction of the CO2 amount in the atmosphere to decrease
global carbon and hence global warming. Besides, the global
energy need is an important problem, and to find new
methods have gained accelerating research attention. In
recent times, the hydrothermal method has been used as an
effective process in various industries. Hydrothermal CO2

conversion has been impressed by the formation of fossil
fuel in the global cycle. In the global cycle, the combination
of CO2, water, and solar energy form biomass that turns to
waste with the effect of the human, waste get into the soil
and turn to fossil fuels (petroleum, natural gas, coal, etc.)
with the effect of geothermal energy. These fuels are con-
sumed and turn to a large amount of CO2 and waste and
carbon cycle start again (Jin et al. 2010). To convert the
carbon and obtain fuel and energy, various electrochemical,
photochemical, and catalytic reactions have been widely
used. The hydrothermal conversion is an alternative method
with low cost and high efficiency. The major problem is to
find an economic hydrogen source. The usage of hydrogen
as an energy carrier suggests a considerable decrement in
CO2 levels (Arakawa et al. 2001). In the hydrothermal
method, the water was used as an efficient hydrogen source
and as a solvent, and hydrogen acts as a highly efficient
reductant and easily reduces CO2 into valuable products. In
addition to water, organic wastes, inorganic wastes, and
biomasses were used as a hydrogen source and reductant for
CO2 conversion. Metals and catalysts also act as a reductant
to increase conversion of CO2 amount. Some examples of
hydrothermal conversion of CO2, obtained products,
using reductants and synthesis procedures were given in
Table 1.

2.1 Metals and Catalysts as Reductant

Hydrothermal carbon reduction processes were successfully
performed using various catalysts and metals. The catalysts
and metals enable to obtain the appropriate reduction con-
ditions. The chemical, energy, and fuel conversion of CO2

has great potential for industrial processes. Taking into
account the highly oxidizability and thermodynamically
stability of CO2, to find or synthesis highly reactive metals
and catalysts is needed for the synthesis of different chem-
icals (Omae 2006).

Hydrocarbons are the major products acquired through
hydrothermal CO2 reduction. With changing the synthesis
condition, different alkanes were synthesized. In methane
synthesis, the dissolved CO2 has been reduced to CH4 with
nickel–iron alloy (Ni3Fe, awaruite) at 400 °C and 50 MPa
inside a closed gold-cell hydrothermal reactor (Horita and
Berndt 1999). The CO2 and H2 bearing aqueous fluids were
applied to synthesis more abundant hydrocarbons (C1-C3)
under hydrothermal conditions (400 °C and 500 bars) using
a magnetite mineral catalyst that is a ubiquitous component
of ultramafic-hosted hydrothermal systems (Fu et al. 2007).
These types of geochemical and geomicrobiological
hydrothermal processes were widely used and important for
submarine (Karl et al. 1980) and subareal vent systems
(Aharon 1994). At 300 °C and 30 MPa, C4, and C5 were

CO2
Conversion

Hydrothermal

Photo-
electrochemical

Photochemical

Electrochemical

Catalytic

Biochemical

Fig. 1 The CO2 conversion methods
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prepared from CO2 and H2 using cobalt-bearing magnetite
catalyst (Ji et al. 2008). The other transition metals (iron and
chromium) bearing catalysts also assisted the abiotic for-
mation of organic compounds in hydrothermal conditions
(390 °C and 400 bars) (Foustoukos and Seyfried 2004).
FeO- and Cr2O3-bearing systems affected hydrocarbon chain
growth mechanisms (Novak and Madon 1984) and used as
an influential catalyst for Fischer–Tropsch reaction of
long-chain hydrocarbons (Foustoukos and Seyfried 2004).

The other hydrothermal converted chemical is methanol
that is an important raw material and energy carrier for
chemical industries like flavor, dye, medicine, and gun-
powder, etc. (Liu et al. 2003). Methanol is widely used to
produce solvents such as acetic acid that presents 10% of the
global demand (Al-Saydeh and Zaidi 2018), methyl
tert-butyl ether, and chloromethane (Olah 2005). It is also
used as a fuel which is converted to high-octane gasoline,
ethylene to olefins, and other petrochemicals (Goeppert et al.
2018) Compared with gasoline, methanol is more
biodegradable and environmentally benign. The carbon
dioxide converted the methanol using the hydrothermal
method in the presence of Cu/Zn metals. Sodium bicar-
bonate is used as a carbon dioxide source, copper and zinc
act as catalyst and reductant, respectively. Water takes both

solvent and hydrogen source. This provides to avoid using
gaseous hydrogen that is flammable, explosive, and not easy
to operate during transportation (Huo et al. 2017b). The
methanol yield was found 11.4% at 350 °C for 3 h using Cu
catalyst and Zn reductant (Huo et al. 2012). Liu and
coworkers showed that the ZnO has a synergistic effect with
Cu to synthesize methanol (Liu et al. 2003). Gao and
coworkers used a hydrotalcite-derived catalyst to synthesis
methanol from CO2 hydrogenation. Cu

2+ didn’t join layers,
CuO was formed and showed good catalytic activity because
of the maximum content of active species (Gao et al. 2012).

The most obtained chemical from the reduction of CO2 is
formic acid and it is used as a strong electrolyte, hydrogen
storage material (Fellay et al. 2008), food additive (Food),
excellent fuel for fuel cells (Rice et al. 2002), and an
important commercial product for various industries (Shen
et al. 2012). Formic acid has not been only an important
chemical but also a useful reducing agent and carbon source
in synthetic chemical industries (Duo et al. 2017). Farlow
and Adkins synthesized formic acid using CO2 and H2 with
RANEY® nickel catalyst via the direct synthesis in 1935
(Farlow and Adkins 1935). To produce formic acid from
CO2, the zero-valent metal/metal oxide redox cycles were
used with high yield under hydrothermal conditions (Fig. 2).

Table 1 Hydrothermal CO2 conversion of products, using reductants and reaction conditions

Products Reductants Reaction conditions %
Yield

References

Formic acid Iron metal Hydrothermal CO2 reduction (300 °C, 2 h) 92 (Duo et al. 2017)

Formic acid Iron nanoparticles Hydrothermal CO2 reduction (200 °C, 72 h, 1.4 MPa) 8.5 (He et al. 2010)

Formic acid Zinc metal Hydrothermal CO2 reduction (300 °C, 2 h, 1.4 MPa) 57.5 (Yang et al. 2017)

Formic acid Zinc Hydrothermal conditions (275 °C, 21 MPa, 15 min) 75 (Roman-Gonzalez et al.
2018)

Formic acid Manganese Autocatalytic hydrothermal CO2 reduction (300 °C,
2 h)

43 (Lyu et al. 2017)

Formic acid Aluminum Autocatalytic hydrothermal CO2 Reduction (300 °C,
2 h)

64 (Jin et al. 2017)

Formic acid Glycerin Hydrothermal CO2 reduction (300 °C, 60 min, 9 MPa) 90 (Shen et al. 2017)

Formic acid Microalgae Hydrothermal conditions (300 °C, 2 h) 15.6 (Yang et al. 2019)

Formic acid Hexanehexol Hydrothermal NaHCO3 reduction (300 °C, 1 h) 80 (Yang et al. 2018)

Formic acid Isopropanol Hydrothermal NaHCO3 reduction (300 °C, 2.5 h) 70 (Shen et al. 2011)

Formic acid Waste plastic Hydrothermal NaHCO3 reduction (300 °C, 8 h) 16.0 (Lu et al. 2020)

Methanol Copper catalyst + zinc
metal

Hydrothermal CO2 reduction (350 °C, 2 h) 11.4 (Huo et al. 2017a)

Methanol Cu supported La2O2CO3 Hydrogenation of CO2, 240 °C, in 5% H2–95% N2,
3.0 MPa

5.6 (Chen et al. 2018)

Methane Iron metal Hydrothermal CO2 reduction (200 °C, 72 h, 0.14–
1.4 MPa)

1.96 (Tian et al. 2017)

Methane Nickel Hydrothermal conditions (205 °C, 2 MPa, 60 min) 6.2 (Takahashi et al. 2008)

Phenol Iron metal Hydrothermal CO2 reduction (200 °C, 120 h,
1.41 MPa)

1.21 (Tian et al. 2017)
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The cycle depends on the oxidation and reduction efficien-
cies. Firstly, the water was used as a hydrogen source, and
maximum hydrogen formation was achieved as 99.4%.
Secondly, organic chemicals like glycerin were used as a
reductant. In this cycle, CO2 was turned to formic
acid through oxidation of the metal to metal oxide that was
formed its zero-valent state through oxidation of glycerin to
lactic acid. Zinc, aluminum, iron, and manganese were used
as metal source. The relative efficiency arrangement was as
Al>Zn�Mn>Fe (Jin et al. 2011). The iron nanoparticles
used both catalyst and a reducing agent to reduce CO2 to
formic acid and acetic acid with 8.5 and 3.5 mmol.L−1

yields, respectively. With increasing reaction temperature,
the CO2 conversion also increased as a result of increasing
H2 formation that ensures a stronger reducing environment.
With increasing pressure, the yield of formic acid and con-
version of CO2 was increased because the number of active
centers increased at the iron surfaces (He et al. 2010). In
another study, nickel used with iron and formic acid pro-
duced. After the hydrothermal reaction, Fe-powder was
converted to Fe3O4 and FeCO3, while Ni showed no
apparent change. With increasing nickel amounts, formic
acid is reduced to form methane at the basic conditions up to
300 °C (Takahashi et al. 2006). Wu and coworkers used
sodium bicarbonate as a carbon dioxide source and suc-
cessfully converted carbon dioxide to formic acid with more
than 98% selectivity and 15.6% yield under mild conditions
(Fe/Ni ratio = 1:1, NaHCO3/Fe ratio = 1:6, 300 °C, and
120 min) using Fe (reductant) and Ni (catalyst) (Wu et al.
2009). Zhong and coworkers were used Fe as a reductant,
Cu as a catalyst, and water which acted not only the reaction
media but also the source of hydrogen to convert CO2 to
formic acid through the hydrothermal method. The highest
yield was found as 46% for formic acid under the following
condition, Fe/Cu ratio of 1:1, CO2/Fe mole ratio of 1:6, 35%
filling rate, 300 °C, and 120 min (Zhong et al. 2010). Wang
and coworkers examined the zinc effect on the enhancement
of the CO2 conversion to formic acid with different catalysts
(Cu, Fe, and Sn). As a result, the reaction temperature was
decreased to a low temperature (250 °C). Fe or Sn additions
didn’t remarkability affect on yield. However, the formic
acid yield has increased to 60.47% using Cu that acts as an
effective catalyst with higher catalytic activity in the con-
version of CO2 into formic acid (Wang et al. 2015). Man-
ganese, as a first-row transition metal, has a reactive redox
capacity and it mediates the splitting of water to provide
electrons for photosynthesis. Lyu and coworkers used
manganese to reduce CO2 and produce formic acid. CO2 has
been used as a carbon source. It also enhances the produc-
tion of hydrogen from water. The manganese oxidized to
manganese oxide through the formation of Mn(OH)2. The
manganese oxide provides the catalytic activity to reduce
CO2 to formic acid. In experimental produce, an appropriate

amount of manganese, sodium bicarbonate, and deionized
water were put into the Teflon-lined reactor at 300 °C for
2 h. The formic acid was obtained with high selectivity
(98%) and yield (43%) (Lyu et al. 2017). The Mn powder
sizes (ranging from 50 to 1400 mesh) has no significant
effect on formic acid conversion. With increasing Mn
amount, the yield of formic acid increased evidently from 13
to 43%. After that, the yield remained nearly constant due to
a stronger reduction condition. Manganese has high effi-
ciency to reduce CO2 to formic acid than iron (16%) (Wu
et al. 2009). The reduction of CO2 with aluminum (200
mesh) is an exothermic process under the hydrothermal
method, the Al oxide converted to Al through solar energy.
CO2 dissolved in water and produced HCO3

−. Sodium
bicarbonate was used as a CO2 source and aluminum powder
was used as the reductant. The effects of reaction parameters
were also investigated. The formic acid yield increased
considerably with increasing the Al loading amount, reaction
time, and temperature. The yield decreased with an
increasing NaHCO3 amount (Jin et al. 2017). In the
hydrothermal CO2 reduction with Zn, zinc hydride (Zn–H) is
a key intermediate and the formation of formic acid is an
SN2 mechanism (Zeng et al. 2014). Roman-Gonzalez and
coworkers examined the reaction parameters to produce
formic acid and the reaction conditions were optimized as
300 °C with rapid heating using 10 lm particle size. The
conversion is up to 60% with 100% selectivity
(Roman-Gonzalez et al. 2018). Zinc metal is also used as a
reductant for direct and efficient conversion of ethylene
carbonate to ethylene glycol that is an important interme-
diate and solvent that has been widely used for different
purposes like antifreeze, detergents, pharmaceuticals,
explosives, and plasticizers, etc. (Xu et al. 1995). A high
yield of 99% was obtained at 250 °C for 2 h (Fu et al. 2016).

The phenol was synthesized by the hydrothermal reaction
of CO2 and H2O using iron powder as a catalyst. The
reaction was heated at 200 °C for 120 h with 1.4 MPa. The
phenol yield was found as 1.21 mol % as to CO2. The
carbon dioxide chemisorbs onto the iron surface, as a result,
iron atoms oxides and the carbon dioxide reduces. Addi-
tionally, other metals (Al, Zn, Co, Ni), metal-doped ZSM-5,
MCM-41, and zeolites were applied under the same reaction
conditions and no significant amount of phenol was
obtained, although trace amounts of phenol were observed
using Co and Ni catalysts (Tian et al. 2010). Tian and
coworkers explained the reaction mechanism and showed in
Fig. 3. Sodium bicarbonate was converted to CO2 through
the hydrothermal method and CO2 adsorbed on the catalyst
(iron powder) surface. Metal iron reacted with water, H2

formed and attacked CO2 to form formaldehyde. In an acidic
medium, the phenol was obtained and yield increased (Tian
et al. 2007).
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The conversion of carbon dioxide and methane that are
the main greenhouse gases to syngas (H2 and CO) is one of
the most environmentally benign routes for methane

reforming. Syngas is a source of clean energy and synthetic
chemicals. CO2 reforming of methane reactions was per-
formed with Ni-doped silicalite zeolite as a catalyst that has

Fig. 2 Carbon and metal/metal
oxide redox cycles. Reproduced
from Jin et al. (2011) with
permission from RSC

Fig. 3 Formation of phenol by
hydrothermal method (1. The
oxidative coupling reaction, 2.
Rearrangement reaction)
Copyright (Tian et al. 2007) from
ACS
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good activity as well as the high surface area under atmo-
spheric pressure in a fixed bed reactor. The pore of zeolites
(0.56 nm) fastly diffused the H2, CO, CO2, and CH4 and
nickel loading was increased the H2/CO ratio and
hydrogen-rich syngas was formed (Bawah et al. 2018).

2.2 Organic Wastes as Reductant

The hydrothermal cracking of polymer wastes used as an
efficient reductant to reduce CO2. Zeng and coworkers used
polyethylene (PE) as plastic and ethylene propylene diene
monomer (EPDM) as sulfur-containing rubber waste for the
reduction of CO2 (Zeng et al. 2011). When the hydrothermal
cracking of PE was rarely reduced CO2, EPDM ensured a
significant reduction in the CO2 level. During the
hydrothermal cracking of EPDM, hydrogen sulfide was
released and reduced H2O to hydrogen. Hydrogen reduced
CO2 to organic products and the hydrothermal reduction of
EPDM into fuel oils.

Shen and coworkers used organic hydrogen sources as a
reducing agent to produce chemicals from CO2. NaHCO3

was used as a CO2 source and converted into formate using
isopropanol as a reductant and also a catalyst in
high-temperature water with 9 MPa reaction pressure and
300 °C reaction time. An equal amount of formate and
acetone were formed via hydrogen-transfer reduction of
NaHCO3 by hydrothermal method and high-temperature
water act like a catalyst (Shen et al. 2011).

2.3 Inorganic Wastes as Reductant

Hydrazine hydrate is an inorganic waste that has an amine
group as a safe and simple hydrogen source for the reduction
of CO2. It was also used as hydrogen storage material (Lan
et al. 2012). Yao and coworkers were used hydrazine
hydrate for the reduction of CO2 to chemicals. In a typical
procedure, N2H4.H2O, NaHCO3, Ni, ZnO, and deionized
water were put into the batch reactor at 300 °C within 20 s.
They obtained no formic acid without N2H4.H2O and an
18% yield of formic acid with N2H4.H2O. These results
show that NaHCO3 can be selectively reduced into formic
acid by N2H4.H2O. Nickel and zinc oxides were used as a
catalyst. The 55.5% yield of formic acid was achieved with
Ni and ZnO catalysts, whereas a 49% formate yield was
obtained only with Ni (Yao et al. 2017).

2.4 Biomass as Reductant

Biomass has gained considerable attention as a sustainable
and inexpensive feedstock. Up to now, the gasification and

reforming process is widely used to produce hydrogen using
biomass. The hydrogen directly transfers from biomass and
CO2 reduces to different chemicals at mild conditions. This
solves the potential problems of CO2 hydrogenation like
thermodynamic limitation and a hydrogen source. Hydrogen
abundant biomasses and their derived materials are suc-
cessfully used in the biofuels industry as a byproduct and to
turn biomass wastes into valuable chemicals is very precious
for the biofuel economy. The hydrothermal method has been
widely used to convert biomass to intermediates or valuable
products. The hot compressed water has a lower dielectric
constant than ambient water (Kruse and Dinjus 2007) and is
used as a catalyst and also solvent. Using the hydrothermal
method, biomass conversion, and CO2 reduction in the same
reaction is a remarkable topic for lignocellulosic residues
valorization and the CO2 reduction.

Glycerol is a potentially important biorefinery feedstock,
available as a by-product in the production of biodiesel by
transesterification of vegetable oils or animal fats (Behr et al.
2008). Su and coworkers used glycerol biomass as a
hydrogen donor and produced valuable carboxylic acids
through a “one-pot” aqueous-phase hydrogen transfer
(APHT). The lactate (55.0%), pyruvate (5.0%), propylene
glycol (6.3%), and formate (29.4%) are formed by com-
bining glycerol conversion and bicarbonate reduction using
the activated carbon-supported palladium catalyst (5%
Pd/AC) through hydrothermal method for 12 h at 240 °C
(Su et al. 2015). Shen and coworkers employed glycerin as
the feedstock and reductant to produce formate and lactate
through the alkaline hydrothermal method with the 9 MPa
reaction pressure and 300 °C reaction temperature. The
reaction mechanism (Fig. 4) depends on the hydrogen
transfer from glycerin to carbon dioxide and produce
high-value chemicals (pyruvaldehyde, formate, and lactate)
(Shen et al. 2012; Kishida et al. 2005; Costine et al. 2013;
Ramírez-López et al. 2011). In the first step, glycerin con-
verted to acetol through dehydration and keto-enol tau-
tomerization. Secondly, two H-bonds formed between
molecules (acetol, H2O, and CO2). The carbonyl carbon on
CO2 and the hydride ion on the acetol can turn to more
positive and a cyclic transition state may be formed. At last,
pyruvaldehyde and formate are obtained, and pyruvaldehyde
undergoes a benzilic acid rearrangement to generate the
lactate salt (Shen et al. 2014; Wang et al. 2016).

Glucose is used as a carbohydrate-based biomass and
formed hydrogen that can reduce CO2 to fine chemicals. In
an example, NaHCO3, glucose and deionized water were put
in a reactor at 573 K for 20 h. Without CO2, glucose turned
to lactic acid, acetic acid, and formic acid. With CO2, the
main product was formic acid. With increasing alkalinity of
the reaction (1 M NaOH), formic acid concentration also
increases to 7423 ppm that was higher than the obtained
formic acid without CO2 (1600 ppm) (Jin et al. 2010).
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Fernandez and coworkers were applied to different lig-
nocellulosic biomass to reduce CO2. They used three dif-
ferent organic substances categories as saccharides, phenolic
derivatives, and simple molecules (C1-C3 alcohols, aldehy-
des, and ketones) derived from lignocellulosic biomass and
were obtained formic acid. Using simple molecules,
NaHCO3 was reduced with n-propanol (reductant) under
hydrothermal conditions at 300 °C 180 min. The formic
acid yield was found as 36% that is higher than the yield of
iPrOH (secondary alcohol) because of the steric effect. When
C2 and C3 alcohols were used, similar yields were obtained
because of alcohol moiety. When derivatives or intermedi-
ates (glycolaldehyde, glyceraldehyde, lactic acid, and pyru-
valdehyde) were used as reductant, obtaining yields were
found as 26%, 32%, 26%, and 15%, respectively. The pri-
mary differences between the formic acid yields were related
to their molecular structures. With using monosaccharides
(glucose and fructose) and disaccharides (sucrose and cel-
lobiose), high CO2 reduction results were obtained. If

starting from glucose or fructose, the yields were found as
65% and 35%. The monosaccharides divide into smaller
compounds and form 5-HMF and furfural. When disaccha-
rides sucrose (glucose-fructose) and cellobiose
(glucose-glucose) were used as reductants, the formic acid
yield was found as 60% and 35% respectively. The yield
differences came from their thermal stability differences and
the main by-products were acetic and lactic acids. When
using phenolic lignin compounds, the lowest yield (2%)
was achieved from phenol. Higher yields were getting from
resorcinol and catechol solutions (19% and 9%). For formic
acid formation, the highest yield was found as 51% when
using vanillin solution, followed by guaiacol (24%)
(Andérez-Fernández et al. 2018).

The conversion of CO2 with microalgae (Spirulina) is an
alternative method for CO2 reduction using indirect solar
energy (Yang et al. 2019). Through the hydrothermal
method, the microalgae were turned to organic acids,
N-substituted lactam, and CO2 reduced into formate. Yang

Fig. 4 The reduction reaction of CO2 with glycerin in alkaline medium. Reprinted from Wang et al. (2016) Copyright (2016), with permission
from Elsevier

Carbon Dioxide Utilization to Energy and Fuel … 249



and coworkers also tried bovine serum albumin, glucose,
and palmitic acid as biomass. When bovine serum albumin
was applied, N-containing compounds and organic acids
were formed. When glucose used, formate and acetate were
the major products. No water-soluble product was observed
with palmitic acid that was unconverted and found in the
liquid phase (Yang et al. 2019).

3 Conclusion

The hydrothermal CO2 conversion is a highly effective
technique using metals, catalysts, organic wastes, inorganic
wastes, and biomass as a reductant. The high-temperature
water produced in the hydrothermal method is a cheap
hydrogen source and has gained economical and practical
advantages to reduce CO2. The alkanes, methanol, formic
acid, phenol, syngas, and ethylene glycol were successfully
synthesized using the hydrothermal method with high effi-
ciency and selectivity according to selected reductant. The
hydrothermal method can be used the convert CO2 to dif-
ferent chemicals, fuels, and energies with new reductants in
the future studies to control greenhouse effects.
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Ethylenediamine–Carbonic Anhydrase
Complex for CO2 Sequestration

Egwim Evans Chidi, G. K. Ezikanyi, Onyeaku Ugoona Sandra,
and Joseph Peter Shaba

1 Introduction

The earth’s temperature has been continuously increasing
with rising humanitarian activities. This has led to the
increase in climate change and resulting in global warming
(Rachael et al. 2015). This effect has been a major concern
globally. Environmental changes affect the earth’s tempera-
ture, thereby resulting in the rise of sea level, greenhouse
gases, disease patterns, and global warming. In our world
today, the rise of greenhouse gasses through environmental
changes contributes directly to the rise in global warming.
There are several types of greenhouse gases that have been
identified and reported to be a contributing factor in creating
an extra burden to the environment and increasing global
warming. These gases includes carbon dioxide (CO2), sulfur
dioxide (SO4), hydrocarbons, etc. Among these emitted
gases, carbon dioxide (CO2) has contributed massively to the
raise in the earth’s temperature which has resulted in what we
called “global warming.” Gases can be sourced from indus-
tries, power plants, and the fossil fuel combustion process
(Figueroa et al. 2008; Rayalu et al. 2012; Shekh et al. 2012).
Carbon dioxide (CO2) gases emitted in the environment
through industrial activities have created a serious debate on
either as a source of energy or its impact on the environment.
With this regard, carbon dioxide (CO2) may pose a serious

environmental and health crisis (Lackner et al. 2010). With
the emerging problem of carbon dioxide (CO2) emission,
several approaches have been proposed by switching to
non-fossil fuel sources such as wind energy as an alternative
to fossil fuel sources (Sims et al. 2003). Recent development
has been employed to salvage this problem by involving
enzymatic and chemical processes to capture and sequestrate
carbon dioxide (CO2). In this regard, enzymes such as car-
bonic anhydrase and ethylenediamine (amine-based solvent)
can be used to capture and sequestrate carbon dioxide (CO2).
The end product of carbon dioxide (CO2) capturing and
sequestration has been regarded to be less toxic and
eco-friendly which makes it to be more suitable for industrial
purposes and environmentally safe for long-term storage
(Shekh et al. 2012; Ramanan et al. 2010). Capturing and
sequestration of carbon dioxide (CO2) can be achieved by
immobilization of carbonic anhydrase as a catalyst on a
bioreactor and CO2 as the substrate, thereby leading to the
formation of solid carbonate. (Favre et al. 2009; Mirjafari
et al. 2007). With this technological approach of capturing
and sequestration of carbon dioxide (CO2), research groups
and chemical industries across the globe are working on the
modalities for large scale carbon dioxide (CO2) capture (Kim
et al. 2012; Bryce et al. 2015). In the carbon dioxide (CO2)
capturing process, one of the key technologies used is the
solvent system with many advantages compared to other
systems of separation. The most considered amine-based
system is the monoethanolamine. Recently, there are other
amine-based solvent systems such as ethylenediamine which
have been reported to have good physical and chemical
characteristics needed for carbon dioxide (CO2) capture
(Gary 2009). This present work is aimed at addressing the
importance of using ethylenediamine–carbonic anhydrase
complex system under good industrial operation. The
importance of adopting this system is the unique character-
istics of the enzyme used which are stability and reusability.
The regeneration of amine solvent at low-temperature des-
orption is another importance of using ethylenediamine as an
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amine-based solvent for carbon dioxide (CO2) capture (Pra-
kash et al. 2017).

2 An Overview of Carbonic Anhydrase (CA)

Carbonic anhydrase also known as carbonate dehydratase
(E.C 4.2.1.1) is responsible in catalyzing the reversible
conversion of carbon dioxide (CO2) and water, forming
carbonic acid (H2CO3) and eventually dissociate into
hydrogen ions and bicarbonate. It is also a metalloenzyme
with a zinc metal ion (Zn2+) at its active site (Sawaya et al.
2006). The most important function of this enzyme in ani-
mals is to maintain a balance between acid–base concen-
trations in the blood and transport carbon dioxide and
bicarbonate in various metabolizing tissues (Hilvo et al.
2005). Carbonic anhydrase is known to possess lots of
physiological roles in animals which includes electrolyte
secretion, carbon dioxide (CO2) fixation, pH regulation,
secretion of gastric, cerebrospinal fluid, and pancreatic juices
within the body system (Chegwidden et al. 2002; Kyllonen
et al. 2003) (Fig. 1).

3 Mechanism of Action for Biocarbonate
Formation

Carbonic anhydrase catalyzes a reversible reaction between
carbon dioxide (CO2) and water to form bicarbonate and
hydrogen ions. This enzyme contains a central metal ion

(zinc ion) which is a prosthetic group responsible for the
positioning of histidine side chains. During enzyme reaction,
the enzyme active site “E” usually contains a pocket which
is specific for carbon dioxide (CO2) and at the process
moves to the hydroxide group attached to the central metal
ion which is zinc ion. Therefore, this makes the electron-rich
hydroxide ion to attack the carbon dioxide (CO2) molecules
and alongside create a bicarbonate molecule. The general
equation for carbonic anhydrase hydration and dehydration
is as follow (Fig. 2):

CO2þH2O � HCO��3 þHþ ð1Þ

HCO��3 þHþCO2þH2O ð2Þ

4 Historical Background of Carbonic
Anhydrase

Carbonic anhydrase has been known to be an ancient
enzyme that can be found in plants, prokaryotes, and
eukaryotes. It is known to catalyze the reversible reaction
involving hydration and dehydration of carbon dioxide and
bicarbonate (Smith and Ferry 2000; Tripp et al. 2001). This
enzyme was discovered by renowned scientists Meldrum
and Roughton in 1933 while in the process of studying the
transportation mechanism of carbon dioxide (CO2) in the
blood and across the lungs surface. At the active site of the
enzyme, central metal (Zn2+) is found which plays an
important role during catalytic reactions. Through the pro-
cess of carbonic anhydrase discovery, Keilinand and Mann
in 1939 were the first scientists to report on carbonic
anhydrase in eukaryotes, and prokaryotes was reported by
Blankenship in 1963 (Smith and Ferry 2000). Carbonic
anhydrase can be found in plants, microorganisms, and
humans. The existence of carbonic anhydrase in the
eukaryotic cells and plant cells as well was known to be
detected during the early periods of the twentieth century.
Carbonic anhydrase is an enzyme to have different dis-
tinctive properties regardless were located. In plant cells, it
was discovered to possess different properties when com-
pared to the animal cells. During the early sixties, carbonic
anhydrase was not extensively characterized due to its
complex nature with i different properties existing in plants
and animals. Since carbonic anhydrase was found to be
important in the field of science, this led researchers to
undergo serious laboratory research in the isolation of the
enzyme from different sources such as bacteria, plants etc.
purified the enzyme using different steps, and finally char-
acterized it. During the nineties, carbonic anhydrase in N.
sicca and E. coli, were successfully purified and charac-
terized (Adler et al. 1972; Guilloton et al. 1992). Based on
the protein sequences, it was characterized into fiveFig. 1 Structure of carbonic anhydrase (Imtaiyaz et al. 2013)
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(5) distinct classes, namely (a, b, c, d, and f). Within the
classes, a, b, and c are widely distributed both in plant and
in animal cells, whereas the remaining two classes d and f
are found in diatoms and marine phytoplankton (Syrjänen
et al. 2010; Roberts et al. 1997), purified and sequenced
carbonic anhydrase partially from microorganism T. weiss-
flogii which was later identified and reported to be the new
class of carbonic anhydrase as d-class. The research insight
of carbonic anhydrase for carbon dioxide (CO2) sequestra-
tion was successful in the year 2001 and opened a new field
of research. With the new development on the area of
research, it created an avenue for lots of research groups on
this novel work on carbon dioxide (CO2) capturing,
sequestration as well the reduction of atmospheric flue
gases. On the other hand, bovine carbonic anhydrase
(BCA) was quite expensive commercially (Raju et al.
2014). Therefore, several research groups developed a
means of large production of carbonic anhydrase from
bacteria origin due to its fast growth rate, easy cultivation,
and high over expression rate (Bond et al. 2001).

5 Sources of Carbonic Anhydrase

Carbonic anhydrase can be sourced from microorganisms,
plants, and humans. In microogarnisms, carbonic anhydrase
can be found in different species of bacteria. There aremultiple
isoforms of carbonic anhydrase located in different human

organs of the body system. Generally, plants have three types
of carbonic anhydrase which are alpha, beta, and gama.

6 Carbonic Anhydrase in Microorganism

Carbonic anhydrase can be found in both prokaryotic and
eukaryotic cells. Carbonic anhydrase in bacteria N. sicca was
first discovered by Veitch and Blankenship in the year 1963
(Smith and Ferry 2000). Subsequently, further research was
carried out in bacteria with carbonic anhydrase which are
listed below:

6.1 Micrococcus Lylae, Micrococcus Luteus,
and Pseudomonas Fragi

In Micrococcus lylae, and Micrococcus luteus, carbonic
anhydrase was isolated, purified, and immobilized on the
different supporting matrix for carbon dioxide (CO2)
sequestration (Sharma et al. 2009). Reported on the isolation
and purification of carbonic anhydrase from Pseudomonas
fragi which was characterized and purified with the molec-
ular weight to be 31 kDa with the use of an electrophoretic
technique (SDS-PAGE). Its enzyme activity was active with
the temperature ranging from 7–8.5 and 35 to 45 °C,
respectively. Metal ion such as Pb2+ and Hg2+ inhibited its
activity while Zn2+, Fe3+ acts as activators of the enzyme.

Fig. 2 Mechanism of action of bicarbonate formation (Rachael et al. 2015)
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6.2 Bacillus Subtilis and Citrobacter Freundii

Carbonic anhydrase from Bacillus subtilis was isolated,
purified, and characterized as reported by Ramanan et al.
(2009). The molecular weight was found to be 37 kDa with
Hg2+, Cl−− HCO3

— acting as inhibitors and Zn2+ as acti-
vators. The kinetic parameters were determined using p-nitro
phenyl acetate, and Vmax and Km values were found to be
714.28 mmol/mg/min and 9.09 mM, respectively. The
optimum pH and temperature was found to be 8.3 and
37 °C, respectively. Carbonic anhydrase from Citrobacter
freundii was also isolated and purified for bicarbonate for-
mation which yielded 225mg carbonate/mg. The molecular
weight of the enzyme was found to be 37 kDa by using the
electrophoretic technique. Carbonic anhydrase from Bacillus
subtilis was sequenced and showed similarity with plant
carbonic anhydrase (Ramanan et al. 2009).

6.3 Neisseria Gonorrhoeae

Chirica et al. 1997), reported the activity of carbonic anhy-
drase from Neisseria gonorrhoeae. The protein was isolated
and purified for molecular studies. It was observed that the
protein sequence of the enzyme was found to be similar to
the human carbonic anhydrase. The molecular weight of the
enzyme was shown to be 28 kDa.

6.4 Helicobacter Pylori

Helicobacter pylorus is a gram-negative bacterium that is
found mainly in the mucus layer of the stomach region. It is
spiral in shape and associated with metabolic disorders such
as peptic ulcer and gastric cancer. It aids in maintaining the
acidic environment of the stomach in basic condition. It
maintains the stomach pH to 6.4 and helps in the metabolism
of urea and bicarbonate (Marcus et al. 2005).

7 Plant Carbonic Anhydrase

Carbonic anhydrase is also referred to as a metalloenzyme
containing a zinc metal ion that catalyzes the reversible
conversion of carbon dioxide (CO2) and bicarbonate
(HCO3

−−). In nature, carbonic anhydrase are found to be
ever presented with concurrent evolution, multiple isoforms,
and structurally different but catalyze the same reaction.
Generally, there are three major forms of carbonic anhy-
drase, namely alpha (a), beta (b), and gamma (c) (Moroney
et al. 2001). a-carbonic anhydrase was the first to be

discovered as its family in erythrocytes (Brinkman et al.
1932; Meldrum and Roughton 1932). a-carbonic anhydrase
is mainly composed of ten (10) b strands which created b
sheet at the central region with seven (7) a helices in a large
portion of the protein shown in Fig. 3. The active site con-
tains mainly three histidine residues and water molecules
which are responsible for its coordination with zinc present
(Liljas et al. 1972). b-carbonic anhydrase was first discov-
ered in plants showing differences in its protein sequence
and structure when compared with a-carbonic anhydrase
(Burnell et al. 1990). It contains two cysteine residues, one
histidine residue, and a molecule of water which is respon-
sible for coordinating the metal ion found at the active site of
the enzyme (Fig. 3) (Kimber and Pai 2000). b-carbonic
anhydrase is structured in four parallel b strands consisting
of an a helix surrounded by b sheet. The monomer structure
of b-carbonic anhydrase is composed of a-helices sur-
rounded by b-sheet with four parallel b strands. The dimer is
formed through the interaction by a helices N-terminal with
a monomer surrounding the next monomer unit via hydrogen
bond formation existing between each of the monomers. The
tetramers are formed from the C-terminal of b strands with
interaction at the fifth monomer. Octamers are formed via
slightly different interactions with these fifth b-strand
extensions (Kimber and Pai 2000; Rowlett 2010).
c-carbonic anhydrase is found mainly in photosynthetic
bacteria and in plants (Parisi et al. 2004) but was first dis-
covered in archaea (Alber and Ferry 1994) (Fig. 3). The
active site contains a zinc ion (Zn2+), fused together by three
histidine molecule and a molecule of water (Kisker et al.
1996).

The protein structures of the different carbonic anhy-
drases in plants have distinct differences but catalyze the
same reaction. In tobacco, the activity of carbonic anhydrase
enzyme follows the pattern: leaves > stem > pods, as they
are found in different compartments of plant species (Dia-
mantopoulos et al. 2013). Chloroplastic carbonic anhydrase
contents in higher plants are highly saturated adding with the
process of photosynthetic reaction. Carbonic anhydrase
helps in the stomatal closure of plant leaves and in con-
verting carbon dioxide to bicarbonate during photosynthesis.
Carbonic anhydrase activity in the plant helps in the stomata
opening and closure through which the exchange of gases
takes place. They are mostly found on the under surface of
plant leaves. During the dark phase of photosynthesis, the
amount of fixation gets depleted while the process of res-
piration continues which leads to an increase in carbon
dioxide (CO2) level due to the shift in the reaction mecha-
nism centrally toward the right, resulting in a decrease of pH.
The decreasing pH causes the inactivation of various
enzymes such as amylase, which stops the mechanism of
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hydrolysis of starch and glucose, and in turn decreases the
osmotic gradient in occlusive cells resulting in loss of water
and closure of ostiole (Casson and Gray 2008). The rate of
photosynthesis and carbon dioxide (CO2) fixation (under
limited CO2 condition) gets directly affected due to changes
in the activity of carbonic anhydrase. It is the only carbon
metabolism enzyme which shows fluctuations in the activity
among different species with varying carbon dioxide (CO2)
concentration in the environment (Fig. 4).

8 Overview of CO2

Carbon dioxide is a colorless, odorless inert gas which has a
density of 1.977 kg/m3. Carbon dioxide (CO2) is 60% higher
than that of air. It is a major heat-trapping greenhouse gas at
room temperature consisting of two molecules of oxygen
covalently bounded to a carbon atom. It is soluble in water
and occurs naturally as a trace element in the atmosphere
(Bryngelsson and Westermark 2009). In nature, carbon
dioxide (CO2) is the most used supercritical fluid which is
converted solid ice form and to bicarbonates for various
industries purposes. Generally, carbon dioxide (CO2) does
not support combustions which are neither explosive nor
flammable (Smit et al. 2014). Through the carbon circle,
carbon dioxide stays balanced with other chemical reactions
in the air and bodies of water.

9 Sources of Carbon Dioxide (CO2)

Carbon dioxide can be sourced from both natural and
anthropogenic emissions.

Natural sources: Carbon dioxide can be produced from
the respiration process in plants and animals. In animals,
carbon dioxide (CO2) is produced aerobically from carbo-
hydrate, lipid, and protein in a process to produce an energy
form of ATP (adenosine triphosphate). Aquatic animals such
as fish and frogs produce CO2 through their gills and lungs
in the process of evaporation. It can also be released through
the process of organic matter decomposition into the atmo-
sphere at a favorable concentration as emission from forest
fires and volcanic eruptions.

Anthropogenic sources: Carbon dioxide can be produced
from humanitarian activities such as electricity generation,
burning of woods, agricultural processing, food processing,
ethanol production, deforestation, fossil fuel combustion,
petroleum, and natural gases used in transportation, electrical
generation, heating, and cooling. The release of by-products
from industrial activities involving a large scale of oxidation
processes rises the concentration of carbon dioxide (CO2) in
the atmosphere resulting to change in environmental temper-
ature. Industries involving in the large-scale production of
acrylic acid, food, and beverages through fermentation release
carbon dioxide (CO2) in large quantities in the environment.

Fig. 3 Structures of a-, b-, and c-carbonic anhydrase (Robert et al. 2017)
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10 Effect of Carbon Dioxide (CO2)

Carbon dioxide (CO2) has its negative and positive effects on
the environment and to humans too. In human, when
exposed to a high concentration of carbon dioxide (CO2)
may result to deleterious effect in body system by increasing
venous PO2 through shifting of hemoglobin oxygen satura-
tion curve and affecting the delivery of oxygen to the tissues
(Willie et al. 1999). In the environment, an increase in
atmospheric carbon dioxide (CO2) concentration causes
global climatic warming which is known as the greenhouse
effect. This global warming has an adverse effect on both
plants and human causing increased natural disasters such as
extreme weather events, sea-level rise, altered crop growth,
and disrupted water systems. Carbon dioxide in the other
hand can be seen to be relevant in the reproduction, growth,
and survival of living things on earth. It is a major compo-
nent of living things and also a finite resource in different
forms transferring from living things to nonliving things. In
plants, carbon dioxide (CO2) is a major reactant that is
needed during the process of photosynthesis to provide
glucose as food for human consumption. In humans, carbon
dioxide (CO2) is essential for metabolic pathways such as
Kreb’s cycle for maintaining the normal metabolic activities
in the body system. In the environment, carbon dioxide
(CO2) captures heat radiated from earth’s surface and
keeping the planet warm enough to support life on earth
(Millward and Yaghi 2005). Its also can be used in different
industrial applications such as wine production, as a coolant
for refrigerators, carbonated drinks, frozen foods, as com-
pressed gas for pneumatic systems, fire extinguishers, and as
gaseous blanket to prevent substances from decaying, etc.

11 Carbon Dioxide Capturing

The major contributor of climate change is the release of
atmospheric carbon dioxide (CO2) through the greenhouse
effect. Carbon dioxide (CO2) capturing is a technology that
deals with the reduction in atmospheric carbon dioxide
(CO2) from industrial plants such as coal, fossil fuel com-
bustion, and gas-fired power plants (Bryngelsson and
Westermark 2009; Kulkarni and Sholl 2012) and converting
the captured carbon dioxide (CO2) into industrial products.
This use of carbon-capturing has been employed in the oil
and gas industries as a way of recovering its products. The
technology of carbon capture is basically adopted to isolate
the generated carbon dioxide (CO2) from different sources to
a form that is suitable for transportation and subsequent
storage (a supercritical form of CO2) for further applications.
This involves various separation strategies that involve
separating carbon dioxide (CO2) from different gas mixtures.
The process of separation involves three main steps which
include trapping and separating carbon dioxide (CO2) from
flue gases in a power plant, i.e., membrane-based separation,
transporting the captured and compressed carbon dioxide
(CO2) to a location where it is stored away from the atmo-
sphere (geologic sequestration). There are several methods
that have been adopted for CO2 capture. Carbon dioxide
(CO2) can be captured and sequestrated before, during, or
after fuel is combusted. Before the combustion of fossil fuels
is taken place which is also known as pre-combustion car-
bon, carbon dioxide (CO2) can be trapped from fossil fuels
by chemical absorption (solvent system) with chemicals
such as potassium carbonate and ethylenediamine (Anusha
2010). For the standpoint of energy consumption, the use of

Fig. 4 Carbonic anhydrase
activity on stomatal opening and
closing
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a solvent system for carbon dioxide (CO2) capturing has
appeared to be an attractive alternative method used in
industries. Carbon dioxide (CO2) can also be captured dur-
ing the fossil fuel burning by power plants compression of
different gas mixtures such as steam and carbon dioxide
(CO2). Both gases can be separated by a cooling and com-
pressing process, alongside with carbon dioxide (CO2)
seized from the flue gases which are released after the fossil
fuel is burned (Plasynski et al. 2007). There is another
method that has been adopted for carbon dioxide (CO2)
capture industrially which is the enzyme system such as
carbonic anhydrase. The use of an enzyme system for CO2

capture has created a promising view and has been integrated
into the field of science using enzyme for large scale of
carbon dioxide (CO2) capturing and sequestration. This can
be carried out with the use of a bioreactor with immobi-
lization of enzyme and gas mixtures passing through it. The
immobilized enzyme converts carbon dioxide (CO2) as its
substrate to carbonates which can be exploited for industrial
purposes.

12 Carbon Dioxide (CO2) Sequestration

Carbon dioxide sequestration is a process that deals with
conversion of trapped carbon dioxide (CO2) from the
atmosphere into industrial purposes (i.e., the net removal of
CO2) (Raju et al. 2014). It can further be described as the
conversion of carbon dioxide (CO2) emissions into useful
compounds using biological, physical, or chemical methods
(Skjånes et al. 2007). Carbon dioxide (CO2) is sourced from
different industrial plants such as power plants, cement
plants, and refineries. (Rao and Rubin 2002). There are
different methods adopted to trap and sequester carbon
dioxide (CO2); this includes absorption, adsorption, cryo-
genic, and membrane. However, these methods at some
point are not viable for large carbon dioxide (CO2)
sequestration scales. Therefore, this tends to pull the minds
of researchers in developing economical and sustainable
carbon dioxide (CO2) sequestration technologies. Elevated
carbon dioxide (CO2) levels in the atmosphere can lead to
serious adverse effects on man even at the point of causing
death. Proper control of elevated carbon dioxide (CO2) in
confined space is critically important where there is low
buffering ability in absorbing gas such as spacecraft. Using
carbonic anhydrase to trap carbon dioxide (CO2) into car-
bonates has developed an effective and successful emer-
gence for further technological advancement (Domsic et al.
2008). The essence for utilizing carbonic anhydrase for
carbon dioxide (CO2) sequestration is due to fact that the
hydrophobic region of the enzyme active site is capable to

sequestrate carbon dioxide (CO2) and orients the carbon
atoms suitably for nucleophilic attack by the zinc-bound
hydroxide (Loferer et al. 2003). It has been shown that the
crystal structure of the ordered water molecule in the
hydrophobic pocket of the amino acid residue Thr199 is
stabilized by central metal (Zn2+). Interestingly, the water
molecule present is displaced by carbon dioxide (CO2) into
the binding pocket (Fierke et al. 1991). This displacement
reaction in the active site of the enzyme makes capturing of
carbon dioxide (CO2) possible.

13 Carbon Dioxide (CO2) Sequestration
by Carbonic Anhydrase

Carbon dioxide (CO2) sequestration is a process that
involves capturing carbon dioxide (CO2) by using a reactor
system either chemical or bioreactor for industrial purposes.
In recent times, industrial and humanitarian activities have
led to the release of carbon dioxide (CO2) which is con-
sidered as a major anthropogenic gas. With these activities,
research has shown that CO2 concentration in the earth plant
has increased by 40% ranging from 380 to 360 ppm from the
preindustrial level and has contributed to some environ-
mental changes (Mirjafari et al. 2007). This has drawn an
environmental concern toward its effect on humans and to
the environment. The by-product carbon dioxide (CO2) is
the reaction of the combustion process in the air without any
fuel value, and this has been known to be the major cause of
global warming in our world today. Therefore, reducing the
release of carbon dioxide (CO2) into the atmosphere by
capturing and sequestration process from industrial base
sources will go a long way in salvaging its effect. There are
several methods that have been exploited for the reduction of
carbon dioxide (CO2) in the atmosphere which involves
capturing and sequestration technologies (Kothandarama
et al. 2010). This process proved to be costly and not
eco-friendly due to the processes involved. One of the
methods used is the solvent system which seems to be more
tedious and not eco-friendly. This led to the development of
a carbonic anhydrase system which is considered to be an
eco-friendly and low cost-effective approach for carbon
dioxide (CO2) capturing and sequestration technology
(Mirjafari et al. 2007; Bond et al. 2001; Ramanan et al.
2009). Carbonic anhydrase has catalyzing rates as high as
1.4 � 106 M/s−1 thus plays a vital role during carbon
dioxide (CO2) capturing and sequestration. The importance
of using carbonic anhydrase for industrial carbon dioxide
(CO2) sequestration is the fact that it can be regenerated and
still maintain its activity and stability after being used. With
this, the use enzyme system reduces the cost-effectiveness
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for capturing and sequestration carbon dioxide (CO2) in a
large-scale industry (Fig. 5).

The general equation for CO2 sequestration and forma-
tion of limestone by carbonic anhydrase is given below:

CO2ðaq:Þ þH2O k! 1k�1Hþ þHCO�3 ð3Þ

Ca2þ þHCO�32 ! CaCO3 # ð4Þ
In the year 2001, CO2 sequestration was demonstrated

using bovine carbonic anhydrase by Bond et al. (2001) and
also evaluated the availability of bovine carbonic anhydrase
in the presence of different ions. Subsequently, carbonic
anhydrase was successfully extracted, purified, and charac-
terized from biological systems and non-biological systems
for its utilization in carbon dioxide (CO2) sequestration. The
bicarbonate generated serves as a raw material for solid
mineral formation. Several studies reported the use of
microorganisms as a source of carbonic anhydrase for CO2

sequestration. (Ramanan et al. 2009), demonstrated
bio-sequestration of carbon dioxide (CO2) using carbonic
anhydrase from a microorganism such as C. freundii. Car-
bonic anhydrase was purified and characterized from P. fragi
showing promising potentials for carbon dioxide (CO2)
sequestration. Other studies reported bacterial such as M.
lylae and M. Luteus as a source of carbonic anhydrase for
sequestration of CO2 in lime stone (Sharma et al. 2011). The
use of either bovine carbonic anhydrase or microbial car-
bonic anhydrase has stated to be both faster in terms of
precipitation.

14 Separation System for CO2 Sequestration

There are different methods of carbon dioxide (CO2) cap-
turing that have been adopted. This includes cryogenic,
membrane, absorption, and adsorption separation.

15 Cryogenic Separation

The principle of condensation and cooling is associated with
the cryogenic separation of carbon dioxide (CO2) from flue
gases containing high concentration of carbon dioxide (CO2)
(Tan et al. 2016; Chu et al. 2016). Carbon dioxide (CO2)
capture cannot be done using cryogenic separation from
power plants due to the presence of dilute carbon dioxide
(CO2) stream which may affect the condensation and cooling
process (Kwak et al. 2006; Hu et al. 2016). This technology
has been seen to be quite expensive requiring a high amount
of energy needed for carbon dioxide (CO2) to be captured.
Coal-fired power plants with low temperature is also not
suitable using this type of technique. However, cryogenic
separation has been known to be effective when carried out
at low temperatures (Rochelle 2009). There are various steps
that are used for carbon dioxide (CO2) capturing with
cryogenic separation. This includes compression, refrigera-
tion, and separation steps (Mangindaan et al. 2015). The
presence of impurities affects the separation by lowering the
phase transition temperature of carbon dioxide (CO2) to as
low as -800C. At this point, the energy is increased during
the process of refrigeration leading to the formation of car-
bon dioxide (CO2) which might affect the safety of the
equipment been used (Cai and Yao 2010; Mondal et al.
2015).

16 Membrane Separation

The principle of membrane separation is based on the
physical and chemical changes in the interaction between the
membrane material and carbon dioxide (CO2) gas. The
membrane material is formed in such a way that the gas
passing through the column moves indirectly proportional to
each other; i.e., one gas moves faster than the others. Previ-
ous studies reported by Corti and Lombardi (2004) show the
use of membrane technology for carbon dioxide (CO2) cap-
ture. This application might be competitive if the flue gas
percentage is less than 10 of CO2. This type of technique is
poor in selectivity due to its high requirements during sepa-
ration and as such poses a major setback in the membrane
technology for CO2 capturing and sequestration (Ang et al.
2015; Cheah et al. 2015; Cheng et al. 2013). More so, this

Fig. 5 Mechanism of carbon dioxide (CO2) sequestration by carbonic
anhydrase (Raju et al. 2014)
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type of separation uses a ceramic membrane which can be
organic or inorganic in nature depending on the type of
separation required (Cheah et al. 2015; Chiang et al. 2011).
Another limitation regarding the use of this type of technol-
ogy is that they are quite expensive with difficulties in
attaining higher degrees and purity during capturing pro-
cesses. This technology for post-combustion carbon dioxide
(CO2) capture cannot be successful, especially in developing
countries such as Nigeria, due to its expensive nature.
Therefore, there are limitations with membrane technology
application for post-combustion carbon dioxide (CO2) cap-
ture in power plants which is similar to other developing
countries. Membrane technology for carbon dioxide (CO2)
capture with low-cost and high capture potential is needed to
be studied as the best alternative (Fulke et al. 2015).

17 Absorption

This type of separation technology deals with the use of
chemical-based solvent for carbon dioxide (CO2) capturing. It
is mainly grouped into two categories, namely chemical and
physical absorptions. Absorption method is pressure and
acid–base neutralization dependent which occurs at high
pressure and low temperature as well (Corsten et al. 2013;
Nykvist 2013). Amines, chilled methanol, and ammonia
solution are commonly used as an absorbent for carbon
dioxide (CO2) capture (Kelvin and Patrick 2016). The corro-
siveness and high energy demand for absorption make it
necessary during solvent regeneration. The major challenge
for using absorption technology is the use of liquid absorbent
in the power plant. Absorption technology remains used for
carbon dioxide (CO2) capturing in most countries with power
plants. This is because it is non-corrosive with minimum
energy required for the regeneration of solid adsorbentmaking
it less expensive (Little and Jackson 2010). Mono-
ethanolamine is one of the frequently used absorbents for
carbon dioxide (CO2) capture. It requires high heat energy
during the process of capturing which makes it not viable for
power plants considering its cost implication. In order to
reduce the high heat energy consumption for power plants
during post-combustion carbon dioxide carbon dioxide (CO2)
capture, it is suggested that a high concentration of mono-
ethanolamine be used and inhibitors to remove the corrosive
effect of the absorbent.

18 Adsorption

Adsorption technology is a type of separation that is used
mainly in chemical and environmental processes which
involves in the use of mainly adsorbents such as zeolites,
activated carbon, and polyaspartamide for carbon dioxide

(CO2) capture (Mondal et al. 2012). This technique uses
activated carbon fiber in power plants (Rubin et al. 2007).
This use adsorption technique for carbon dioxide (CO2)
capture has proven to be the best method adopted due to its
characters exhibited during capturing processes. This char-
acteristic includes minimum energy requirement, easy han-
dling, simple operation, and flexibility (Cau et al. 2014).
Studies have also shown that temperature swing adsorption
consumes less thermal energy and is less expensive which
makes it suitable for carbon dioxide (CO2) sequestration and
capturing but makes the heating and cooling process take a
longer time(Scheffknecht et al. 2011). Therefore, when
incorporated into coal-fired plants will reduce the cost of
operation (Wang et al. 2011). Another type of adsorbent
includes vacuum swing adsorption which is less expensive
than pressure swing adsorption for carbon dioxide (CO2)
capture (Kundu et al. 2014). Nevertheless, vacuum swing
adsorption has its disadvantages as it is sensitive in feeding
gas temperature, thereby requiring more heat before inject-
ing the vacuum swing adsorption plant thereby affecting the
efficiency of separation. On the other hand, pressure swing
adsorption has a wide range of temperatures and pressure
requiring less energy for operation and less investment cost.
This has created a promising approach for carbon dioxide
(CO2) capture and sequestration (Rehfeldt et al. 2011). This
technique has its drawbacks such as poor heat transfer and
slow kinetics. But despite this drawback, its advantages far
outweigh its disadvantages (Cormos et al. 2013) (Fig. 6).

19 Bioreactors for CO2 Sequestration

The use of reactors as a separation system has contributed
positively to creating a friendly environment for carbon
dioxide (CO2) sequestration. Studies have revealed that both
free and immobilized carbonic anhydrase on bioreactors has
been known to possess a good foundation for carbon dioxide
(CO2) sequestration technology. Low-cost implication, low
maintenance, and environmental safety are the importance of
using a biochemical system for sequestration which was
found to be of great industrial advancement (Cowan et al.
2003). Carbonic anhydrase was tested on a membrane
reactor which constitutes a phosphate buffer with
polypropylene and carbonic anhydrase in between (Cowan
et al. 2003). An annular spacer was used to vary the thick-
ness of the aqueous phase in the range of 70–670 lm. The
reactor contains an air-mixed serving as the feed gas in the
range 0.04–1.0% with argon used as a sweep gas. Through
the process, a controller was used to monitor the flow of gas
in the reactor system. At the end of the sequestration pro-
cess, gases such as N2, O2, and CO2 were analyzed by mass
spectrophotometer to evaluate the amount of carbon dioxide
(CO2) been sequestrated alongside with another parameters
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such as carbonic anhydrase concentration, buffer concen-
tration, pH of the medium, temperature, and humidity.
Furthermore, a spray reactor was implemented with an
immobilized carbonic anhydrase used in capturing and
sequestering carbon dioxide (CO2). A silica-coated steel
matrix was used as a carrier and immobilized carbonic
anhydrase on it using the coupling method (Sharma et al.
2009). Different conditions were employed during operation
by subjecting the bioreactor to different gas outlets such as
exhaust/emission gas stream and water flow with carbon
dioxide (CO2) reduction being obtained in the reactor
design. The performance of the bioreactor was evaluated by
variation through the flow rate and maintaining the con-
centration of carbon dioxide (CO2) emission at a constant in
the range of 33–40%. Pyrogallol spray column system is a
type of reactor system that is used in the presence of oxygen
and sulfur been extremely high (Sharma et al. 2011). This
new approach of carbon dioxide (CO2) sequestration was
used over time until in early 2010 the development of a
hollow-fiber membrane reactor was launched for low
removal of carbon dioxide (CO2) concentration from a

mixture of flue gases. (Sharma et al. 2011). However, cap-
turing and sequestration of carbon dioxide (CO2) has been
studied differently in the rector system comparatively which
can be found to be efficient for the removal of carbon
dioxide (CO2) from gas streams.

20 Carbonic Anhydrase Immobilization

Over the years, carbonic anhydrase has been seen as an
ancient enzyme and well-known for various industrial
applications. It is used mainly in its free nature which seems
to be very expensive and tedious to isolate, purify, and
characterize. In the end, this enzyme is not recovered from
the reaction medium after being used. In order to salvage this
particular problem, the idea of immobilization was consid-
ered. Immobilization involves the attachment of an enzyme
into a supporting matrix for delivery in a reaction medium.
This technique of whole-cell and enzyme has been reported.
Generally, the immobilization technique is divided into two
major types, namely chemical and physical immobilizations.

Fig. 6 Separation system for carbon dioxide (CO2) sequestration (Kelvin and Patrick 2016)
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Chemical immobilization technique involves the application
of cross-linkages and covalent bonds between the matrix and
the enzyme, while physical immobilization technique on the
other hand involves the use of a supporting aid or matrix
with the enzyme alongside (Krajewska 2004). There are
several reports on different immobilization methods giving
rise to the use of different supporting matrix and linkers.
Bovine carbonic anhydrase was immobilized on silica beads
and graphite rods which was reported by Crumbliss et al.
(1988), taking cognizant of the benefit as well the non-toxic
nature of these materials. The material used for immobi-
lization shows to be suitable and coffined as a packaging aid
due to its high surface area serving as an important property
for enzyme immobilization in a flow bioreactor. The bovine
carbonic anhydrase immobilization process, an amide link-
age was formed between the primary amines lysyl residues
of the enzyme and the activated N-hydroxysuccinimide ester
surface of the graphite rod (Ajam et al. 2012). The immo-
bilized enzyme was stored for about 50 days of storage at pH
8.0, 4°C, and assayed. Prior to the enzyme activity, silica
support was found to be more active than that of graphite.
(Jovica and Nenad 1999) reported the immobilization of
carbonic anhydrase within the silica monoliths sol–gel
method as the supporting matrix. The above report suggests
that carbonic anhydrase after been encapsulated retained its
conformation and remain stable up to 64 °C. (Bond et al.
2001) immobilized bovine carbonic anhydrase in chitosan
alginate beads system and shown in retaining its activity
after been kept for a long period of time. Through the pro-
cess of immobilization, a crosslinking solution was under
continuous stirring, and samples were taken for enzyme
quantification. About forty (40) beads were synthesized per
milliliter of alginic acid solution. After been prepared, the
synthesized beads were washed and taken for enzyme
quantification. Protein loss was evaluated in the sample and
stored for (37◦C, 110 rpm). Nitrogen in beads was quanti-
fied as well which was found to increase as chitosan
molecular weight increased. An absorptive immobilization
of carbonic anhydrase was done on hydrophobic absorbents
reported by Hosseinkhani and Gorgani (2003). This type of
immobilization was partially unfolded due to the fact that
carbonic anhydrase in its native form does not interact with
the hydrophobic absorptive surface. To overcome this, heat
was applied to the native carbonic anhydrase forming a
heat-denatured carbonic anhydrase which was immobilized
on the sepharose 4B (Azari and Gorgani 1999). The pres-
ence of long alkyl chains such as the pamityl group in the
sepharose 4B was responsible for sufficient interaction
leading to an irreversible adsorption process. (Cheng et al.
2008), reported the use of carbonic anhydrase entrapment on
acrylic acidoacryamide. Bovine carbonic anhydrase was
immobilized on polyurethane foam at room temperature
reported by Ozdemir (2009). This type of immobilization

possess good characteristics for immobilization by creating
support due to its hydrophilic and porous polymeric prop-
erties. Enzyme immobilization with polyurethane have been
proven to maintain its activity perfectively at room temper-
ature for 45 days tested period. Biopolymer materials for
immobilization were developed by Prabhu et al. (2009) for
effective carbonic anhydrase immobilization and for indus-
trial application in mineral carbonates formation. Different
tools for the characterization of material were used. How-
ever, the materials used showed better properties during
immobilization. Supporting beads such as chitosan-
ammonium hydroxide, multilayered, and alginate presented
a better result with high affinity for carbonic anhydrase.
(Zhang et al. 2011) reported the immobilization of carbonic
anhydrase of a nano-composite (acrylic acid-coacrylamide/
hydrotalcite) and its N-hydroxysuccinamide and N,
N-dicyclohexylcarbodiamide used for activation. (Vinoba
et al. 2012), reported carbonic anhydrase immobilization on
SBA-15 and utilized silver and gold nanoparticles as well.
(Wanjari et al. 2011), immobilized carbonic anhydrase on
chitosan beads for carbonation enhancement. (Yadav et al.
2012) reported the use of nanoparticle for biomimetic CO2

sequestration and immobilization on a chitosan stabilized
iron nanoparticles for biomimetic carbonation reaction.
Immobilizing carbonic anhydrase on a controlled pore glass
and carbon surfaces which was activated by silane and
aldehyde shows a stability of the activity of the enzyme
(Zhang et al. 2011; Vinoba et al. 2013), studied the immo-
bilization of bovine carbonic anhydrase on a magnetic
nanoparticle matrix resulting in a good reusable catalyst.
Immobilized bovine carbonic anhydrase showed 82%
activity up to 30 days on this matrix which shows its
potentials for CO2 capturing, sequestration, and transfor-
mation of carbon dioxide to mineral carbonates (Yadav et al.
2012). Chitosan–alginate polyelectrolyte complex was used
as a supporting matrix for enzyme immobilization with
93.9% potential rate (Oviya et al. 2012) (Table 1).

21 Ethylenediamine for Carbon Dioxide
(CO2) Capturing

Ethylenediamine is a synthetic hygroscopic chemical sol-
vent, yellowish in color with an ammonia-like odor. It has
chemical formula (C2H8N2) and a molecular weight of
60.12g/mol. Its melting point is about 8.5 °C, and a boiling
point of 116 °C. Ethylenediamine belongs to the “amine”
family and is grouped as a primary diamine. It has been
shown to be reactive with carbon dioxide (CO2) detailing a
large experimental mechanism and rates of reactions. As an
amine-based solvent, ethylenediamine has been studied over
the years and its utilization has increased for CO2 capture.
The primary interest of reaction between post-combustion
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carbon dioxide (CO2) gas and ethylenediamine occurs in a
step-wise reactions. These reactions are summarized in a
three-step process. At first, carbamate is formed, following
the formation and deprotonation of zwitterion (Niall et al.
2010). The reaction mechanism is shown below:

CO2þ 2R1R2NH! R1R2NCO
��
2 þR1R2NH

þ
2 ð5Þ

From Eq. (5), carbon dioxide reacts with ethylenediamine
in a reversible reaction leading the formation of carbamate.
The other reaction involves the hydrolysis reaction of car-
bamate leading to the formation of bicarbonate (Eq. (6)).

R1R2NCO
���
2 þH2O R1R2NHþHCO��3 ð6Þ

In the formation of bicarbonate, the reaction is favored
with a methyl group by reducing the stability of bond within
the carbamate which at the end result in the formation of
bicarbonate at a high loading capacity of the solvent system.
The above reaction mechanism does not act with carbon
dioxide (CO2) directly but rather acts as a base medium in
the hydration reaction in an aqueous medium of ethylene-
diamine (Niall et al. 2010). Carbon dioxide (CO2) capturing
technology through the use of absorbent such as ethylene-
diamine has been reported by researchers since the year
1955. This technology also contributed to the aspect of
carbon dioxide (CO2) capturing mainly from power plants
with coal-fired practice (Shan et al. 2010). There are
advanced amines that have been reported to reduce the
energy of amine scrubbing such as monoethanolamine (30wt
%, 7M) and concentrated piperazine (40w%, 8M). Piper-
azine in a concentration of 8M is considered a good solvent
for carbon dioxide (CO2) capture. The rate of the reaction is
twice that of monoethanolamine and comparable to its amine
volatility. Similarly, ethylenediamine and piperazine have
two amino groups that react with carbon dioxide to form
carbonate (Bishnoi and Rochelle 2002). Prior to this,
ethylenediamine have also been reported to have smaller
weight, greater carbon dioxide (CO2) capacity and highly
concentrated in alkali at a given amine weight concentration
than piperazine making it more preferred for carbon dioxide
(CO2) capturing technology (Shan et al. 2010). One of the
importance of using ethylenediamine as an amine-based
solvent system for carbon dioxide (CO2) capture is the
ability of ethylenediamine been regenerated after hydration
to the formation of carbonate molecule. This can be con-
sidered a promising prospect for further research. Using this
solvent technology, the carbamate formed can be integrated
into the industrial applications for the production of insec-
ticides. One of the drawbacks of using this type of solvent
technology is due to the fact that ethylenediamine is pre-
pared from monoethanolamine which might seem to be quite
expensive as a solvent used for carbon dioxide (CO2) cap-
ture. To solve this problem, ethylenediamine can be

synthesized from other sources such as 1,2-dichloroethane
with ammonia in an aqueous medium which might require
less time and low capital cost for production.

22 CO2 Capturing and Sequestration
with Ethylenediamine–Carbonic
Anhydrase Complex

This release of anthropogenic gases such as carbon dioxide
(CO2) by industrial power plants has created a lot of chal-
lenges which has led to the change in environmental tem-
perature. This has led to much intervention in salvaging this
problem by utilizing flue gases from industrial sources for
the purpose of limiting the effect of these gases on humans
and the environment. There are several systems that have
been adopted to capture and sequestrate carbon dioxide
(CO2) ranging from the use of a solvent systems such as
amides, ammonia, etc., and enzyme systems such as car-
bonic anhydrase. Amine-based chemical absorbents such as
ethylenediamine has shown to be employed typically for
commercial technology of carbon dioxide (CO2) capture due
to its distinct properties as regards its good carbon dioxide
(CO2) capturing capacity compared to other amine-based
system such as monoethanolamine (MEA) and piperazine.
Ethylenediamine solvent system requires a lower energy
regeneration and is highly effective toward forming carba-
mates which are stable when reacting with carbon dioxide
and forming carbonates through hydrolysis and regenerating
ethylenediamine for subsequent usage. Commercially,
amine-based solvent such as monoethanolamine can gener-
ate a hundred tons of carbon dioxide, where a coal com-
bustion plant typical with 550 MW emits up to 12,800
metric tons of carbon dioxide per day (Klara 2007). In this
contempt, mitigating the effect of gases from power plants,
carbon dioxide (CO2) capture solvent systems such as
ethylenediamine should be adopted in other to generate
thousand tons of carbon dioxide (CO2) from flue gases for
industrial purposes. The use of enzyme systems such as
carbonic anhydrase in its free and immobilized has been
adopted and seems to be fast growing when compared to
other carbon dioxide (CO2) capturing and sequestration
technologies (Fradette et al. 2017; Yuan et al. 2017; Yeh
et al. 2005). As earlier defined, carbonic anhydrase catalyzes
the reversible hydration of CO2 to yield bicarbonate (Tripp
et al. 2001). The principle is based on binding carbon
dioxide (CO2) molecules to the hydrolyzed water molecule
to release a proton. The hydroxide is hydrated from carbon
dioxide (CO2) to yield HCO3. Since the development of an
enzymatic system of carbon dioxide (CO2) post-combustion
capture dates back in the mid-1960s, there are lots of sci-
entific approaches that have been put in place to promote the
usability of carbonic anhydrase by creating bioreactor
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system and immobilizing the enzyme on a supporting
matrix. This technology was adopted, and lots of advance-
ment was made to better carbon dioxide (CO2) capturing
processes. The use of immobilizing enzymes is considered to
be inexpensive and can be explored in diverse applications.
With the effect of greenhouse gas, a novel system has been
prompted in designing a liquid system that is enhanced by
carbonic anhydrase (Prakash et al. 2017). These designs are
proposed by immobilizing carbonic anhydrase on the reactor
column in other to promote the effectiveness of the carbonic
anhydrase in the solvent system. Previous studies have
shown the co-immobilization of enzyme and amine-based
solvent system on a bioreactor for carbon dioxide (CO2)
post-combustion capture process. Despite the development,
lots of consideration were made to optimize the solvent
system that will be best in order to reduce the regeneration
energy and improve solvent system efficiency. This was
based on the physical and chemical properties of the solvent
in question. In addition to this, there are advancements that
offer a better result in providing a value added technology.
This type of technology is through co-immobilization with
different systems in order to create a better result for cap-
turing and sequestration of carbon dioxide (CO2) technol-
ogy. Research has been carried out on co-immobilization.
Example of this is the co-immobilization of zinc complexes
carried out on the same support in order to improve carbon
dioxide (CO2) absorption and desorption ability. Studies
have also reported the kinetics of carbon dioxide (CO2)
hydration with the use of carbonic anhydrase with
high-molarity chemical sorbents such as aqueous ammonia
and temperature unit operators. This advancement has been
tested in the USA and China using (Niall et al. 2010).
Co-immobilization of enzyme complex on
hetero-functionalized support was carried in a hybrid solvent
to accelerate in carbon dioxide (CO2) capture (Parissa et al.
2007). The equilibrium of carbon dioxide (CO2) capture in
the hybrid solvent was measured by pressure and gravimetric
drop test. The incorporation of carbonic anhydrase-Zn-Im in
the supporting matrix showed good stability and absorption
of CO2 capturing from 13.75 wt% to 18.65 wt% of carbonic
anhydrase. With the incorporation of zinc complex, the
carbon dioxide (CO2) uptake was improved further to 21.6
wt% (Parissa et al. 2007). The co-immobilization of an
amine-based solvent and carbonic anhydrase will exhibit a
remarkable increase in carbon dioxide (CO2) absorption
giving rise to high carbon dioxide (CO2) capture rate.
Therefore, carbonic anhydrase has been suggested to
increase the CO2 absorption rate of the amine-based solvent
such as diethanol amine, N-methyl-2, 2′- iminodiethanol,
and 2-amino-2-methyl-1-propanol (Vinoba et al. 2013;
Heupen and Kenig 2010). Despite the effective proof, the

enzyme carbonic anhydrase has some intrinsic limitations
like stability and reusability with an amine solution. There-
fore, in a diverse approach, the co-immobilization of car-
bonic anhydrase with amine-based solvent ethylenediamine
will facilitate and promote good carbon dioxide (CO2)
capture application industrially due to its chemical and
physical properties when compared with other amine solvent
systems. In a typical co-immobilization system of
ethylenediamine–carbonic anhydrase for carbon dioxide
(CO2) in Fig. 7, flue gases are passed through a reactor
containing an immobilized ethylenediamine as the amine
solvent with carbon dioxide-rich amine through a stripper
where low-pressure steam is applied. Hot lean amine is
released containing ( 95% methane and ethane) from the
steaming chamber through the desorber system and carbon
dioxide (CO2) is captured and sent to the immobilized car-
bonic anhydrase chamber where enzymatic processes take
place to release carbonate for industrial application.

23 CO2 Capturing and Sequestration Design
and Optimization: Challenges and Future
Prospects

The design of the carbon dioxide (CO2) post-combustion
capture and sequestration process has been described in the
above section. The use of complex modeling for carbon
dioxide (CO2) capture and sequestration has been exploited
for various industrial applications driving the carbon diox-
ide (CO2) capture to a greater height. This view has
prompted the use of solvent systems such as amine-based
solvent with carbonic anhydrase as complex systems for
carbon dioxide (CO2) capture and sequestration. Basically,
in most amine-based solvent systems, it is necessary to
consider in understanding the rate-limiting steps in the
transfer of carbon dioxide (CO2) between phases and
making sure the equipment is sized fittingly. Several models
for mass transfer of carbon dioxide (CO2) and operational
analysis have been using amine-based solvent system and
carbonic anhydrase designed by research groups (Kvamsdal
et al. 2009). Other researchers have also studied the tran-
sient process behavior (Bardow and K., & Gross, J., 2010).
In this review, the advantage of the co-immobilization of
ethylenediamine–carbonic anhydrase as a complex system
for carbon dioxide (CO2) capture and sequestration is
established. This complex model can be used to estimate the
cost of energy requirement and capital need to capture
carbon dioxide (CO2) and sequestrate it in flue gas carbon
dioxide (CO2) concentration. Considering the cost capital
and energy requirement as performance parameters are
paramount because the optimal production of the carbon
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dioxide (CO2) will not be ascertained until its infrastructure
is examined. However, the selection on the type of solvent
system is key in evaluating the efficiency of the overall
equipment performance (Niall et al. 2010). A complex
model system of ethylenediamine and carbonic anhydrase
will reduce the cost capital and energy requirement needed
for carbon dioxide (CO2) capture and sequestration due to
their physical and chemical properties. The immobilized
solvent system and the enzyme are regenerated and can be
reused during the carbon dioxide (CO2) capture and
sequestration. Research has shown the importance of using
an integrated design of processes and solvents system
serving as a means of achieving truly standardized
solvent-based processes (MacDowell et al. 2010). One of
the main principle drawbacks for using a solvent system for
carbon dioxide (CO2) capture is predicting the effect of
solvent used for the separation process which also has a
significant amount of experimental data required. Further-
more, the use of the enzyme system has also developed
some drawbacks during the sequestration process. The
major problem is the buildup of HCO3

−− in the bioreactor
serving as an inhibitor for carbonic anhydrase, poor mass
transfer, and instant backward dehydration of carbon diox-
ide (CO2). For better immobilization, the use of ion

exchangers severing as anti-inhibitors can be impregnated
into the bioreactor to prevent loss of carbonic anhydrase
activity and to enhance the mass production of carbon
dioxide (CO2). The use of a highly alkaline base range of
pH in carbonation formation is favorable. Therefore, alka-
liphilic bacterial carbonic anhydrase will be effective for
carbon dioxide (CO2) sequestration (Raju et al. 2014). This
will provide produce the abundant enzyme for the biore-
actor process. However, [121] used the physically based
approach for the absorption of carbon dioxide (CO2) in
aqueous solutions of monoethanolamine which is a primary
amine-based solvent. Similarly, using the complex model-
ing method between solid ethylenediamine and carbonic
anhydrase, the rate processes of carbon dioxide (CO2)
transfer is known to be more complex with gas phase mass
transfer, pore, and ash layer diffusion (Niall et al. 2010).
Nevertheless, a multi-design system may be put in place to
access the efficiency of the separation process in other to
determine the optimal design parameters such as tempera-
ture and equipment geometrics. Complex design for carbon
dioxide (CO2) capture and sequestration tend to focus on the
efficiency of the system and should be integrated into
process-level models in a multi-scale system in order to
create and support the optimized design structure.

Fig. 7 Schematic diagram for ethylenediamine–carbonic anhydrase complex for CO2 capturing and sequestration
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24 Conclusion

In conclusion, the use of carbonic anhydrase and solvent
system (ethylenediamine) has been shown in most literature
to possess good qualities of carbon dioxide (CO2) capturing
potentials that are integrated into the industrial application
for carbon dioxide (CO2) capture. In this review carbon
dioxide (CO2) post-combustion capturing and sequestration
from industrial carbon dioxide (CO2) emission sources using
ethylenediamine and carbonic anhydrase complex through
immobilization system have been elaborated. This complex
system for carbon dioxide (CO2) capture and sequestration
possess some distinct advantages compared to other alka-
nolamine solvents. The use of immobilization in a rector
system promotes the mass transfer of carbon dioxide (CO2)
and reduces the energy requirement needed for carbon
dioxide (CO2) capture. Furthermore, immobilization also
promotes the reusability of carbonic anhydrase and
ethylenediamine and for effective modeling design of the
carbon dioxide (CO2) capturing and sequestration processes.
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Green Pathway of CO2 Capture

Amita Chaudhary

Abstract

Global warming reaches an average of up to 425 ppm in
May 2020 with an increasing rate of CO2 emissions. The
outcome is the melting of icebergs and seriously affected
biodiversity. Therefore, demand was raised for the
creation of new mitigation approaches to effectively
catch it. Developing cost-effective, environmentally sus-
tainable, and productive CO2 capture technologies are
required. In this chapter, we illustrated alternate green
CO2 sequestration routes such as adsorption via, MOFs,
green solvent absorption, and biological CO2 conversion
method. Unlike biotic sequestration, abiotic sequestration
is a method of engineering. It is possible to develop
advanced technologies for deep injection into the ocean,
geological structures, coal mines, and oil wells, etc. The
detailed process and results are discussed in the given
chapter.
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1 Introduction

With the continually rising rate of global Carbon dioxide
emissions in the air, the whole universe is endangered. The
primary source of energy is fossil fuels, which produce a lot
of CO2 gas on combustion. The CO2 emission rate is
increased by 90% since 1900, out of which approximately

70% was increased from the starting of the industrial era to
2010 (Boden et al. 2016). Atmospheric CO2 accumulation is
continuously increasing from 280 to 427 ppm globally as
predicted from Fig. 1. As a result of which the melting of
icebergs causes, and biodiversity is highly affected.

Global CO2 emissions in 2008 were approximately 29.4
gigatons (Gt), an enhancement of approximately 40%
compared to the 20.9 Gt emissions in 1990 (Walker et al.
2017). The power industry currently accounts for 41% of all
the energy-related CO2 emissions shown in Fig. 2, followed
by the transportation sector (23%), the manufacturing sector
(20%), the construction sector (10%), and others (US EPA
2015). Hence, the development of strategies to prevent this
problem is essential. Techno-economic analysis has shown
that the advanced techniques for capturing CO2 are
energy-intensive. Carbon Capture and Storage (CCS) is a
potential tool for reducing CO2 emissions. In petrochemical
and chemical fertilizer industries, the processes of scrubbing
acidic gases are must as per government norms. There are
four main CO2 capture techniques: absorption, adsorption,
membranes, and cryogenic distillation (Leung et al. 2014).
The choice of technology opts to capture CO2 from
post-combustion, pre-combustion, or combustion of
Oxy-fuel varies based on the process processing conditions.
In industries, acid gas removal is typically accomplished by
absorption in alkanol-amine (Astarita et al. 1986). Using
absorption, the benchmark solvent for CO2 capture is
aqueous amine scrubbing is MEA. The low partial pressure
of CO2 in the flue gas eliminates the use of physical
adsorbents. MEA has high CO2 selectivity, absorption
capacity and is relatively low-cost, thus widely used. But on
the other side, it has several disadvantages like high
volatility, which results in the solvent loss at absorption
temperature, and its corrosive nature increases the mainte-
nance cost of the plant. Moreover, due to the exothermic
reaction with CO2 leads to high energy about 25–45% for
regeneration (D’Alessandro et al. 2010). Thus, this is high
time to develop such absorbents which can overcome all the

A. Chaudhary (&)
Chemical Engineering Department, Nirma University,
Ahmedabad, 382481, India
e-mail: amita.chaudhary@nirmauni.ac.in

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
Inamuddin et al. (eds.), Carbon Dioxide Utilization to Sustainable Energy and Fuels,
Advances in Science, Technology & Innovation, https://doi.org/10.1007/978-3-030-72877-9_13

271

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-72877-9_13&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-72877-9_13&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-72877-9_13&amp;domain=pdf
mailto:amita.chaudhary@nirmauni.ac.in
https://doi.org/10.1007/978-3-030-72877-9_13


limitations associated with conventional absorbents and have
high selectivity for carbon-dioxide. In absorption, the
chemistry of CO2 molecules plays a great role.

2 Molecular Structure of Carbon Dioxide

The chemistry of CO2 molecules helps in the creation of a
new component for its capturing. The CO2 molecule has two
sigma bonds and two pi bonds formed by the head-on
overlapping and side by side overlapping of sp-hybrid car-
bon atom through the two oxygen atoms in the CO2 mole-
cule as shown in Fig. 3. As a result, the C = O bond length
is observed to be 1.16 Å, in the bond length of normal C-O
(1.22 Å) and C�O (1.10 Å). The C atom is in its highest
valence state with I. E1 (first ionization energy) corre-
sponding to 13.97 eV. The CO2 molecule possesses an

unoccupied orbital bearing with a low energy degree and
high electronic affinity (38 eV) (Momeni and Riahi 2015).
So, a CO2 molecule can be triggered by a nucleophile easily.
Structurally, CO2is having a plane of symmetry, with
asymmetric stretching at about 2270 cm−1. Besides, at
interaction with a metal complex, the bond angle of CO2

may also be changed. Therefore, together with the estimation
of the O = C = O bond angle value, the FT-IR study elu-
cidates the bonding of CO2 and metal, which would be
useful in developing efficient catalysts. CO2 has zero dipole
moment; even though, it possesses a large quadrupole
moment due to the C = O bonds. The CO2 molecule is
highly polar at short bond length and occurs in two canon-
ical forms which help in the simulation of its reactions.
CO2gas molecule can easily be captured inside the host
adsorbent sites as in zeolites, the guest molecules form a
strong electrostatic bond with the metal atoms or and other
legends present (Wlazło et al. 2017).

Fig. 1 The plot of atmospheric
CO2 concentration (ppm) verses
year as measured at Mauna Loa,
Hawaii (In-situ CO2 data from
1980-present)

Fig. 2 Global CO2 emission (%) by different sectors (IPPC 2014)

Fig. 3 Bond formation in CO2 molecule
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3 CO2 Capture System

3.1 Post-Combustion System

In the post-combustion systems, initially, the burning of
coal takes place in the combustion chamber in the presence
of pure O2 stream as shown in Fig. 4. It creates great
amounts of flue gas at high temperatures up to 383.15–
393.15 K (110–120 °C) and pressure near to 101.325 kPa.
The partial-pressures of CO2 in the flue gas are very low
i.e., 10 to 15 kPa (0.1 to 0.15 bars). So, the flue gas is
cooled up to 313–333 K (40–60 °C), is inserted from the
bottom of an absorption tower and an absorbent is sprayed
from the top in the counter-flow mode. The CO2 present in
the exhausted gas is chemically removed by an absorbent.
Afterward, the CO2-rich absorbent mixture is renewed
thermally and recycled back to the absorber column (Bailey
and Feron 2005).

3.2 Pre-Combustion System

In the pre-combustion system, the integrated gasification
combined cycle (IGCC) is in-built into it. Here, the fuel is
vaporized in the presence of pure oxygen steam to produce
syngas. The syngas is fed into the water–gas-shift (WGS)
reactor. In this reactor, the syngas stream is converted to H2

and CO2. Afterward, the concentrated stream of CO2and H2

is used for the production of energy as shown by Fig. 5
(EPRI 2012).

3.3 Oxy-Fuel Combustion System

This process is still under development. In this, a pure
oxygen gas flow is used for combustion of a fuel, which
produced high-pressure flue- gas stream. The main compo-
nents of the exhausted gas are H2O and CO2. The flue-gas is
cooled down and the water vapor gets condensed which
results in the production of the concentrated CO2 stream as
shown in Fig. 6. The Oxy-fuel combustion system requires a
low operating cost in the CO2 capture step; merely the
procedure needs a costly air-separation unit (Anheden 2005).

The US Department of Energy provides a comprehensive
economic assessment of the three systems. These system
analysis studies indicate those pre-combustion structures are
a comparatively cost-powerful choice for scrubbing the CO2,
on the other hand, the capital expenditure in this method is
greater than within the post-combustion and oxyfuel com-
bustion system as proven in Table 1 (Zhou 2005).

However, the post-combustion systems are considered
due to its capacity to capture 80–90% diluted CO2 present in
low concentration in the exhausted gas. The common pro-
cesses applicable to CO2 mitigation are tabulated in Table 2.
The technologies (Leung et al. 2014) applied to capture
carbon-dioxide in the post-combustion system are:

• Physisorption and Chemisorption
• Adsorption
• Membrane Permeation and Separation
• Cryogenic Distillation
• Biological Sequestration.

Fig. 4 Schematic representation of post-combustion system
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Out of these, adsorption, membrane separation, and
cryogenic distillation processes require a high-pressure
stream of CO2 for performance whereas microbial separa-
tion technique is under evaluation (Cents et al. 2005).
Absorption is the most desirable technology to capture
low-pressure CO2 streams from flue gas at a large scale. In
absorption, the solvents can be regenerated back to reuse
again by removing the CO2 from the rich solvent by

increasing the temperature. An aqueous solution of
alkanol-amine is commonly used for scrubbing the CO2

present in the exhausted gases (Kohl and Nielsen 1997).
These technologies are producing a lot of wastes like

sludge, toxic gas, carbonated solvents, etc. So, alternative
substances for all the convention technologies are
required. The alternative substances are tabulated in
Table 3.

Fig. 5 Schematic representation of pre-combustion system

Fig. 6 Schematic representation
of the oxy-fuel combustion
system

Table 1 Comparative
cost-estimation studies of the
three carbon capture systems

Source Factor CO2 capturing points

Post-combustion Pre-combustion Oxy-fuel

Coal-fired Thermal efficiency 34.8% 31.5% 35.4%

Capital cost 1980$/kW 1820$/kW 2210$/kW

Electricity cost 7.5$/kWh 6.9$/kWh 7.8$/kWh

Cost of CO2 capture 34$/t CO2 23$/t CO2 36$/t CO2

Gas-fired Thermal efficiency 47.4% 41.5% 44.7%

Capital cost 870$/kW 1180$/kW 1530$/kW

Electricity cost 8.0$/kWh 9.7$/kWh 10.0$/kWh

Cost of CO2 capture 58$/t CO2 112$/t CO2 102$/t CO2
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Table 2 Conventional methods for carbon capture

S. No. Carbon capture
technology

Material required Limitation

1 Absorption Chemically selective absorbents/basic solvents like
monoethanolamine (MEA), Methyldiethanolamine
(MDEA) and Chilled ammonia, etc

• High solvent loss due to volatile nature
• Have an affinity for other acidic gases
• High energy consumption in rich-solvent
regeneration

• Thermally unstable
• Corrosive nature

2 Adsorption Physically or chemically adsorbed on solid adsorbent
such as activated carbon, zeolite, polymers, etc

• Energy inefficient
• Prior flue gas treatment required to remove
moisture and dust particles

3 Membrane technology Membrane with CO2 selective permeability. Usually,
polymeric membranes used

• Ambient temperature should be maintained
before treatment. So, energy-intensive
process

• Moisture content and dust particles in the
flue gas can clog the membrane pores

• High cost, chances of frequent fouling of the
membrane

• Readily exchange

4 Cryogenic separation Alternative freezing and condensation of the gas
mixture is required

• Energy-intensive process for refrigeration
• Moisture removal is required before cooling
to avoid plugging by ice formation

• Solidified CO2 is continuously deposited on
the heat-exchanger surfaces and needs to be
removed

5 Geologicalsequestration Dosing of CO2 into subterranean geological reservoirs • High operational cost
• Risk of CO2 leakage problem
• Specific geomorphic structure requirement

6 Oceanic injection Injection of CO2 into the deep ocean • Cost intensive
• The potential threat to marine life

Table 3 Alternative green and eco-friendly methods to capture CO2

S.
No.

Carbon capture
technology

Material required Advantages Limitation

1 Absorption Ionic liquid Green and eco-friendly
absorbents

• Cost intensive
• High viscosity
• Difficult to scale-up

2 Adsorption Metal–organic frameworks (MOFs) High porosity
crystallinityand high surface
area

Powdered MOFs have low mechanical
strength and difficult handling

3 Bioprocess Microalgae are used Bioconversion CO2 into
biofuelsand other valuable
products

• Culturing and harvesting systems of
biomass is a difficult process

• NO2 and SO2present in the gas stream
can contaminate the growth rate of
microalgae

• Growth also Effected by pH,
temperature, salt concentration, etc

4 Electrochemical
Reduction

Organic redox nucleophile–
electrophile interaction in an
electrochemical cell

Selectively CO2capturefrom
flue gas

Energy-intensive process

5 Hybrid capture
processes

The mixture of absorbent and
adsorbent

• Membrane-distillation
• Membrane–pressure swing
adsorption

• Combination of two or
more capturing
technologies

Under development
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4 Absorption Technology

4.1 Green Absorption with Ionic Liquids

The unique characteristics of ionic liquids (ILs) make them
an important and promising solvent for CO2 capture. Ionic
liquids are molten salts composed of ions i.e. anions and
cations. Their m.pt. remains less than 100 °C, so they exist
in a molten state at room temperature. A significant feature
associated with Ionic liquids is that their properties can be
modified by adjusting the component ion structure to obtain
the desired solvent properties (Zhanga et al. 2006). Due to
this reason, Ionic liquids possess a wide range of industrial
applications. Several research studies have found CO2 is
highly soluble in many ionic liquids due to their ionic
interaction.

4.1.1 Properties and Uses of Ionic Liquids

i. Ionic liquids are non-volatile, non-flammable, high
thermal stability, a wide range of solubility and misci-
bility, wide electrochemical windows, and wide liquid
ranges in comparison of organic molecular solvents.

ii. It can be reused and recycled for several rounds of
operations.

iii. Ionic liquids can be tailored/tuned for the specific
application.

iv. It is widely used as a solvent and/or catalyst for pro-
ceeding chemical, physical, or biological reactions.

v. Ionic liquids play a very important role in acidic gas
scrubbing.

vi. It is also used for extraction and separation of chemical
species from the solutions of chemicals (Mohanty et al.
2010).

Ionic liquids could be safer solvents for reducing and
preventing wastage and contaminations.

4.1.2 CO2 Solubility in PILs
Ionic liquids have very good solubility and miscibility for
polar and non-polar solutes. Their properties can be tailored
to dissolve organic and/or inorganic liquids, solids, and
gases. The power to dissolve any solute depends on its
polarity and the coordination ability of their ions.

In this research study, we will mainly explore the
absorption of carbon-dioxide in PILs. In 2001, Brennecke
et al., checked the solubility of nine gases viz., CO2, CH =
CH, C2H6, CH4, Ar, O2, CO, H2, and N2 in [C4mim] [PF6]
and the studies reveal that CO2 has the highest solubility (Yu
et al. 2012; Lei et al. 2014). The ionic liquids have the
greatest affinity for CO2 gas in [C4mim] [BF4] at ambient

conditions (Brennecke and Maginn 2004). A new ionic
liquid 1-propylamine-3-butyl-imidazolium tetrafluoroborate,
which could chemically absorb CO2 at ambient pressure
(Bates et al. 2002). Ionic liquids are proved as a promising
solvent to extract CO2 from gas composition selectively and
efficiently (Costa Gomes 2007). The carbon—dioxide can be
taken up physically (Shiflett et al. 2010) or chemically in
Ionic liquids.

The nature of the cations and anions in Ionic liquids are
very important for the solubility and selectivity of a gas.

The CO2 selectivity in ionic liquids can be governed by
the following parameters:

• Effect of fluorination of the cation: The investigation
established that the solubility of CO2 is high in an ionic
liquid having higher fluorinated-cation in comparison to
others (Anderson et al. 2007). In the comparative studies of
CO2loading, was found to be more in [C8F13mim] [Tf2N]
than [C8H4F9mim] [Tf2N], and lowest in [C8mim] [Tf2N].

• Alkyl chain length on precursor ions: The studies reveal
that CO2-absorption in an imidazolium-based Ionic liquid
is increased as the number of carbon atoms increased. For
example, the case of CO2-absorption in [C8mim] [Tf2N]
and [C3mim] [Tf2N]. It is observed that CO2 loading in
[C8mim] [Tf2N] is more than [C3mim] [Tf2N] (Baltus
2011).

• Effect of anions: Cadena et al. proved in their research
work that the nature of anion plays an important role in
CO2loading. The CO2loading on the sites of different
anions in the increasing order are: [NO3]

− < [DCA]− <
[BF4]

− < [PF6]
− < [CF3SO3]

− < [Tf2N]
− < [methide]−

with same cation (Cadena et al. 2004).
• Combinations of different solvents: Camper et al. 2008

explored a few composite solvents to capture CO2 most of
which are composed of imidazolium-based Ionic liquids
and alkanolamines. They worked on the combinations
of 1-hexyl-3-methyl-imidazolium-bis (trifluoromethylsul-
fonyl) imide and ([Hmim] [Tf2N]) with mono-
ethanolamine (MEA). The viscosity has been one of the
main hurdles to working with ionic liquids. In this study,
this was observed that the addition of MEA reduces the
viscous nature of Ionic liquids and thus increases carbon
dioxide absorption (Cadena et al. 2004). Ahmady et al.
2011, did the same kind of studies with an aqueous solu-
tion of 1-butyl-3-methyl-imidazolium tetrafluoroborate
([Bmim] [BF4]) and methyldiethanolamine (MDEA)
(Galan Sanchez et al. 2011). Zhang et al. used the amino
acids for CO2-absorption which shows better absorption
capability in comparison of MEA (Ma 2011). The effect of
dilution with water in the solution of IL and MEA was
studied by Yang et al. in 2014. In such mixtures, less
energy is consumed for the regeneration of riches solvents
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in comparison to conventional molecular solvents. (Xue
et al. 2011)

Mohanty et al. (2010), explored different basic sites of
amino acids to check the influence of anionic site in the
loading of CO2. The FT-IR results have shown that more the
amino sites in amino acids, higher CO2-absorption capacity.

4.1.3 CO2 Absorption in PILs with Carboxylate
Anion

The carboxylate anion containing ionic liquids shows very
high CO2-absorption capacity as carboxylate anion can be
co-ordinated chemically with CO2 more efficiently than
other anions (Maginn 2005). Various other research groups
also made with an acetate based Ionic liquids and found that
the reaction of such Ionic liquids and CO2 is reversible and
so absorbent can be easily recycled with relatively low-cost
(Stevanovic et al. 2013). Chaudhary et al., used aliphatic
polyammonium-based cations have low toxicity with mod-
erate viscosity (Chaudhary and Bhaskarwar 2015).

4.2 Reaction Mechanism Involved
in CO2-Absorption

All Alkanol amine have two reacting sites, −NH2 and –OH,
which are likely to react with carbon dioxide, according to
the following reactions:

�NH2 þCO2 ! �NHCOOH; substituted carbamic acid

�OHþCO2 ! �OCOOH; substituted carbonic acid

Both products are acidic, and can be neutralized by the –
NH2 group when it hydrolyzes to –NH3

+ (Astarita 1967).
The chemical absorption reactions of CO2 with 1 and 2°
amine sites are identified well in literature initially by
Caplow (1968) followed by Danckwerts (1979). This
mechanism involves two steps, beginning with the formation
of the CO2-amine complex i.e. zwitterion formation fol-
lowed by de-protonation of protonated amines with the base
present as a solvent in reacting solution (Caplow 1968). The
reactions are shown below:

(i) Formation of zwitterion intermediate complex:

CO2 þR1R2NH �k2

k�1

R1R2NH
þCOO� ð1Þ

(ii) De-protonation of the zwitterion (Danckwerts 1979):

R1R2NH
þCOO� þ : B !kB R1R2NCOO

� þBH ð2Þ

By steady-state approximation, the overall forward reac-
tion rate (r) can be expressed as

r ¼ k2 CO2½ � R1R2NH½ �
1þ k�1P

kB B½ �
ð3Þ

The second, single-step mechanism was given by Crooks
and Donnellan (1989) which was further supported by Alper
(Crooks and Donnellan 1989).

1 2

ð4Þ

Here,

2R1R2NHþCO2 �
k2

k�1

R1R2NH
þ
2 þ R1R2NCOO

� ð5Þ

R1R2NHþCO2 þ : B �kB
k�B

R1R2NCOO
� þBH ð6Þ

Accordingly, the rate of forwarding reaction will be

r ¼ k1 R1R2NH½ � þ kB B½ �ð Þ R1R2NH½ � CO2½ � ð7Þ
Of these, mechanisms, da Silva and Svendsen (2004)

advised that the most likely mechanism of the CO2 response
with aqueous primary and secondary amines is much like
the single-step termolecular mechanism from their ab-initio
calculations and the solvation model studies (Silva and
Svendsen 2004).

5 Adsorption Technology

Adsorption technologies are better than other CO2 scrubbing
technologies in the case of pre-combustion and oxy-fuel
systems. Solid adsorbents like ZSM-5, activated charcoal,
CNTs, MOFs, and silicates. These adsorbents are chosen
based on some peculiar properties like nucleophilic surface
sites, extend of porosity, total adsorption area, bonding
metals and ligands, electrostatic interactions which helps in
determining the potential of CO2 adsorption. At low tem-
peratures, Modified Organic Frameworks (MOFs) are the
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best candidate for physical adsorption of CO2. MOFs com-
posed of metal ions forms a coordination bond with nucle-
ophilic ligands. MOFs are solid porous organic adsorbent
consist of large voids that help in high capacity and selec-
tively for binding CO2 molecules.

Porous solid adsorbents comprise of nano-scale mor-
phological features and are usually organized into different
systems based on pore size: pores diameter less than 2 nm
called microporous, pores diameter ranges from 2 to 50 nm
are mesoporous materials and greater than 50 nm for
macroporous materials. Sorbents having large adsorbent area
has a greater capacity for CO2 loading (Zdravkov et al.
2007). The interaction between the adsorbent and adsorbate
can be explain using Lennard–Jones term and an electro-
static term in the given equation:

uij rð Þ ¼
X
i;j

4eij
rij
rij

� �12

� rij
rij

� �6

þ qiqj
4pe0rij

( )

e0 ¼ 8:8542� 10�12C2N�1m, the permittivity of
vacuum.

Gas adsorption on the surface of adsorbents can either by
chemisorption or physisorption. During physical adsorption,
weak Van Der Waals forces are responsible for interaction
between adsorbent and the adsorbate molecules. Thus the
adsorbents’ surface area and pore size play a significant role
in the physisorption process. Whereas, in the chemisorption,
the adhered functional group's interaction with CO2 plays a
significant role. The interaction between both is established
by a chemical bond. Due to the presence of weak bonds in
physisorption, the adsorbents can be readily regenerated
with low energy. However, in the chemisorption process,
large energy is required for breaking the chemical bond
between adsorbate and adsorbent. Activated charcoal or
ZSM-5 can adsorb the CO2 either physically or chemically
depending on the groups present in their site, whereas MOFs
binds the CO2gas via., weak physical forces.

5.1 Organic Adsorbents

Several organic adsorbents having micro or mesoporous
range are promising adsorbents for CO2. These adsorbents
have unique properties like high surface area, specific
selectivity, and easy regeneration.

5.1.1 Activated Charcoal
Activated charcoal (AC) is generally used in several appli-
cations as an adsorbent, such as the treatment of wastewater,
paper industry, etc. It is vital that the adsorbent has a high
surface to volume ratio and particularly evolved porosity,
especially micro and mesoporosity, to maximize the
adsorption of AC (Pellerano et al. 2009). The charcoal is

activated either physically using hot steam or chemically by
some chemicals. During activation the porosity of activated
charcoal is increases and chemical functional groups are
adhere to its site. The AC is used for CO2 capture on the
laboratory scale but so far the studies indicate the successful
results for CO2 sequestration.

5.1.2 Biochar
Biochar is a suitable and reliable material, well known for its
agricultural application. Highly porous nature makes it a
suitable candidate for carbon capture. It is prepared by the
pyrolysis of biomass available from agricultural wastes. It is
the best way of storing CO2 in biological systems. In the
investigations, it was concluded that biochar can store
30.6 kg carbon per GJ created (Mulabagal et al. 2015).

Unlike activated carbon, biochar has a highly porous
structure that has gained publicity for its ability to eliminate
toxins, sequestrate carbon in soils, and at the same time
improving the productivity of soils (Jeffery et al. 2011). The
pyrolysis process under anaerobic conditions is used to
produce it. Biochar is less prone to degradation. Biochar can
trap carbon for a long time and mixed with soil to increase
its fertility. Predicated upon European carbon-dioxide
emissions report, about 1.1 gigatons of carbon per year. It
is projected that the implementation of biochar land could
mitigate about 9% of the emissions from Europe. (Barrow
2012).

Biochar has excellent potential for CO2 capture because
of its non-polar and high porosity (Guo et al. 2020). Biochar
is more biocompatible and cheaper in comparison to AC.
Experimental data showed that biochar adsorbs CO2 by
physical adsorption. The presence of the nitrogenous group
in biochar enhances the adsorption ability for
carbon-dioxide.

5.1.3 Metal–Organic Frameworks (MOFs)
Recently a new class of nanoporous materials has emerged
in the field of adsorbents called MOFs. It is a promising
material for carbon capture at a large scale due to its high
surface to volume ratio. It can hold remarkably high volumes
of gases in comparison to its surface. The MOFs have a very
high surface area in comparison to its volume. About 10–
15% of power plant exhaust gases contain CO2. Snurr and
his team have studied several MOFs that can trap CO2

before entering the atmosphere (Hu et al. 2019). The exhaust
gases also contain hydrogen and water vapors along with
carbon dioxide. After the MOFs traps the carbon dioxide, the
hydrogen gas is burned, and the only by-product is water
which condensed and collect for further used.

To improve carbon dioxide adsorption efficiency and
selectivity, different nucleophilic groups with a high CO2

affinity can be implemented at MOF sites (Zhang et al.
2013). A fine-tuned, or quickly stimulus-responsive MOFs
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are designed by molecular modeling which has shown
complementary benefits for selective adsorption and sepa-
ration of CO2. They are synthesized and tested for their
ability to sustain at high temperature and pressure. Due to
high thermal stability, the MOFs can be used to capture
directly the CO2 gas from flue gases which are vented out at
high temperatures nearly 110–120 °C (Burns 2020). MOFs
can be better modified to absorb CO2 at different pressures
compared to zeolites because the pore structure and chemical
compositions can easily tailor. MOFs can be synthesized
with low cost in comparison to ZSMs. Amines-based MOFs
and their derivatives are used to capture CO2. The heat of
adsorption is 90 kJ/mol which is less in comparison to the
heat of absorption when using amine-modified MOFs
(Megías-Sayago et al. 2019).

5.2 Other CO2 Adsorbents

5.2.1 Metal Oxide-Based Absorbents
In metal oxides, CaO and MgO are mainly used to scrub
CO2 to form carbonates (Kumar and Saxena 2014). The
uptake of CO2 in CaO-based sorbents can be analyzed by its
morphological properties, such as pore structures,
pore-volume, surface area, and particle size. With increasing
absorption, the carbonate forms a powder layer, and thus
decreases the pore size and surface area of absorption. Due
to it, the CO2 uptake decreases significantly. The metal
oxides tend to form composites due to their electrostatic
interaction and types of packing which further enhances the
absorption of CO2. For example, the composite metal oxide
Ca12Al14O33 captures more CO2 in comparison to CaO. The
mechanism of composite with CO2 is composed of two
steps. In the first step, it captures the CO2 and form car-
bonates followed by calcination reaction, which releases the
CO2 under N2 flow at high temperatures (1173 K). In the
regeneration of CO2 rich CaO and Ca12Al14O33 metal-oxide
composites is very expensive because the bond formed
between CO2 and composites is very strong and it requires
lots of energy to break and release CO2 (Jensen et al. 2005).

5.2.2 Zeolites
Zeolites are the micro-porous alumino-silicate adsorbents,
which have been used extensively at lab scale for the CO2

absorption. Adsorption required a concentrated stream of gas
for adsorption, but zeolites can capture high CO2 even when
it is present in low concentration. To increase the capturing
capacity of zeolites, different functional groups and struc-
tural frameworks with different metal oxides, pore size, pore
volume can be tuned. The addition of amino sites in zeolite
like zeolitic imidazolate can hold up to 83 L of CO2 with
only 1 L of material, due to their high porosity (Siriwardane

et al. 2005). The Zeolite also shows the specific selectivity
towards CO2. Therefore, it also can be used in the separation
of CO2 from a CO2/CO mixture at room temperature which
shows complete holding of CO2 and spurges CO through the
pores. Due to the flexibility in their structures, it can be used
as a catalyst for the conversion of CO2 into alternative fuels
(Wang et al. 2018).

5.3 Biological Processes of CO2Sequestration

In geological formations, there are mainly three pathways
through which carbon dioxide can be trapped, namely
physical trapping, chemical trapping, and hydrodynamic
trapping based on the properties of CO2 capturing source
(IPCC 2013). Physical trapping corresponds to immobilizing
carbon dioxide in geological deposits in the gaseous or lid
states, which can be either static trapping in rocks or residual
gas trapping in porous structures. Chemical trapping can be
done by dissolution or ionic interaction of carbon dioxide
gas with reservoir fluids results in formations of carbonated
compounds which are soluble in water. In hydrodynamic
trapping, low-velocity upward movement of carbon dioxide
can result in intermediate-layer trapping.

Other than physical and chemical processes of carbon
capture and sequestration, eco-friendly biological processes
can be used. Some of the processes are as follows:

(i) Afforestation and agricultural practices can enhance
the capturing of CO2 via the photosynthesis process to
produce abundant biomass which can be further used
in the generation of fine chemicals (Lin and Lin
2013).

(ii) Ocean Fertilization: With some important nutrients
like iron added to the oceans can help in the growth of
phytoplankton which can increase the uptake of CO2

(Zeebe and Archer 2005).
(iii) Microalgae cultivation (Pavlik 2017).

Biological processes comprise the main activities of forest
and sequestration of agricultural materials. This can also be
done by using unique CO2 scavenger microorganisms which
are available in numerous ecosystems. Sometimes also,
natural enzymes can turn carbon dioxide into practical uses.
One way of reducing the GHG effect is by carbon cycle
reforms. Ocean, atmosphere, plants, and soil are the major
elements of the carbon cycle, which actively exchange car-
bon between them. Massive CO2 storage potential in oceans,
geological, and terrestrial components (Michalak et al.
2011). While the biomass of the ocean accounts for about
0.05% of the total, it converts about 50 gigatons of inorganic
carbon into organic carbon annually. For instance, green
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photosynthesizing microscopic organisms ingest up to 60
gigatons of carbon for each year into natural carbon about a
similar sum created via land plants and almost multiple times
the sum delivered by human action. Because much of the
dissolved organic carbon is stored for just a brief period,
marine species must transform it into hard to digest types
known as refractory dissolved organic carbon; this
conversion-driven entity has been related to as the ‘jelly
pump’ and the microbial carbon pump (MCP) (Jiao and
Zheng 2011). When converted into “indigestible” com-
pounds, these DOCs settled deep in the ocean regions and
reside there for a long time and used by the aquatic plants
and animals and forms the ocean food chain (Ma’mum et al.
2005). Coastal sediments and sedimentary rocks have a huge
capacity for CO2 accumulation. It is the typical organic
siphon that moves the carbon to the base of the sea. Carbon
sequestration techniques manage to change or improve this
regular organic CO2 deposition by taking various systems.
Some methods are available for immediate fixation of CO2 at
different depths, such as (i) moderate-depth (1000–2000 m),
(ii) greater-depth (>3000 m), (iii) in the ocean bottom, and
(iv) in deep-water surface layer (Adams and Caldeira 2008).
Ametistova et al. (2002) investigated the process of trans-
ferring emitted carbon dioxide from different sources to the
section underneath 800 m above ocean level straightfor-
wardly (Ametistova et al. 2002). The best injection approach
would be to dissolve liquid carbon dioxide using a fixed
solid form at depths between 1000–1500 m. The deposited
CO2 is then suspended as small spherical molecules. The
benefits of this strategy are that carbon dioxide can be
delivered at quite slow release rates and under the carbonate
dissolution cap with limited environmental impacts. It can be
stored there for a prolonged period in the hydrated form at
the depth of 3000 m or deeper than it (Qanbari et al. 2011).
CO2 deposited at this depth on the seabed is heavier than the
surrounding seawater and is supposed to fill topographical
depressions, settling as a CO2 lake on which a thin layer of
hydrate can be formed. This layer of hydrate would slow
dissolution, but would not separate the lake from the sur-
rounding water, and therefore dissolve into the surrounding
water. Nevertheless, by the creation of new crystals, the
hydrate layer will be constantly refreshed (Bose and Satya-
narayana 2017). Laboratory studies and low, deep ocean
studies indicate that CO2 deep-sea storage would result in
the formation of CO2 hydrate and eventual dissolution. More
than 30 years of a long time is taken by the CO2 to saturate
completely the water available at the depth of 50 m ranges
from 30 to 400 years. The dissolution period is also
subjected to the various other factors like the dissolution
process, the carbon dioxide concentration, the pressure
and temperature, and the seabed surface morphology (Lee
et al. 2003).

5.3.1 Carbon Utilization by Forest
and Agricultural Management

Overall, the agriculture land area accounts for approximately
35% of the global land area. The various types of soil are
recognized as a probable sink for removing atmospheric CO2

present in the terrestrial biosphere. Soil can capture atmo-
spheric carbon dioxide during the carbon cycle, by con-
verting it into a soil consuming form, perhaps by
humidifying photosynthetic residues or by forming supple-
mentary bicarbonate in a fairly stable manner. In plants the
production of CO2 increases due to the oxidation of soil
organic content, fertilizers and pesticides used, and equip-
ment used for crop cultivation (Deviram et al. 2020). In most
regions, the subdividing of agricultural land results in the
decline of carbon storage in soil. Among the many methods
that exist to improve the storage of carbon in soils, the most
feasible would be done by rising the intake among carbon or
reducing the decay. Effective and improved management
practices will convert soil into potential carbon sinks to
increase the quality of the upper layer of the soil and to
reduce the decomposition levels. Implementing quality
improvement such as the reduction of the leftover land fal-
lows, the use of substantial drilling, the inclusion of legumes
and grasses in crop rotations, the cultivation of perennial
grasses over the land helps the soil for prolonged carbon
recovery. The introduction of cropland cover crops helps to
increase the carbon concentration and also increase soil
quality. Growing production of winter crops also enhances
the carbon content of the soil especially in comparison to
monoculture and thus enhances the sequestration of CO2 in
the soil. Changing the cultivation practices will achieve
complete carbon sequestration in cultivated fields. Plowing
disintegrates the soil aggregates and causes decomposition
of the organo-mineral compounds. It helps to expose the
organic matter to microbial decomposition and to minimize
soil erosion. Conversion of crops into grasslands is another
most successful alternative for carbon mitigation, which can
be done by keeping a large land for it (Hernandez-Soriano
et al. 2018). The storage of CO2 in soils can be achieved by
improvements in farming methods, such as the efficient use
of pesticides, fertilizers, field equipment, and tillage man-
agement. The reclaiming of polluted and poorly maintained
land for the CO2 storage through the use of fossil fuels,
biomass, and agricultural products from wastewater treat-
ment helps increase the condition of the soil. But it also
enhances soil microbial activity and leads to the production
of global house gas. The carbon deposited in the leaves that
contribute to the atmosphere during the production of cel-
lulose, and when they fall and decompose, they add up the
fertility to the soil. The duration for which carbon stays
trapped in the trees is based on the tree's growth rate,
atmospheric conditions, and methods of cultivation. At the
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end of the carbon cycle, biomass becomes a part of the food
web and ultimately mixes with soil as a nutrient. The com-
posting of biomass recycled back the CO2 into the envi-
ronment, and thus became the part ofthe carbon cycle again.
Some of the potential ways of reducing the stored CO2 in the
environment is the accumulation and preservation of carbon
in vegetation or by the renovation of carbon by organic
matter. Through reforestation, afforestation, and more envi-
ronmentally sustainable logging activities, carbon sinks can
be preserved or increased. Restoration of forest loss or
deforestation not only increases the CO2 loading but also
improves the quality of wood. The pattern of land usages,
reforestation, and soil conservation are widely recognized as
techniques for mitigating CO2 emission. The dense adequate
soil layer that provides for a primarily anaerobic condition
that prevents the decomposition of buried wood. Since a
significant flux of carbon dioxide is continuously assimilated
into world forests by photosynthesis, cutting its return route
to the atmosphere forms an important CO2 storage strategy.
The agroforestry program has the great potential to minimize
the CO2 accumulation rate in the atmosphere.

5.3.2 Ocean Fertilization
Some of the ways of promoting carbonate neutralization are
through gradual oxidation of calcium carbonate in sediments
and lands on the seafloor. This will neutralize ocean acidity
as a result of the injection of CO2 from a prolonged period
(Archer et al. 2009). Due to the ready conversion of CO2

into bicarbonates in the presence of water makes this
sequestration process more demanding (Sheps et al. 2009).
Studies were conducted to artificially facilitate the dissolu-
tion of mineral carbonate at an exponential rate for carbon
dioxide sequestration. Enhanced mineral weathering reac-
tions have been observed in the intake of high CO2. Con-
sequently, all these ingredients viz., water, and waste gases
and discharge help in the accumulation of bicarbonates on
the seabed. This helps in the production of carbonic acid at
greater quantities in comparison to the atmosphere, results in
the decrease in pH and deposition of bicarbonate increases.
Rau and Calderia (1999) suggested a carbon dioxide reaction
isolated from flue gas with crushed calcareous and seawater.
As a result of this reaction, the carbonic acid formed will
decompose the minerals present in the complex form in
oceans (Rau and Caldeira 1999).

5.3.3 CO2 Capture by Microalgae
Microalgae is a part of the microorganisms present in water.
They carry out photosynthesis, as do green plants, to prepare
their food (Stamenković and Hanelt 2013). This group
includes cyanobacteria, diatoms, and other protists (Bahadar
and Bilal Khan 2013). Micro-algal cells are photosensitized
and are using carbon dioxide (CO2) and sunlight to grow.
The microalgae derived biomass could be a very valuable

source of biofuels, e.g. bioethanol and biodiesel, etc. (Raz-
zak et al. 2013). The capacity of these microbial cells to
absorb CO2, in particular, suggests this as an effective option
for CO2 storage in the form of biological sequestration.
Fixing and storing CO2 via microalgae is a fundamental
approach to transform CO2 into organic compounds. Espe-
cially in comparison to other CO2 capture techniques,
microalgae CO2 fixation has several advantages, such as a
high photosynthesis rate (6.9 per 104 cells per mL per hour),
a fast-growth (0.7–3.2 per day), better environmental ability
to adapt and low operating costs (Khan et al. 2018). The
high demand for CO2 and microalgae nutrient needs can be
met by releases of flue gases and the discharge of effluent
from coal power plants. The utilization of CO2 in microalgae
growth can be well depicted in Fig. 7.

The cultivation of microalgae in the presence of sunlight
by imbibing nutrients suspended in water or wastewater and
CO2 from the surrounding atmosphere or the
post-combustion exhaust gases. The biomass is eventually
converted into energy and fuel. Microalgae cultivation fur-
thermore provides three significant benefits, including
(1) extracting of CO2 from flue gases, (2) treatment of
wastewater, and (3) renewable energy sources generation
(Razzak et al. 2013). Microalgal biomass contains about
50% dry mass carbon (Govindan et al. 2020). Usually, this
energy is derived from CO2; about a hundred tons of it is
equivalent to 183 tons CO2 (Klinthong et al. 2015).
Microalgae convert inorganic carbon to organic matter via.
the following mechanism: (1) direct assimilation of CO2

using the plasma membrane; (2) the assimilated CO2 con-
verts into bicarbonates (HCO3

−) by selective enzymes; and
(3) formed bicarbonates are transferred to the plasma
membrane of plant cells.

5.4 Electrochemical Ways for CO2 Capture

Alternative approaches should be based upon sources of
renewable energy. Electrochemistry has received great
attention in this field in recent years. This research dates
back to the nineteen, whenever a molten carbonate fuel cell
was designed to extract CO2 from flue gas and the electro-
chemical reduction followed. The nucleophilic sites in the
oxidant react with reducing site in CO2 during the redox
reaction, which tends to result in the specific capture of CO2

from flue gas. Electrochemical CO2 reduction is a
multi-stage reaction cycle that typically involves an ele-
mentary reaction mechanism, frequently occurring at the
electrode–electrolyte interface, in which the electrode is a
solid electro-catalyst, while the electrolyte is normally a
water-saturated solution of CO2.

This catalytic process usually consists of three main
steps:
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I Chemisorption of carbon-dioxide on a solid perforated
electrode coated by a catalyst.

II Breaking of C-O bonds and formation of C-H bonds
followed by electron transfer.

III Transfer the product from electrode to electrolyte pre-
sent in the electrochemical cell.

In the end, the captured CO2 is stripped out using either
electrochemically mediated amine regeneration (EMAR) or
membrane capacitive deionization (MCDI) techniques.
Within the EMAR cycle, an electrochemical cell is inserted
into a CO2-rich amine stream in which cu ions produced
from a copper anode dissociate the carbamate bond formed
between amine and CO2. The EMAR technique is better than
the thermal treatment method for the regeneration of the CO2

rich amine stream. The amines used for CO2 absorption has
high vapor pressure and degrade at high temperature. MCDI
technique can capture CO2from the salts of bicarbonates and
carbonates. In this system, the ions of bicarbonates and
carbonates are adsorbed on the electrical double layer
membrane presented at a perforated graphite electrode sur-
face. Then the membrane is regenerated to remove CO2 via
energy-efficient methods. Although MCDI processes are
used at the pilot-stage it shows a great opportunity for car-
bon capture in the future (Nitopi et al. 2019).

In this study, the process is completed in three electro-
chemical reactions which take place in an absorber, an
electrode, and electrolyte. The chemical absorber used KOH
solution to CO2 capture results in the formation of K2CO3.
In this method, CO2 is changed to bicarbonate (HCO3

−) and
carbonate (CO3

2−) after reacting with the KOH solution. The
CO2–rich gas stream is then sent to the anode of an elec-
trochemical cell where the proton is released into the solu-
tion resulting in the decrease of pH of the solution. The
electrolyte used in this process is potassium chloride (KCl),
by which the Cl− ion permeates through an anion-selective

membrane. It helps in maintaining the neutrality of the
charges in the solution. To renew the sorbent, the lean
stream is recycled back to the cathode where the reduction
reaction takes place, and the pH increases. The regenerated
high pH solvent is being sent back further for the absorption
of more CO2 to the absorber column. Therefore CO2 capture
and release could be accomplished by chemisorption,
accompanied by an electrochemical renewal of the adsorbent
material by increasing the protons concentration in the
solution. The polarity of the electrode is important to mini-
mize the cathode from being fully saturated with proton and
anode reduction. Researchers around the world have sug-
gested and continue to develop new reaction mechanisms for
ECR based on their knowledge of metallic electrode CO2

conversion (Amos et al. 2018).

6 Conclusion

Overall, when the chapter is concluded, CCS technologies
are proved to be essential for large-scale applications. There
is a lot of difference between what we want to do and what
we are doing technically. High costs, limited capital,
remaining difficulties in regulatory and legal frameworks for
the implementation of CCS, and uncertainties about wide-
spread support are barriers to worldwide large-scale appli-
cations of CCS. Overcoming the technological, legislative,
political, and social obstacles is crucial. By comparison,
biotic techniques are processes that are natural and
cost-effective, have various indirect benefits, are immedi-
ately available, but have limited sink power. Especially in
comparison with other sequestration approaches, biological
CCS is the largest ecologically viable process. Significant
research has now been undertaken to develop biological
technologies and processes that improve the effectiveness of
capture systems while keeping costs down. Applications like

Fig. 7 Conversion of captured
CO2 into the useful product by
Microalgae
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ocean fertilization have an unpredictable impact as there is a
lack of proper or minimal studies. Use all these biological
tools successfully around the globe will turn the destiny of
our world into a healthy state. Biological microalgae CCS
have several benefits over traditional carbon sequestration
approaches as CO2 is used to generate high-value biomass
with a variety of applications in the development of energy
and fine chemicals.
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Carbon Derivatives from CO2

Abbas Ghareghashi and Ali Mohebbi

Abstract

Today, the most demanding energy sources are hydro-
carbon fuels because of their high energy density,
stability, and natural abundance. Increased carbon dioxide
emissions from them into the atmosphere has become one
of the concerns in global warming. To solve this problem,
various strategies need to be developed to CO2 capture,
storage, and utilization. One of the methods for reducing
this gas is CO2 capture and storage; however, the storage
has not attracted the attention of artisans because of its
high cost. The conversion of CO2 into valuable products
is a promising choice.

We reviewed various processes for converting CO2

into carbon derivatives. In addition, products of each of
processes and their advantages and disadvantages are
evaluated. The effects of several catalysts on selectivity
and efficiency of products are discussed. Overview of the
challenges and problems of CO2 reduction is another
objective of this chapter.

Keywords

Carbone dioxide � Carbon derivatives � Product
selectivity � Global warming � Hydrocarbon fuels �
Storage

1 Introduction

Our conventional energy sources are mainly non-renewable
natural gas, coal, and petroleum, including a maximum
amount of energy consumed (Hu and Suib 2014). Given the
depletion of fossil energy resources, we will face many chal-
lenges in the future of energy resources (Hu and Suib 2014).
The alternative energy sources are wind power, biofuel, solar,
water power and nuclear power that reduce CO2 emissions
(Hu and Suib 2014). Carbon dioxide is an important compo-
nent of the Earth, presents in the atmosphere, crust, and core,
significantly (Rafiee et al. 2018). Reaction with other sub-
stances, dissolution in water, and freely exist in the atmo-
sphere are specifications of carbon dioxide (Rafiee et al.
2018). However, the emission of human-made CO2 has dis-
advantages, including global warming, ocean acidification
and climate changes (Hu and Suib 2014). Indeed, CO2 is the
main contributor to global warming compared to other
greenhouse gases (Concepcion et al. 2012).

To reducing CO2 emission, the mainly accepted approa-
ches are CO2 capture and storage [CCS], CO2 conversion to
feedstock for fuels and chemicals (Muthuraj and Mekonnen
2018). Because of the large scale of carbon produced from
CO2 emission reductions, a lot of space is required to CCS in
geological formations; as a result, the evaluation of the
methods of captured CO2 conversion into valuable products
is essential (Wang et al. 2013a). In recent years, significant
efforts have been made to convert CO2 as an attractive,
abundant, safe, non-oxidant, and inexpensive feedstock for
making fuels, solvents, commodity chemicals, and so on
(Finn et al. 2012; Inglis et al. 2012; Schneider et al. 2012).
The production of industrial chemicals by converting of
carbon dioxide has attracted the attention of many
researchers who are researching modern organic synthetic
chemistry (Vessally et al. 2017). Currently, the use of CO2

feedstock for useful products is insignificant; however, the
most significant consumption of this gas is urea production
in organic synthesis (Muthuraj and Mekonnen 2018).
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Besides, CO2 gas is used to produce carbonates and salicylic
acid in large scale (Muthuraj and Mekonnen 2018). One of
the difficulties of CO2 reduction reactions is a high energy
consumption; as a result using catalysts to overcome this
limitation is suggested (Muthuraj and Mekonnen 2018). In
recent years, the volume of researches done on CO2 reduc-
tion, including several methods, has become more and more
(Fu et al. 2019).

This chapter is a comprehensive review of the CO2

reduction processes. Indeed, the conversion of CO2 as
undesirable gas to useful products was evaluated. Different
methods were categorized, and each of them was described
in general terms. The selectivity and efficiency of output
products from each process were generally discussed.
Finally, the advantages and disadvantages of the methods
and the best option were introduced according to the envi-
ronmental conditions and available facilities.

2 Artificial Photoreduction

To decrease the rate of CO2 concentration in the atmosphere,
the reduction of CO2 has attracted the attention of many
active academic and non-academic researchers. It has been
studied widely in the last decade (Indrakanti et al. 2009a).
Converting CO2 to fuel for energy production, which is
currently fed by fossil fuels, is an exciting idea (Varghese
et al. 2009a). Nevertheless, because CO2 is a relatively stable
and inert gas, its conversion processes require a large
amount of energy, which is not economical and cause many
environmental problems (Chen and Cheng 2002). Photo-
catalytic CO2 reduction is one of the methods of carbon
conversion that requires less energy than other processes and
is a sustainable and environment-friendly process (Wu and
Lin 2005). Besides, using solar energy as a cheap, abundant,
ecologically safe, and clean source to activate the reaction in
this process makes it an available process and a continuous
power supply. Implementation steps for a typical system of
semiconductor-based photocatalyst are (a) light energy
absorption for catalyst, (b) pairs of electron–hole generation,
(c) separation of them spatially, and (d) transfer of them
across the interface to redox-active species (Fujishima et al.
2008). The photocatalytic pathways are very complex
despite its environmental and economic benefits. Besides,
several limiting factors cause low efficiency, such as com-
plicated backward reactions, fast recombination rates of
electron–hole, low CO2 dependency of the photocatalysts,
and narrow range of light absorption wavelength. The basics
of CO2 photoreduction pathways are listed as (1) organic
photocatalysts, (2) inorganic photocatalysts, (3) inorganic
and organic/biological hybrid (biomimetic systems), and
(4) biological systems (Indrakanti et al. 2009a; Sutin et al.

1997; Song 2006; Usubharatana et al. 2006; Kitano et al.
2007). CO2 photoreduction is carried out in multiple steps.
The first step is in the following reaction, the e–-h+ pairs
generation occurs (Eq. 1).

Photocatalystþ hv ! e� þ hþ ð1Þ
In the following, spatial e–-h+ pairs are separated and

transferred to the interface in the form of reduced active
species; as a result, the minimization of electron–hole
recombination is done.

e� þ hþ ! heat recombinationð Þ ð2Þ
This step is considered as an essential limiting step in this

process because the time scale of e–-h+ recombination is
several times faster than that of other electron transfer pro-
cesses (Indrakanti et al. 2009b). In the next step, oxygen and
protons are formed by oxidation of water by holes (H+).

H2Oþ 2hþ ! 1=2O2 þ 2H þ ð3Þ
Besides, there are several reverse reactions that consume

H+ and e− and produce H2 and H2O2, respectively.

O2 þ 2H þ þ e� ! H2O2 ð4Þ

2hþ þ e� ! H2 ð5Þ
A broad research was performed on reducing undesired

reactions such as replacing water with methanol and ethanol,
which leads to increase yield and selectivity (Liu et al.
1998). Replacing water with carbon dioxide in photoreduc-
tion reaction pathways was suggested by several researchers
(Yahaya et al. 2004).

CO2 þ e� ! CO�
2 ð6Þ

As shown in Eqs. 7–12, the multielectron transfer [MET]
photoreduction reactions for CO2 form various products.

CO2 þ 2H þ þ 2e� ! HCO2H ð7Þ

CO2 þ 2H þ þ 2e� ! COþH2O ð8Þ

CO2 þ 4H þ þ 4e� ! HCHOþH2O ð9Þ

CO2 þ 6H þ þ 6e� ! CH3OHþH2O ð10Þ

CO2 þ 8H þ þ 8e� ! CH4 þ 2H2O ð11Þ

CO2 þ 12H þ þ 12e� ! C2H5OHþ 3H2O ð12Þ
CO and HCOOH are usual products, because these

reactions need only two protons and two electrons that CO
formation requires less reduction potential than HCOOH.
The other products need more electrons and protons; as a
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result, they are not easy to form. In addition to reaction (11),
methane can also be produced from the following multiple
reactions (Varghese et al. 2009b; Roy et al. 2010).

COþ 6H þ þ 6e� ! CH4 þH2O ð13Þ

CH3OHþ 2H þ þ 2e� ! CH4 þH2O ð14Þ
Factors influencing reaction (11) are CO2 activation,

product desorption, reactant adsorption, reaction tempera-
ture, incident light fraction adsorbed by the photocatalyst,
incident light intensity, the photocatalyst specific area
adsorbing the light, and photocatalysts crystalline properties.
For CO2 photoreduction, the e–-h+ recombination and the
transfer of an electron from the activated photocatalyst to
CO2 are significant limiting steps; moreover, adsorption of
CO2 on the photocatalyst surface is a critical step.

The conversion efficiency of CO2 in artificial photosyn-
thesis remains low overall. The main reason for this problem
could be the limited ability of traditional semiconductors to
activate CO2 molecules, which are thermodynamically
stable. A wide range of studies have been conducted on
developing a stronger photocatalyst or constructing strate-
gies such as band-gap engineering, combined semiconduc-
tors and co-catalyst loading to overcome the weakness of
traditional photocatalysts. Recently a lot of attention is
focused on the enhancement of CO2 activation through
strategies such as nanostructuring, surface modification, or
dispersing the semiconductor to increase CO2 adsorption
(Yuan et al. 2016).

3 Electrochemical Reduction

The direct heterogeneous electrochemical reduction of CO2

is an attractive method for CO2 conversion. Several prod-
ucts, including carbon monoxide (CO), methane (CH4),
formic acid (HCOOH), methanol (CH3OH), ethanol
(C2H5OH), acetate (CH3COOH), and ethylene (C2H4) can
be produced by this method (Nielsen and Leung 2010;
Leung et al. 2010; Azuma et al. 1990; Furuya et al. 1997;
Hori et al. 1994; Ikeda et al. 1987; Mahmood et al. 1987;
Udupa et al. 1971). Electrochemical reduction of CO2

requires a platform of high activity catalysts include homo-
geneous or heterogeneous. As the name implies, this process
requires electricity, and in the production of electricity, a lot
of carbon dioxide is released. As a result, given that our goal
in this process is to reduce carbon dioxide levels, the elec-
tricity used in this process should be from nuclear, that is the
carbon–neutral source, or be renewable. The advantages of
this method are: (1) using wind, solar, geothermal, hydro-
electric, tidal, and heat processes, the required electricity of
this process can be supplied. As a result, carbon dioxide

cannot be produced; (2) no heat source is needed for this
process, as this process takes place at room temperature; and
(3) these reaction systems have advantages such as modular,
easy for scale-up application, on-demand and compact, and
so on (Yamamoto et al. 2002; Akahori et al. 2004; Subra-
manian et al. 2007).

Significant improvements in technology are necessary for
this process which is economically justified. Recent resear-
ches on this process have focused mainly on the various
catalysts used and manufactured products. The design of the
proposed reactors for the reduction process has also been
another recent study in which the products of these reactors
have been formic acid or gas synthesis. Besides, various
studies were performed on the effects of parameters such as
temperature and electrolyte on product selectivity (Kaneco
et al. 2006; Hori et al. 1989; Li and Oloman 2006). Product
generation rate or high reactivity has a direct impact on the
reactor size. By increasing the electrode active area, the
electrode reactivity can be significantly improved; as a
result, constant selectivity and electrochemical polarization
behavior are achieved. Several studies were performed on
the effects of catalysts on selectivity and the mechanism of
CO2 reduction (Sridhar et al. 2011; Gattrell et al. 2006;
Chaplin and Wragg 2003). Ikeda et al. (Ikeda et al. 1987)
reviewed several metallic electrodes for the electrochemical
reduction of CO2. The selectivity of formic acid and carbon
monoxide in the aqueous and non-aqueous electrolyte was
examined (Figs. 1 and 2). Sen et al. (Sen et al. 2014) used
copper foams for the electrochemical reduction of CO2. The
hierarchical porosity of copper foams caused a change in the
CO2 electroreduction mechanism. Decreasing of faradaic
efficiency for CH4, C2H4 and CO, C3 product generation,
production of saturated hydrocarbons, and increasing of
formate faradaic efficiency were factors that changed this
mechanism. They found that the current density of copper
nanofoam increases more than that of a smooth copper
electrode. This comparison is accurate at concentrations
higher than 0.5 M KHCO3 (Sen et al. 2014).

4 Hydrogenation

One of the methods of carbon dioxide recycling that has
attracted the attention of many researchers is hydrogenation
reactions. Hydrogenation methods, compared to other
methods of carbon dioxide stabilization, have the advantage
of being connected to existing technologies for converting
synthetic gas (CO and H2) into methanol, methane, alcohol,
DME, and higher hydrocarbons. This connection is through
the water–gas-shift reaction.

CO2 þH2 � COþH2O ð15Þ
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Carbon dioxide first reacts with hydrogen to become
carbon monoxide. The synthesis gas (the combination of CO
and H2) is converted to valuable hydrocarbons in a Fischer–
Tropsch process. In this process, syngas in the presence of
catalysts such as iron-based catalysts is converted to light
and heavy hydrocarbons as follow (Montazer-Rahmati and
Bargah-Soleimani 2001):

Step 1 : COþ 3H2 �!R1 CH4 þH2O ð16Þ

Step 2 : 2COþ 4H2 �!R2 C2H4 þ 2H2O ð17Þ

Step 3 : 2COþ 5H2 �!R3 C2H6 þ 2H2O ð18Þ

Step 4 : 3COþ 7H2 �!R4 C3H8 þ 3H2O ð19Þ

Step 5 : 4COþ 9H2 �!R5 n� C4H10 þ 4H2O ð20Þ

Step 6 : 4COþ 9H2 �!R6
i� C4H10 þ 4H2O ð21Þ

Step 7 : 6:05COþ 12:23H2 �!R7 C6:05H12:36 Cþ
5

� �þ 6:05H2O

ð22Þ

Step 8 : COþH2O$R8 CO2 þH2O ð23Þ
For each reaction step, the reaction rate equations are as

below:

Ri ¼ 0:278Ki exp
�Ei

RT

� �
Pm
coP

n
H2

ð24Þ

Selectivity and the type of hydrocarbon produced depend
on several factors like the type of reactor, catalytic bed,
catalyst, flow (co-current or counter-current), and so on.
Numerous studies have been done in this field (Forghani
et al. 2009; Marvast et al. 2005; Bhatia et al. 2009; Stansch
et al. 1997; Itoh 1987; Ghareghashi et al. 2013, 2017).
Forghani et al. (Forghani et al. 2009) suggested a new
structure for the Fischer–Tropsch reactor. This proposed
reactor improved the selectivity and yield of valuable
hydrocarbons (Fig. 3).

One of the important intermediates for petrochemicals
production or useful chemicals is dimethyl ether [DME].
Producing of DME from CO2 is performed using either
direct one-step or two-step technologies. In the two-step
technology (the conventional route), catalytic converting of
syngas to methanol and catalytic dehydration of methanol to

Fig. 1 Effect of various metallic
electrodes in 0.1 M TEAP/H2O
on formic acid current efficiency.
Quantity of electricity passed:
100 C, TEAP:
Tetraethylammonium perchlorate.
Modified after (Ikeda et al., 1987)
(Ikeda et al. 1987).

Fig. 2 Effect of various metallic
electrodes in 0.1 M TEAP/H2O
on carbon monoxide current
efficiency. Quantity of electricity
passed: 100 C, TEAP:
Tetraethylammonium perchlorate,
Modified after (Ikeda et al., 1987)
(Hori et al. 1994)
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DME are the first and second steps, respectively (Ma et al.
2009; Bonura et al. 2014).

One-step technology:

2CO2 þ 6H2O�CH3OCH3 þ 3H2O ð25Þ
Two-step technology:

CO2 þ 3H2 �CH3OHþH2O ð26Þ

CO2 þH2 �COþH2O ð27Þ

3CH3OH�CH3OCH3 þH2O ð28Þ
CO2 methanation as a method of storing renewable

energy was evaluated in synthetic natural gas form. A vari-
ety of supported catalysts based on Ru, Ni, Rh, Fe, Pd, or Co
for CO2 methanation has been investigated (Oyola-Rivera
et al. 2015; Li et al. 2014; Silva et al. 2015; Herwijnen et al.
1973; Lunde and Kester 1974; Karelovic and Ruiz 2013,
2012; Deleitenburg and Trovarelli 1995; Schild et al. 1991;
Park and McFarland 2009). Conversion reaction of carbon
dioxide to methane is as follows (Hwang et al.
2013; Erdöhelyi et al. 1986):

CO2 þ 4H2 �CH4 þ 2H2O ð29Þ
CO2 hydrogenation to higher alcohols synthesis from the

catalytic reaction is as follow (Zhou et al. 2013):

CO2 þH2 �COþH2O ð30Þ

nCOþ 2nH2 �CnH2nþ 2OHþ n� 1ð ÞH2O ð31Þ

5 Synthesis of Organic Carbonates

Organic carbonates that have a large market constitute an
important compound class that they can be used as selective
reagents, solvents, fuel additives, monomers for polymers,
and intermediates (Aresta et al. 2002).

Organic carbonates are the main target of synthesis in
terms of market size, thermodynamics, and environmental
demand. In terms of market size, organic carbonates are
industrially useful due to their low molecular weight.
Moreover, aromatic polycarbonates are considered as
important and practical plastics. In thermodynamics terms,
the carbonyl carbon chemical bonds in organic carbonates
turn these molecules into a heavily oxygenated molecule; as
a result, it is considered as an attractive synthetic target.
Observing the energy difference among the bonds of two
molecules shows that the conversion of carbon dioxide to
carbonate is possible because molecular bonds are stronger
in organic carbonates. In environmental demand terms given
that phosgene used as a reactive reagent to produce organic
carbonate is a toxic and lethal substance. Using carbon
dioxide as an alternative, which is an economical, safe, and
abundant substance, is highly desirable. Organic carbonates
are used in various cases, including fuel additives, elec-
trolyte solvents for lithium-ion batteries, green reagents,
organic solvents, and the production of engineering plastics.
Carbon dioxide as a new feedstock for chemicals synthesis
can be used to produce organic carbonates. There are several
benefits to using this method, such as prevention of waste
production and energy saving (Aresta et al. 2002). The
carbonate synthesis via carbon dioxide fixation into epoxides
is an attractive methodology. The catalysts used for this
process include Bu2Sn(OMe)2, ZrO2, Ni(OAc)2, Bu2Sn
(OMe)2, ZrO2

+H3PO4, Bu2Sn(OMe)2, ZrO2
+CeO2 and so on

(Sakai et al. 1975; Yamazaki et al. 1978; Tomishige et al.
1999, 2000; Zhao et al. 2000; Tomishige and Kunimori
2002; Ballivet-Tkatchenko et al. 2000; Choi et al. 2002). An
attractive methodology for the carbonate synthesis is direct
olefines oxidative carboxylation that combines carbonation
and epoxidation processes. Various studies were performed
on the improvement of different catalysts in this process.
Yoshida et al. (Yoshida et al. 2006) investigated CeO2 cat-
alysts for the direct synthesis of dimethyl carbonate [DMC]
from CO2. They found that increasing of CO2 amount in

Fig. 3 Selectivity (%)
comparison of the components for
the membrane and conventional
reactor systems, MR = membrane
reactor, CR = conventional
reactor, modified after (Forghani
et al., 2009) (Chaplin and Wragg
2003)
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quantities less than 50 mmol, increased the formation of
DMC. However, the amount of DMC was constant above
50 mmol of CO2 in both reaction times (Fig. 4).

6 Reforming

Steam reforming of methane is a conventional process for the
production of synthesis gas in the industrial scale. One of the
main components of this process is water, which can be
attractive if the water is not available and using carbon
dioxide as an appropriate alternative to water. The use of
carbon dioxide instead of water in the reforming process
causes syngas yields with lower H2/CO ratios, which the use
of this feed in the Fischer–Tropsch reactor leads to the pro-
duction of long-chain hydrocarbons (Gadalla and Bower
1988). Although a few industrial reforming processes of CO2

and CH4 exist, the use of this process to convert methane and
carbon dioxide to other chemicals has a significant effect on
reducing these gases in the atmosphere (Teuner 1985; Töpfer
1976). The equilibrium reaction of synthesis gas production
from CO2 and CH4 is as follows:

CH4 þCO2 � 2H2 þ 2CO ð32Þ
The equilibrium conversion percentages of CO2 and CH4

in this reaction are shown in Fig. 5 As indicated in this
figure, the CO2 conversion rate of carbon is higher than that
of methane; as a result, CO2 is a limiting reactant.

One of the reasons that prevents this process from being
commercialized is the endothermic nature of this process.
Besides, to increase the conversion rate, the temperature
needs to be close to 1073 K, which leads to the deactivation

of the catalyst. As a result, several researches have been
performed on process catalysts (Stagg-Williams et al. 2000;
Stagg and Resasco 1998). Chen et al. (1999) compared the
performance of two catalysts: reduced NixMg1-xO solid
solution and magnesia-supported Ni metal (Ni/MgO) cata-
lysts. Results showed that Ni/MgO catalyst has lower resis-
tance than reduced NixMg1-xO solid solution catalyst.
Besides, the contact time affects the CO/H2 ratio. The catalyst
activity was investigated in both catalysts (Fig. 6). CO2

reforming of methane reaction was also examined by Osaki
and Mori (Osaki and Mori 2001). The catalyst considered in
this process was Ni/Al2O3 catalysts promoted by potassium.
The rates of CH4-CO2 reaction were investigated by variation
of potassium wt % in the catalyst. The effect of potassium in
the catalyst is visible as CO2 adsorption increasing, however
do not have a significant impact on CO2 dissociation to CO
and Oads (adsorbed O).

7 Photocatalytic Reduction of CO2
with Water

One of the attractive methods of converting CO2 into the
more useful products is the photocatalytic conversion of
CO2. Conversion into valuable products such as formalde-
hyde, methanol, and methane, and removing this gas from
the atmosphere, are advantages of this method. Using solar
energy in this process, and thus reducing energy consump-
tion distinguishes this process from other processes. Inoue
et al. (1979), were the first researchers that obtained organic
compounds from the photocatalytic reduction of CO2. Sub-
sequently, this process attracted the attention of many
researchers, and extensive researches have been conducted
in this field because of environmental problem solving and
renewable energy utilization.

Fig. 4 Variation of DMC formation as a function of CO2 amount in
CH3OH

+CO2reactions on CeO2-HS calcined at 873 K. (Catalyst
weight: 10 mg, reaction temperature: 403 K, and CH3OH: 200 mmol,
Reaction time: 0.5 h, 2 h, and 20 h), modified after (Yoshida et al.,
2006)(Ballivet-Tkatchenko et al. 2000)

Fig. 5 Equilibrium conversion of CO2 and CH4 in reforming reaction,
modified after (Bradford et al. 1999; Gadalla and Bower 1988)
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Many types of catalysts, like MgO, TiO2, ZrO2,
Ti-MCM, CdS, ZnO, Tisilicalite molecular sieve, and
NiO/InTaO4, are evaluated for photocatalytic conversion of
CO2 (Chen et al. 1999; Kohno et al. 2001; Yamashita et al.
1998; Sasirekha et al. 2006; Lin et al. 2004; Sayama and
Arakawa 1993). Among these catalysts, TiO2 appears to be
the best option for this process because of its chemical sta-
bility, electronic qualities, and commercial availability.
Various studies have been performed on titanium catalysts,
which are listed in Table 1. (Zhai et al. 2013).

Nevertheless, some disadvantages of this catalyst are led
we have low efficiency of photocatalytic reduction of CO2.
Several researches have been done to improve the perfor-
mance of the TiO2 catalyst, including the metal oxides (Yui
et al. 2011; Wang et al. 2013b), loading of metals (Varghese
et al. 2009a; Diebold 2003; Wang et al. 2012), and so on.
Using basic oxide in the TiO2 catalyst for CO2 photoreduc-
tion reaction has attracted the attention of many researchers.
This additive destabilized the CO2 molecule and promoted
the CO2 adsorption (Kočí et al. 2008; Fujiwara et al. 1997).

Gui et al. (2015) investigated the effect of Ag loadings in
silver (Ag)-doped MWCNT@TiO2 (multiwalled carbon
nanotubes@titanium dioxide) core–shell nanocomposites in
the photoreduction of CO2. It discovered that at optimum
loading of Ag (2 wt%), the highest yields of CH4

(6.34 µmol/g-catalyst) and C2H4 (0.68 µmol/g-catalyst)
were obtained (Figs. 7 and 8).

8 Biological Fixation

Biological fixation of CO2 is an environmentally friendly
technology to the conversion of CO2 as undesirable gas to
desirable products; as a result, reduction of global warming.
In this method, CO2 in the flue gas and atmosphere is con-
verted into a variety of products. Various products such as

biohydrogen, ethanol, and oil can be achieved from higher
plants, microalgae, and photosynthetic bacteria. One of the
feedstocks of CO2 biological fixation to bio-oil generation is
microalgae (Chisti 2007). Microalgae advantages compared
to other plant feedstocks include high production rates of
biomass, thriving ability in different ecosystems, high effi-
ciencies in photosynthetic conversion, and the ability to
produce biofuel feedstock in a wide variety of ways (
Jansson and Northen 2010). The oil productivity and CO2

capturing capacity of various kinds of plants are provided in
Table 2 (Zeng et al. 2011).

The process steps of the microalgae biodiesel production
system involve dewatering, harvesting, cultivation, transes-
terification, and extraction. The cultivation conditions, the
cultivation system, and microalgae strain choice are the
critical process considerations to achieve CO2 fixation
capacity and high oil yields during cultivation. Despite the
various technologies for microalgae biotechnology, the
optimum targets for industrial application are low CO2

emission, high efficiency, and energy-saving technologies.

9 Conclusions

Carbon dioxide, one of the causes of global warming, has
attracted the attention of many researchers in recent years.
The conversion of this gas into valuable products such as
light and heavy hydrocarbons has been the focus of scientists
using various methods. The topics discussed in this chapter
indicate efforts made to converting CO2 into carbon
derivatives by different green processes. These processes
have two main advantages: (1) eliminating undesirable car-
bon dioxide gas and (2) production of valuable products
sustainably. Due to the enormous impacts of CO2 on earth
life, many efforts have been performed to optimize and
design new processes. In this chapter, we overviewed the

Fig. 6 Variation of catalytic
activity (blue color) and CO/H2

ratio (red color) with contact time
over Ni0.03Mg0.97O solid solution
and 3 mol% Ni/MgO catalysts at
773 Kin CO2 reforming of
methane. (Catalyst weight,
0.05 g,0.1 MPa, CH4/
CO2 = 1/1), modified after (Chen
et al., 1999) (Teuner 1985)
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challenges and problems of CO2 reduction and converting to
useful products; moreover, we introduced some solutions to
overcome these problems. In summary, according to
researches done, the green processes used in the CO2 con-
version should be optimized in terms of product selectivity
and efficiency, carbon dioxide conversion rates, economic
considerations, and so on. Summary of the processes
examined in this chapter includes:

• The artificial photoreduction process of CO2, which
produces synthesis gas (CO/H2), formic acid, and carbon
monoxide (CO) depends on the metal photoelectrodes.

• Electrochemical reduction of CO2 is another process for
converting CO2 to numerous products, including
HCOOH, CO, light hydrocarbons, and alcohols that need
improvement in thermodynamic efficiency.

Table 1 Researches done on photocatalytic reduction of CO2 over
TiO2 catalyst (Zhai et al. 2013)

Photocatalyst Reductant Light source Primary products

TiO2/Pd/Al2O3,
TiO2/Pd/SiO2,
Li2O-TiO2/MgO,
Li2O-TiO2/Al2O3

Water 250 mW Hg arc
lamp

Acetone, ethanol,
methanol,
formaldehyde,
formic
acid, methane,
ethane

TiO2/zeolite,
TiO2/molecular
sieve

Water vapor High-pressure Hg
lamp, k > 280 nm

Methanol,
methane

TiO2nanocrystals
in
SiO2matrices

Lithium nitrate
and
propan-2-ol

500 W
high-pressure
Hg arc lamp,
k = 280
nm

Formate, carbon
monoxide,
ammonia,
urea,

TiO2 1 M propan-2-ol
solution

4.2 kW Xe lamp Methane

TiO2nanocrystals
in
SiO2matrices

1 M propan-2-ol
solution

500 W
high-pressure
Hg arc lamp

Formate, carbon
monoxide

TiO2 Liquid CO2,
water

990 W Xe lamp Formic acid

TiO2/zeolite Water 75 W
high-pressure Hg
lamp, k > 280 nm

Methane,
methanol

TiO2 Water, 0.2 M
NaOH
solution

4.5 kW Xe lamp Formic acid,
methanol,
ethanol, methane,
ethane, ethylene

TiO2 Water 75 W
high-pressure Hg
lamp, k > 280 nm

Methane,
methanol,
carbon monoxide

TiO2 Water 75 W
high-pressure Hg
lamp, k > 280 nm

Methane,
methanol,
carbon monoxide

Cu–TiO2 Water 450 W Xe lamp Methane, ethylene

TiO2 Water 15 W UVC lamp,
k =
365 nm

Methane, formic
acid,
ethanol

TiO2 Water vapor UVC lamp
k = 253.7
nm

Methane, carbon
monoxide,
hydrogen

TiO2 Water vapor 3 W UVA lamp
k =
365 nm, 4.8 W
UVC
lamp k = 254 nm

Methane

TiO2/SiO2,
Ru-TiO2/SiO2

Water 1000 W
high-pressure
Hg lamp,
k = 365 nm

Formic acid,
formaldehyde,
hydrogen,
methane,
methanol

TiO2, Cu/TiO2 5 M NaOH
solution

Hg lamp,
k = 365 nm

Methanol

Sol–gel prepared
Cu/TiO2

0.2 N NaOH
solution

Hg lamp,
k = 254 nm,
365 nm

Methanol

TiO2, Cu/TiO2 0.2 N NaOH
solution

8 W Hg lamp,
k = 254
nm

Methanol, oxygen

Fig. 7 Variation of CH4 formation rate with irradiation time (various
Ag loadings in MWCNT@TiO2 modified after Direct) (Gui et al.,
2015) (Yamashita et al. 1998)

Fig. 8 Variation of CH4 and C2H4 formation in photocatalytic reaction
of CO2 (various Ag loadings in Ag-MWCNT@TiO2) (reaction
duration = 7.5 h),modified after (Gui et al., 2015) (Yamashita et al.
1998)
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• Hydrogenation of CO2, a heterogeneous catalytic process
produces various products such as dimethyl ether,
methanol, methane, higher hydrocarbons, and alcohols.
Hydrogen cost in this process is a challenge.

• Synthesis of organic carbonates from CO2 is including
dialkyl carbonates and dimethyl carbonate. One of the
problems with this process is that metal oxides catalyst,
which is active for the direct synthesis of carbonate from
CO2 and alcohol are very few.

• CO2 reforming of hydrocarbons includes the reaction of
hydrocarbons (CnHm) with CO2 to produce synthesis gas.
One of the limitations of this process is the catalyst of this
process, which is under development.

• Photocatalytic reduction of CO2 with water is another
process that produces CO and CH4 when electron donor
of the process is water vapor and renewable and carbon–
neutral fuels. A slight reduction of CO2 by typical TiO2

catalyst is one of the limitations of this process.
• Biological fixation process of CO2 produces chemicals

and biofuels. In this process, CO2 is used as a C1 source
of microalgae for biofuels. Limitations of this process are:
C1 feedstock is not energy-dense and gas fermentation
technology is under development.

Each of these methods has advantages and disadvantages
that, according to environmental conditions and facilities,
the best approach can be applied to reduce carbon dioxide
and produce valuable green products.
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Catalysis for CO2 Conversion; Perovskite
Based Catalysts

Osarieme Uyi Osazuwa and Sumaiya Zainal Abidin

Abstract

CO2 conversion processes require the use of active
catalysts due to the endothermicity of these reaction
processes. The use of heterogeneous catalysts such as
perovskites is gaining more attention due to their ease of
separation, stability in handling, catalyst reuse and
reproductively. Perovskite possesses wide industrial, sci-
entific and commercial importance because of their cost
effectiveness and stability in high temperature conditions
while offering flexibility of its structures. CO2 is effective
as a reagent for the conversion of hydrocarbons into more
useful products like H2, syngas and liquid fuels.
Researchers have focused extensively on CO2 reforming
of methane (CRM) as the process mitigates two readily
available greenhouse gases. However, the overall conver-
sion in this process is dependent on factors such as
amount/ratio of reactants, reaction conditions and type of
catalysts used. Majorly, perovskites have been applied as
catalysts for CO2 reforming because they possess highly
mobile oxygen molecules. This property is essential to
suppress the formation of carbon during the reaction.
Moreover, its stable nature in a reducing environment
gives it an edge over other types of catalysts used for CO2

reforming. Hence, the focus of this chapter is on the role
played by perovskites as catalysts in the CO2 reforming of
methane reaction process.

Keywords

CO2 conversion � Catalysis � Methane � Perovskite �
Reforming

1 Introduction

Reactions utilizing CO2 as a reagent are effective in miti-
gating and managing the carbon cycle. CO2 is a thermody-
namically stable compound, hence, its partial and complete
reduction to its unstable state (CO) or totally reduced state
(C and O) requires high energy usage (Ma et al. 2009). The
inert and low reactive nature of CO2 in different reactions is
one of the major reasons for its endothermicity, hence the
need for catalysis in CO2 conversion processes. This type of
catalyst applied in CO2 conversion processes can be
homogeneous or heterogeneous in nature. For homogeneous
catalysts in CO2 conversion processes, several studies have
been reported over time (Omae 2006; Zhang et al. 2006).
The production of carbamates, carbonates, lactones, ure-
thanes, pyrones, formic acid and its derivatives are some of
the processes in which homogeneous catalysts have been
employed in CO2 conversion processes. Whereas, hetero-
geneous catalyst offers several merits such as: ease of sep-
aration, stability in handling, catalyst reuse, reactor design
and enhanced reaction yield. These kinds of catalysts
(heterogeneous catalysts) are basically the main solutions for
effective cost management and sustained industrial applica-
tion of conversion processes. Therefore, the journey to dis-
cover a stable and efficient heterogeneous catalyst for
reaction processes involving CO2 as a reactant remains an
emerging research area.

The use of metals as catalysts offers a likely solution to
heterogeneous catalysis. Also, the combination of the oxides
of various metal types to form active metallic catalysts called
perovskite has also been extensively reported in literature as
solutions to catalysis (Pakhare et al. 2012; Osazuwa et al.
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2017). Perovskites have the general formula ABO3 or
A2BO4. “A” stands for rare earth metals (Ce and La) or
alkaline earth metals (Ca, Ba and Mg), while “B” represents
transition metals (Co, Ni and Fe) (Mishra and Prasad 2014;
Zhu et al. 2014). According to Screen (2007), naturally or
synthetically occurring perovskite have an expanded range
of industrial, scientific and commercial importance. This
importance is attributable to its stability in extreme condi-
tions, cost effectiveness and flexibility of its stoichiometric
parameters (Labhasetwar et al. 2015). In addition,
multi-functional properties of the perovskite resulting in
high catalytic activity are drawn from the perovskite’s ability
to exist with O2 in a non-stoichiometric form.

The structure of the perovskite is cubic in nature forming
oxygen atoms with an octahedral configuration around the
“B” atom. The “A” and “B” site ions are varied to allow for
alterations to the perovskite’s structure in line with the
properties of “A” and “B” (Screen 2007; Moradi et al. 2014).
The stability and activity of perovskites’ are enhanced by the
A and B cationic sites, respectively (Mishra and Prasad
2014; Lombardo and a, Ulla M a. 1998). According to Zhu
et al. (2014), about 90% of metals in the periodic table can
form perovskites because they easily occupy the sites in the
perovskite’s matrix thereby forming a range of crystallite
shapes with varied stoichiometry. The physicochemical
properties of the perovskites are strongly linked to its
preparation methods. Several preparation procedures have
been described to synthesize perovskites. They include;
impregnation, co-preparation, citrate sol gel, Pechini’s
method, solid state reaction and combustion synthesis
method, etc. In a typical example, Labhasetwar et al. (2015)
used co-precipitation, citrate sol gel and solution combustion
methods to prepare perovskite for catalytic applications. In
the study, combustion synthesis method was described for
the preparation of perovskite using the ignition of com-
bustible constituents which serves as fuel for the process.
Also, Shabbir, Qureshi, and Saeed K. (2006) used sol gel
synthesis method to synthesize LaFeO3 by thermally
decomposing the gel mixture.

Since heterogeneous catalytic reaction occurs at the sur-
face, it is essential to ensure that the catalytic surface is as
large as possible in order to promote adequate interaction
between the catalytic material and the reactants (Sheng et al.
2017). Therefore, perovskite’s that possess high surface area
is desirable for catalytic reaction studies and application.
Lower calcination temperatures are utilized to enhance the
porosity, surface area and particle size of the perovskite
structure (Labhasetwar et al. 2015).

Several catalysts have been applied in CO2 conversion
processes ranging from noble metal catalyst (Ghelamallah
and Granger 2014), transition metal catalyst (Jiang et al.
2019), Alumina support catalyst (Ryi et al. 2014), Zeolite
supported catalyst (Chang et al. 1994), lanthanide series

promoted catalyst (Ayodele et al. 2016), alkali earth metals
promoted catalyst (Yang et al. 2015) and perovskite based
catalyst (Osazuwa and Cheng 2017). The use of various
catalysts comes with its merits and demerits. Perovskites
have been used as reforming catalysts due to their high
oxygen mobility (Mota et al. 2012; Nalbandian et al. 2011;
Murugan et al. 2011). Also, the A/B sites of the perovskite
can be altered and partially substituted with cations in order
to change the electronic configuration and structural
buildup. Another property of the perovskite that makes it an
ideal catalyst for conversion and reforming processes is that
it is thermally and chemically stable in a redox and H2 rich
environment. Perovskites have high oxygen mobility
essential for catalytic/reforming processes. This property is
very useful in inhibiting/resisting carbon formation during
reaction which can lead to catalyst poisoning (Sfeir et al.
2001; Rida et al. 2007; Doggali et al. 2010). However, the
ideal environment for utilizing perovskite is still unclear in
the production of H2 from methane. Due to its unique
properties, we will focus on perovskite’s as catalysts for
carbon dioxide (CO2) and methane (CH4) conversion.

CO2 is effective as a reagent for converting hydrocarbons
into valuable products like H2, syngas and liquid fuels. The
most common CO2—hydrocarbon conversion process is the
CO2 reforming of CH4 (CRM). However, the extent of
conversion of this process is determined by several param-
eters such as the amount of reactants used, reaction operating
condition and type of catalyst utilized. In this chapter, we
focus on the effects of the catalyst type (perovskite) on CO2

conversion of CH4 reaction. The degree to which perovskites
affect this reaction is the main focus of this chapter.

2 Perovskite for CO2 Reforming of Methane
(CRM)

2.1 Combined Reforming for Methane

Several studies have been reported using perovskite as cat-
alyst for CRM. For instance, García et al. (2011) used
LaNiO3 perovskite oxide for combined (CO2–O2) CH4

reforming at 650–850 °C. Results showed that CO2 con-
version was highest at 750 °C due to the positive effects of
the metallic structure of the perovskite. Highest CO2 con-
version of 61% was observed at CH4/CO2 ratio of 4 and
temperature of 750 °C. Carbon was formed during the
reaction but without deactivation of the catalyst because the
carbon formed were elongated filaments that did not block
the catalyst pores (Rynkowski et al. 2004). The stability test
carried out for 52 h showed a steady state value of 60% CO2

conversion after about 24 h. The stability was ascribed to
La2O2CO3 formation in-situ reaction (Slagtern et al. 1997).
During the reaction, the ability of the perovskite to be
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reduced to uniformly dispersed Ni, La2O3 and La
(OH) structures were linked to the perovskite’s performance
in the combined reforming process (Maneerung et al. 2011).

CO2 and steam reforming of CH4 at 600–900 °C was
studied by Yang et al. (2015) using LaNiO3 substituted with
various amounts of Ce. Amongst all the synthesized cata-
lysts, La0.9Ce0.1NiO3 catalyst was more active with CH4 and
CO2 conversion of 49 and 14%. Ce was present as CeO2 and
not incorporated into the perovskite structure. This was as a
result of the differences in ionic radii between La3+ and Ce4+

(Krishna et al. 2007). When little amount of Ce was used to
substitute the perovskite (at the A site), higher amounts of Ni
species were reduced resulting in better catalyst perfor-
mance. Whereas, higher substitution of Ce resulted in CO2

methanation accompanied by formation of large Ni cluster
which negatively affected the catalytic performance. The Ce
substituted perovskite resisted carbon better than the
non-promoted perovskite.

Combined reforming of methane (using O2 and CO2)
using LaFe1-xCoxO3 perovksite as catalyst precursors was
carried out at temperatures ranged between 750 and 850 °C
by Goldwasser et al. (2005). The study revealed that substi-
tuting the perovskites with Co substantially favoured the
reduction of Fe. This led to strong Fe-Co interaction and
oxygen species variations on the perovskites surface. Hence,
oxidation and CRM carried out simultaneously reduced
carbon formation drastically and improved syngas produc-
tion. It has been established that when O2 is added to the
reaction process the reaction temperature is reduced and
energy consumption is minimized, thereby promoting the
CRM reaction (Tomishige et al. 2002; Tomishige 2004).

Furthermore, substituting Fe with Co enhanced catalytic
activity. Dispersed Co particles on Fe decreases metal sin-
tering and formation of carbon. Also, CH4 combustion is
decreased while conversion of CO2 increased.

Perovskite catalyst; La1-xSmxNiO3-d with x = 0, 0.1, 0.3,
0.5, 0.7, 0.9 and 1 were applied as catalyst for CRM at
various reaction temperatures up to 800 °C by Jahangiri
et al. (2012). The results showed that the catalyst;
La1-xSmxNiO3-d where x = 0.1, 0.9 and 1 had better per-
formance than others. Substituting La by Sm (at x = 0.1, 0.9
and 1) restructured the catalyst surface and also improved
catalyst activity towards reactants conversion. Hence, the
reaction could be carried out at lower temperatures with
reduced energy consumption. The increased activity can also
be related to the uniform dispersion of Ni ions on the catalyst
surface which hinders carbon deposition on the active sites
(Zhang et al. 2015).

Also, SmCoO3 perovskite was synthesized and applied
as catalyst in a 72 h CRM test at 800 °C by Osazuwa et al.
(2018). In the study, feed ratios were varied between 0.5
and 2.0 to obtain reactants conversion of over 90% at
equimolar feed ratio. Characterization of the spent catalysts
revealed the existence of an oxycarbonate phase required to
convert deposited carbon. Further analysis showed the
presence of C–C bonds and O–C = O bonds in samples of
the spent catalyst. The carbon species at 0.5–1.33 reactants
ratio were graphitic in nature with C–H and C–C bonds.
Also, the contaminant of carbon with O–C = O bonds were
found in the spent catalyst with 2.0 reactant ratio. Table 1
summarizes the studies carried out using combined
reforming processes.

Table 1 Combined reforming for methane

Process Perovskite catalyst Conditions (°C) Results / Observation References

Combined (CO2-O2)
CH4 reforming

LaNiO3 650–850 • CO2 conversion was highest at 750 °C.
• Highest CO2 conversion of 61% was
observed at CH4/CO2 ratio of 4 and
temperature of 750 °C.

(García et al.
2011)

CO2 and steam
reforming of CH4

LaNiO3 substituted
with various amounts
of Ce

600–900 • La0.9Ce0.1NiO3 catalyst was more active.
• CH4 and CO2 conversion was 49% and 14%,
respectively.

• Ce substitution enhanced Ni reduction.

(Yang et al.
2015)

Combined reforming of
methane (using O2 and
CO2)

LaFe1-xCoxO3 750–850 • Substituting the perovskites with Co favoured
the reduction of Fe and enhanced catalytic
activity.

• Reduced amount of carbon formation.

(Goldwasser
et al. 2005)

CO2 Reforming of
Methane (CRM)

La1-xSmxNiO3-d, x = 0,
0.1, 0.3, 0.5, 0.7, 0.9
and 1

various reaction
temperature up to
800

• La1-xSmxNiO3-d where x = 0.1, 0.9 and 1 had
better performance.

(Jahangiri
et al. 2012)

CRM SmCoO3 800 • Reactants conversion of over 90%
• C–C bonds and O–C = O bonds in samples
of the spent catalyst

(Osazuwa
et al. 2018)

Catalysis for CO2 Conversion; Perovskite Based Catalysts 299



2.2 “A”-Site Substituted Perovskite Catalyst
for CRM

La1-xSrxCoO3 perovskite catalysts precursors have been
used for CRM by Valderrama et al. (2013). The reaction
took place at 800 °C under atmospheric pressure. The
reduction process of the catalyst precursors produces
metallic Co, SrO and La2O3 phases. CO2 and La2O3 inter-
action yields La2O2CO3-SrO matrix responsible for sup-
pressing the formation of carbon. Sr in doping quantity
induces catalyst reduction whereas; higher amount of Sr
promotes side reactions thereby suppressing the CRM
reaction partially. Hence, the quantity of the dopant has to be
in traces and strictly monitored.

“A”-site substitution of lanthanum manganite using bar-
ium (Ba) in CRM at 800 °C was reported by Bhavani et al.
(2013). Results showed that the optimal level of Ba substi-
tution in the perovskite was Ba/Mn = 0.10, 0.15. The
enhanced catalysts created a better reducing environment for
the Mn ion by providing oxygen vacancies and rapid lattice
oxygen migration (Sazonova et al. 2009; Caprariis et al.
2016). The ability to easily supply oxygen (O2) to the
reaction promoted the cracking and dissociation of CH4 and
CO2, respectively. Hence, there was less carbon deposition
which led to increased conversions of the reactants and
higher selectivity towards the product (syngas).

The substitution of the A cationic site of Ru perovskites;
AZrRuO3 (A = Ba, Sr, Ca) in relation to the influence of
synthesis methods have been investigated in CRM by
Ruocco et al. (2019). The reactions took place at temperature
range 600–750 °C, while various synthesis methods; modi-
fied citrate and auto combustion methods were employed to
prepare the catalysts. Results revealed that catalysts prepared
by the auto combustion method favoured higher surface area
and enhanced reducibility resulting in better performance
(Pradeep and Chandrasekaran 2006). For the substitution
study, CaZrRuO3 had the lowest CH4 conversion (55%) at
700 °C. This catalyst showed a change of phase from cubic
to orthorhombic as a result of its small dimension resulting
in a cubic structured perovskite not properly formed.
BaZrRuO3 and SrZrRuO3 had similar behaviour with the
latter being the best performing catalyst at 750 °C, resulting
in 90% of CH4 converted with much superior stability.

The effects of promoting LaNi0.5Fe0.5O3 with Ce in CRM
at 750 °C was investigated by Wang et al. (2018). When
some amount of La was substituted with Ce the catalyst’s
activity was enhanced in CRM. Analyzing the spent catalyst,
it was suggested that Ni phase was responsible for the pri-
mary catalyst activity with (LaCe)(NiFe)O3 enhancing the
catalytic activity. Ce3+ ion in (LaCe)(NiFe)O3 supplies

additional oxygen vacancies by activating ions in the “B”
site. Also, Ce3+/Ce4+ present in (LaCe)(NiFe)O3 and CeO2

respectively, can exist in the redox process which enhances
the catalytic activity. Ce solubility differences in the per-
ovksite provide the redox environment required for driving
the exchange of Ce ion between CeO2 and the perovskite.

Na0.5La0.5Ni0.3Al0.7O2.5 was applied for CRM by Pér-
ez-Camacho et al. (2014) at 610–880 °C. Carbon formation
was highest at 800 °C; however, at 880 °C, the reverse water
gas shift reaction was dominant thereby suppressing the
graphitic carbon formation rate. Several O2 carrying pro-
moters were used to promote the catalyst using different
preparation techniques. Amongst all, CeO2 and ZrO2

decreased the formation of carbon without altering the cat-
alyst activity in CRM. The sample synthesized when the
perovskite gel was mixed before drying had the lowest
carbon formed at 800 °C. At 880 °C, the non-promoted
perovksite resisted carbon more. Other promoted catalysts
showed no significant improvement even at higher temper-
atures of calcination. This behaviour is linked to the reac-
tivity of the La compound with the promoter thereby
forming layers of resistance.

Su et al. (2014) synthesized LaNiO3 and La1-xCexNiO3

for CRM at 600 and 800 °C, respectively. CH4 and CO2

conversions increased from 66 and 51% at 600 °C to 94%
and 92% at 800 °C, respectively for the perovskite catalyst.
Also, the need to minimize carbon deposition and metallic
particle sintering gave rise to the incorporation of Ce. Ce
supplies abundant lattice oxygen vacancies to break C-H
bonds (Akri et al. 2016). The adsorption of CO2 on La2O3

led to the formation of the oxycarbonate species; La2O2CO3.
This species stabilizes the Ni particles thereby avoiding
sintering of metal particles (Batiot-Dupeyrat et al. 2005).
However, lower amount of Ce in the perovskite translates to
better catalyst activity and suppression of carbon. Therefore,
La1-xCexNiO3 (X = 0.1) was highly active in the CRM
reaction.

Steam and CRM over La1-xSrxNiO3 (x = 0–0.5) per-
ovskite have been investigated by Yang et al. (2018). The
effect of adding Sr to LaNiO3 perovskite was studied at 650–
900 °C and 1 bar. Results revealed that after substitution
with Sr, La2-xSrxNiO3±d and Sr0.5La1.5NiO4 phases were
formed. The formations of these phases were a result of the
differences in the ionic radii of Sr2+ and La3+, thereby
resulting in the encapsulation of La2O2CO3 phase during
reaction and the reduction in the metal/support interaction.
Hence, an increase in Sr concentration resulted in larger Ni
particle size. Furthermore, although the activity of
La1-xSrxNiO3 (when x > 0) was lower than the activity of
La1-xSrxNiO3 (when x = 0), their ability to resist carbon was
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significantly higher. Hence, the promoted perovskite had
better performance with regards to CH4 and CO2 activation.
It can be deduced that the carbon gasification rate by CO2

was greater than or equal to the rate of CH4 decomposition.
Therefore, only traces of Sr were required to resist carbon
deposition during CRM reaction. Table 2 summarizes
studies on “A” site substituted perovskite in CRM processes.

2.3 “B”-Site Substituted Perovskite Catalyst
for CRM

According to Screen (2007) and Moradi et al. (2014) sub-
stituting the perovskite’s active sites can enhance catalyst
performance in the CRM reaction. For instance, in the study
by Moradi et al. (2014), LaNi1-xZnxO3 with values of x from

Table 2 “A”-Site substituted perovskite catalyst for CRM

Process Perovskite catalyst Conditions (°C) Results/Observation References

CRM La1-xSrxCoO3 800 • The quantity of the dopant must be in
traces

• CO2 and La2O3 interaction yields the
La2O2CO3-SrO matrix responsible for
suppressing the formation of carbon

(Valderrama et al.
2013)

CRM Lanthanum manganite
using barium (Ba)

800 • Optimal level of Ba substitution in the
perovskite was Ba/Mn = 0.10, 0.15.

• Less carbon deposition which led to
increased conversions of the reactants and
higher selectivity towards the product
(syngas).

(Bhavani et al.
2013)

CRM (influence of
synthesis methods)

Ru perovskites;
AZrRuO3 (A = Ba, Sr,
Ca)

600–750 • Auto combustion method favoured higher
surface area and enhanced reducibility
resulting in better performance.

• CaZrRuO3 had the lowest CH4 conversion
(55%) at 700 °C.

• SrZrRuO3 was the best performing catalyst
at 750 °C, resulting in 90% of CH4

converted with much superior stability

(Ruocco et al.
2019)

CRM LaNi0.5Fe0.5 750 • (LaCe)(NiFe)O3 enhanced the catalytic
activity.

• Ce solubility differences in the perovksite
provide the redox environment for driving
the exchange of Ce ion between CeO2 and
the perovskite.

(Wang et al. 2018)

CRM Na0.5La0.5Ni0.3Al0.7O2.5 610–880 • 880 °C, the reverse water gas shift reaction
was dominant thereby suppressing the
graphitic carbon formation rate.

• CeO2 and ZrO2 decreased the formation of
carbon without altering the catalyst activity
in CRM.

(Pérez-Camacho
et al. 2014)

CRM LaNiO3 and
La1-xCexNiO3

600 and 800 • CH4 and CO2 conversions increased from
66 and 51% at 600 °C to 94% and 92% at
800 °C, respectively for the perovskite
catalyst.

• Ce supplied abundant lattice oxygen
vacancies to break C–H bonds.

• Lower amount of Ce in the perovskite
translates to better catalyst activity and
suppression of carbon

(Su et al. 2014)

Steam reforming of
CH4 and CRM (Effect
of adding Sr to
LaNiO3)

La1-xSrxNiO3 (x = 0–
0.5)

650–900 • La2-xSrxNiO3±d and Sr0.5La1.5NiO4 phases
were formed.

• An increase in Sr concentration resulted in
larger Ni particle size.

• The promoted perovskite had better
performance with regards to CH4 and CO2

activation.
• Traces of Sr were required to resist carbon
deposition during CRM reaction.

(Yang and hyeok,
Noh YS,
Hong GH,
Moon DJ. 2018)
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0.2 to 1.0 were prepared and used for CRM at 750 °C. As Ni
was partially substituted up to x = 0.4, conversion of CO2

and CH4 increased. In terms of reactants conversion,
LaNi0.8Zn0.2O3 was most effective in the reforming process.
Substituting Ni by Zn resulted in increased reduction peaks;
hence, the perovskite was more stable when compared to
LaNiO3. Also, LaNi0.8Zn0.2O3 catalyst was more effective
than LaNiO3 towards resisting the formation of carbon
species in a 75 h time of stream (TOS) test. The catalyst
characterization showed breakdown of the catalyst structure
into metallic species (Ni°) and La2O3 during the reduction
step. These dual phases were responsible for the perovskite
resistance to deactivation. Partial substitution of Ni by Zn
made reducibility more difficult by altering the reduction
temperature, stabilizing the perovskite structure and limiting
the migration of active Ni.

Yadav and Das (2019) synthesized LaNixFe1-xO3 per-
ovskite using various methods and applied it for CRM at
700 °C. Catalyst analysis showed that the addition of silica
support completely changed the perovskite features of the
catalyst at high calcination temperature. 40 wt % laNi0.75-
Fe0.25O3/SiO2 calcined at 700 °C and 800 °C were more
active when equal amount of reactants were used. Results
from the study corroborated with the study by Moradi et al.
(2014) proved that Ni to Fe ratio, synthesis method and
temperature of calcination were important parameters for
designing and synthesizing perovskites for CRM.

Valderrama et al. (2018) synthesized LaNi1-xMnxO3

(x = 0–1.0) for CRM at 600–750 °C. The addition of Mn to
the perovskite increased the temperature at which Ni3+

reduced to Ni0. Hence, Ni particles were dispersed on
MnOx-LaO3 surface. With x � 0.8, the perovskite’s per-
formed better in the CRM reaction. Therefore, the activity
increased and resistance to the formation of carbon was
enhanced (Abdulrasheed et al. 2019). Also, the perovskite
possessed high O2 storing capacity enabling in-situ forma-
tion of La2O2CO3-MnOx with CO2 which was vital in the
elimination of sintering and carbon formation (Bitter et al.
1998).

Touahra et al. (2019) reported the effect of Cu-Co per-
ovskite on CRM at temperatures ranging between 400 and
700 °C. LaCoO3 and LaCu0.55Co0.45O3 were synthesized
and tested in CRM reaction. Results from the catalytic test
and characterization proved that LaCu0.55Co0.45O3 per-
ovskite showed better catalytic behaviour than LaCoO3. The
smaller particle size of Co and the formation of metallic
Cu-Co during the catalyst reduction stage were responsible
for the outcome. Hence, the formations of CoO and Co
sintering were inhibited. Carbon responsible for blocking the

Co active sites were eliminated by species of oxygen present
in La2O2CO3 formed.

The synthesis and catalytic test of
Cu/Ni/La0.7Sr0.3Cr0.5Mn0.5O3-d (LSCM) for CRM have been
carried out by Kang et al. (2019) at 550/650 °C and atmo-
spheric pressure. Results from the study revealed that as the
conversion of reactants increased, the resistance against
sintering also increased, hence allowing the carbon deposi-
tion to drop with the introduction of Cu. Furthermore, the
introduction of Cu enhanced the crystal size of Ni, reduced
the size of the carbon species and the amount of deposited
carbon species (Touahra et al. 2016a). After 13 h of reaction,
results also showed that the carbon species in the sample;
Cu/Ni-LSCM were smaller in size and quantity than the ones
present in sample Ni-LSCM.

The effects of Fe substitution in LaNi1-xFexO3 (x = 0.2–
1.0) were studied and used for CRM at 600–800 °C by
Jahangiri et al. (2013). Results showed that addition of Fe to
the B site of the perovskite did not favour metal reduction.
LaNiO3 gave the highest activity when compared to Fe
promoted perovskites. The reduction of the perovskite to Ni
and carbonate phase during the reaction was responsible for
enhanced activity due to increased CH4 oxidation and
removal of carbon species (Valderrama et al. 2005). The
synthesized perovskite’s activity were in the order;
LaNiO3 > LaNi0.4Fe0.6O3 > LaNi0.6Fe0.4O3 >
LaNi0.8Fe0.2O3 > LaNi0.2Fe0.8O3 > LaFeO3. Table 3 repre-
sents a summary of studies on “B” site substituted perovskite
catalyst for CRM.

2.4 Supported Perovskite for CRM

Rabelo-Neto et al. (2018) studied the activity of LaNiO3

perovskite on Al2O3 and CeSiO2 supports for CRM. In the
stability study carried out at 800 °C for 24 h with CH4/
CO2 = 1.0, initial CO2 conversion for the LaNiO3 was 35%
which increased steadily. CO2 conversion for the CeSiO2

supported catalyst was about 65% in the first 6 h, while the
Al2O3 supported catalyst had about 60% conversion in the
first 4 h before increasing to about 70%. However, over 24 h
TOS, the CeSiO2 supported catalyst was more stable in
terms of performance and conversion. Analysis showed that
CO2 oxidized the Ni0 in the unsupported and Al2O3 sup-
ported catalysts. The Ce supported catalyst was oxidized
preferentially thereby limiting the metallic phase oxidation.
The unsupported and Al2O3 supported perovskite catalyst
had the highest amount of carbon deposited on the surface
while the CeSiO2 supported peorvskite inhibited carbon
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deposition due to a continuous change in the oxidation state
of Ce in-situ reaction. This meant that Ce was highly
mobilized to react and eliminate carbon by inhibiting the
formation of nickel carbide and growth of filamentous car-
bon (Goscianska et al. 2018).

A study to determine the effects of LaAlO3 and com-
mercial a-Al2O3 as support on Ni catalysts in CRM was
investigated by Figueredo et al. (2018). Catalytic conditions
for the stability test were 700 °C, GHSV of 18 and 72
Lg−1 h−1 for 10 and 20 h, respectively. After 10 h (GHSV
of 18 Lg−1 h−1), results showed that CH4 and CO2 conver-
sions for Ni/LaAlO3 catalyst increased by 7.8 and 11.5%,
respectively, when compared with Ni/a-Al2O3. The better
stability (by the Ni/LaAlO3 catalyst) was linked to the for-
mation of NiO post-catalyst reduction which was absent in
the a-Al2O3 supported catalyst. The presence of NiO
resulted in increased metal phase dispersion and the forma-
tion of carbon nanotubes, whereas, Ni/a-Al2O3 catalyst
deactivated. Hence, the LaAlO3 perovskite possesses
advantages such as; structural defects and abundance of O2

vacancies which make the perovksite a suitable catalyst for
applications in catalytic reforming process.

Ruan et al. (2020) synthesized LaAl0.25Ni0.75O3 using
SBA-15 for CRM reaction at 800 °C. Upon removal of the

templating agent, Si was successfully incorporated into the
perovskite structure. This resulted in better catalytic prop-
erties such as increased surface area, improved Ni –support
interaction and increment in the amount of strong base sites.
Results revealed that the catalyst performance improved
when compared to using commercial silica as a templating
agent. About 75% of reactants were converted after 36 h of
CRM at GHSV of 192, 000 mLh−1 g−1. Incorporation of Si
into the perovskite crystallite lattice ensures the catalyst was
strongly alkaline, thereby promoting the CO2 dissociation
and adsorption (Sadykov et al. 2013).

Ni catalyst on Mg-substituted LaAlO3 support for CRM
was prepared and used for CRM at 700 °C under atmo-
spheric pressure by Bai et al. (2019a). The
Ni/La0.8Mg0.2AlO2.9 had better initial activity and stability
than the Ni/LaAlO3 catalyst. CH4 conversion over
Ni/La0.8Mg0.2AlO2.9 was 75.4% which is seen to be high
under the given reaction conditions. Catalyst characteriza-
tion showed increased surface area upon addition of Mg to
the support. Smaller Ni particles sizes were obtained from
Mg-substituted perovskite catalyst leading to improved cat-
alytic properties, such as higher resistance to carbon for-
mation and sintering. These improved properties are closely
linked to the availability of oxygen vacancies, surface

Table 3 “B”-Site substituted perovskite catalyst for CRM

Process Perovskite catalyst Conditions (°C) Results/Observation References

CRM LaNi1-xZnxO3, x = 0.2–1.0 750 • LaNi0.8Zn0.2O3 was most effective in the CRM.
• LaNi0.8Zn0.2O3 catalyst was more effective than LaNiO3

towards resisting the formation of carbon

(Moradi
et al. 2014)

CRM LaNixFe1-xO3 700 • Addition of silica support completely changed the
perovskite features.

• Synthesis method and temperature of calcination were
important catalyst parameters for CRM.

(Yadav and
Das 2019)

CRM LaNi1-xMnxO3 (x = 0–1.0) 600–750 • Addition of Mn to the perovskite increased the
temperature at which Ni3+ reduced to Ni0.

• Perovskite performance improved when x � 0.8.

(Valderrama
et al. 2018)

CRM LaCoO3 and LaCu0.55Co0.45O3 400–700 • LaCu0.55Co0.45O3 perovskite showed better catalytic
behaviour than LaCoO3.

• The formations of CoO and Co sintering were inhibited.
• The formation of metallic Cu-Co during the catalyst
reduction stage was responsible for the improved
catalytic behaviour.

(Touahra
et al. 2019)

CRM Cu/Ni/La0.7Sr0.3Cr0.5Mn0.5O3-d

(LSCM)
550/650 • Conversion of reactants and the resistance against

sintering increased, hence, allowing the carbon
deposition to drop with the introduction of Cu.

• The carbon species in the sample; Cu/Ni-LSCM were
smaller in size and quantity than the ones present in
sample Ni-LSCM

(Kang et al.
2019)

CRM LaNi1-xFexO3 (x = 0.2–1.0) 600–800 • The addition of Fe to the perovskite inhibited the metal
reduction.

• LaNiO3 gave the highest activity when compared to Fe
promoted perovskites.

• The in-situ reduction of the perovskite to Ni and
carbonate phase was linked to the enhanced activity.

(Jahangiri
et al. 2013)
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basicity and metal support interactions which facilitated an
effective carbon gasification process.

The catalytic performance of Ni on LaCuO3 was tested
in CRM in the temperature range 500–700 °C by Touahra
et al. (2016b). 5% NiO/LaCuO3, LaCuO3, and LaCu0.53-
Ni0.47O3 were synthesized and tested in CRM. At 700 °C,
CH4 conversion was least for LaCuO3 while conversion for
LaCu0.53Ni0.47O3 was at 60%. The best result was obtained
for 5% NiO/LaCuO3 where CH4 conversion was 16.5%
higher when compared to LaCu0.53Ni0.47O3. The 5%
NiO/LaCuO3 perovskite was also more resistant to carbon
deposits and sintering in-situ reaction. The presence of
NiO, high specific area, smaller Ni crystallite and high
NiO–LaCuO3 interaction translated to better catalyst
performance.

LaxNiOy and LaxNiOy/MgAl2O4 (x = 1 or 2 and y = 3 or
4) have been synthesized and applied for CRM by Mes-
saoudi et al. (2018). Characterization results showed that the
supported perovskite catalyst had higher specific surface
area and Ni dispersion than the unsupported catalyst. This
translated to enhanced catalyst activity in CRM. Similar
activity to the thermodynamic limitations was obtained for
the supported catalyst in a 65 h TOS. Furthermore, the
kinetic equation used for the 50% NiLa2O3/50% MgAl2O4

catalyst revealed that side reaction occurred as CRM and
steam CH4 reforming occurred at 750 °C.

Stabilizing Ni on pyrochlore perovskite structure for CRM
was carried out by Saché et al. (2018). Ni (5 and 10 wt%) was
used to substitute Zr at varying loading; in the structure
Ka2Zr2O7. Post synthesis, the structural analysis showed the
presence of La2Zr2-xNixO7-d and LaNiZrO6 at high amount of
Ni loading. The formulated perovskite drastically reduced the
formation of carbon. Hence, the best catalyst showed high
activity and stability (350 h) in CRM at reduced temperature
of 600 °C. This performance is linked to the reduction of Ni,
resulting in small/evenly dispersed Ni particles. Hence, Ni
did not sinter or form larger Ni clusters that are detrimental to
CRM. The 5 and 10 wt% Ni promoted perovskites were
active for CRM. However, the 10 wt% showed outstanding
catalytic stability over 360 h TOS. For the 10 wt% Ni doped
perovksite catalyst, even though carbon tubes were formed
on the catalyst surface, it had little significance on the catalyst
activity thereby making this catalyst a better and economi-
cally viable option for CRM.

Ni catalysts from LaNiO3 supported on Ce1-xZr1-xO2

(where x = 0.5, 0.75 and 1) for CH4 bi-reforming have been
investigated by Santos et al. (2020). Addition of Zr into Ce
lattice effectively enhanced the surface area and support
reducibility. The oxidation of Ni ensured all supported cat-
alysts initially had low reactants conversion. This could be
ascribed to the surface oxidation of the catalysts resulting
from various side reactions. La and Ce suppressed carbon
over the catalyst surface. The highest performance was

obtained from LaNiO3/Ce0.75Zr0.25O2 during the
bi-reforming reaction carried out at 800 °C.

La0.8Ca0.2Ni0.6Co0.4O3, LA0.8Ca0.2NiO3 and LaNiO3

were prepared and incorporated into SBA-15 silica for CRM
at 600–700 °C by Rivas et al. (2010). The incorporation of
the perovskite into the support improves catalytic properties
such as metal support interaction and increase in Ni reduc-
tion temperature. Reactants conversion decreased with the
addition of another cation in the A and/or B sites, respec-
tively. SBA-15 silica incorporation into the perovskites
allowed for the reaction to take place at a reduced temper-
ature with increased conversion and selectivity towards the
products. Table 4 summarizes the studies on supported
perovskite for CRM.

2.5 Promoted Perovskite Catalyst for CRM

Bai et al. (2019b) carried out studies on CRM using per-
ovskites doped cerium catalysts prepared by the Pechini sol
gel method. Comparison was made with the un-promoted
perovskite to ascertain the effects of doping with reaction
conditions of CH4/CO2/N2 = 3:3:2, at 400–800 °C and 12 h
TOS. Results revealed that the initial CO2 conversion of
La2CoO4, La1.8Ce0.2CoO4, La1.4Ce0.6CoO4 and LaCeCoO4

were 51, 56, 65 and 85%, respectively. The increased con-
version with the addition of Ce was attributed to the oxygen
mobility and storage capacity of CeO2 which inhibits cata-
lyst deactivation due to coking (Abasaeed et al. 2015; Hou
et al. 2017). Ce also increased the specific surface area of
La2-xCexCoO4±y from 0.2 to 8.5 m2 g−1, thereby resulting in
a well dispersed active catalyst.

Noble metal (Ru, Pt, Pd) promoted LaAlO3 was prepared
with the combustion synthesis method and applied for CRM
by Anil et al. (2020). At 800 °C, Ru promoted LaAlO3 had
the highest amount of CO2 conversion. Ru and Pt substituted
LaAlO3 had 100% conversion of CO2 while Pd had 80%
conversion of CO2. This Ru perovskite catalyst offers ade-
quate thermal stability because of sufficient Ru-Al interac-
tion. During the stability testing carried out for 50 h, the
filamentous carbon type was gasified to CO by the active
metallic site. For the Pd and Pt perovskite, conversion
decreased at 25 h and 35 h, respectively. Sintering and
carbon formation was ascribed to the drop in conversion
after several analyses were carried out. Carbon formed was
15 mg, 45 mg and 105 mg for Ru, Pt and Pd substituted
catalyst, respectively. Reports claim that CO2 is activated on
the support while CH4 is activated on the metallic site (Kim
et al. 2019; Valderrama et al. 2008), thereby leading to
various postulated mechanisms like the power law, Lang-
muir–Hinshelwood mechanism, Eley-Ridel mechanism and
micro kinetic analysis (Egawa 2018; Foppa et al. 2016; Niu
et al. 2016). Speculations suggest that H2 from cracked CH4
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can form OH species deposited on the support while
adsorbed CO2 reacts with H/OH species forming decompose
species that release CO (Dama et al. 2018a).

LaNiO3 catalysts modified with Co and Mn were used for
CRM by Kim et al. (2019). LaNi0.34Co0.33O3 precursor was
developed and applied for the reaction at 800 °C and 1 bar.
Results showed that Mn improved the stability of the catalyst,
while Co improved the reaction rates. The catalyst formed a

strong metal support interaction controlled by MnO in the
metallic catalyst. This contributed to the synergistic effect
that sustained the high performance of the catalyst under
extreme experimental conditions. Furthermore, CO forma-
tion between carbon deposited on the metal sites and oxygen
from the support takes place at the metal support interface.

Sr and Ni were used to co-promote LaCrO3 pervoskite for
CRM at temperature ranging from 600 to 800 °C under

Table 4 Supported perovskite for CRM

Process Perovskite catalyst Conditions
(°C)

Results / Observation References

CRM LaNiO3 perovskite on Al2O3 and
CeSiO2 supports

800 • CeSiO2 supported catalyst was more stable in terms
of performance and conversion.

• CO2 oxidized the Ni0 in the unsupported and Al2O3

supported catalysts.
• The unsupported and Al2O3 supported perovskite
had the highest amount of carbon deposited on the
surface.

• The CeSiO2 supported peorvskite inhibited carbon
deposition.

(Rabelo-Neto
et al. 2018)

CRM LaAlO3 and commercial a-Al2O3

as support on Ni catalysts
700 • LaAlO3 perovskite was more advantageous in terms

of properties such as structural defects and
abundance of O2 vacancies.

• CH4 and CO2 conversions for Ni/LaAlO3 catalyst
increased by 7.8 and 11.5%, respectively, when
compared with Ni/a-Al2O3.

(Figueredo
et al. 2018)

CRM LaAl0.25Ni0.75O3 using SBA-15 800 • Incorporation of Si into the perovskite crystallite
lattice promotes CO2 dissociation and adsorption.

(Ruan et al.
2020)

CRM Ni catalyst on Mg-substituted
LaAlO3 support

700 • Increased surface area upon addition of Mg to the
support.

• Ni/La0.8Mg0.2AlO2.9 had better initial activity and
stability than the Ni/LaAlO3 catalyst.

• CH4 conversion over Ni/La0.8Mg0.2AlO2.9 was
75.4%

(Bai et al.
2019a)

CRM 5% NiO/LaCuO3, LaCuO3, and
LaCu0.53Ni0.47O3

500–700 • CH4 conversion was least for LaCuO3 while
conversion for LaCu0.53Ni0.47O3 was at 60%.

• CH4 conversion was 16.5% higher for 5%
NiO/LaCuO3 when compared to LaCu0.53Ni0.47O3

(Touahra
et al. 2016b)

CRM LaxNiOy and LaxNiOy/MgAl2O4

(x = 1 or 2 and y = 3 or 4)
750 • The supported perovskite catalyst had higher specific

surface area and Ni dispersion than the unsupported
catalyst.

(Messaoudi
et al. 2018)

CRM Ni on pyrochlore perovskite
(Ka2Zr2O7)

600 • La2Zr2-xNixO7-d and LaNiZrO6 structures were
formed.

• Reduction in carbon formation.
• 10 wt% Ni promoted perovskites showed
outstanding catalytic stability over 360 h.

(Saché et al.
2018)

CH4

bi-reforming
Ni catalysts from LaNiO3

supported on Ce1-xZr1-xO2 (where
x = 0.5, 0.75 and 1)

800 • Addition of Zr into Ce lattice effectively enhanced
the surface area and support reducibility.

• La and Ce suppressed carbon over the catalyst
surface.

• The highest performance was obtained from
LaNiO3/Ce0.75Zr0.25O2

(Santos et al.
2020)

CRM La0.8Ca0.2Ni0.6Co0.4O3,
LA0.8Ca0.2NiO3 and LaNiO3

incorporated into silica

600–700 • Reactants conversion decreased with the addition of
another cation in the A and/or B site, respectively.

• SBA-15 silica incorporation into the perovskites
increased conversion and selectivity.

(Rivas et al.
2010)
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atmospheric conditions by Wei et al. (2020). The resulting
synthesized catalysts were La0.8-xSrxCr0.8Ni0.15O3-d

(LSCrN) for x = 0, 0.1, 0.2, 0.3 (P-80, P-71, P-62, P-53),
and the reduced catalysts (R-80, R-71, R-62, R-53). The
existing Ni-support interaction favoured the adsorption of
CO2. Hence, higher activity and stability in the carbon free
CO2 reforming process. R-53 catalyst gave the highest
activity of the reactants at temperature below 650 °C,
whereas, R-62 gave the best performance in terms of reac-
tants conversion up to about 90% at 800 °C. This was
attributed to the Ni—support interaction coupled with the
basic strength and O2 vacancy of the support (Osman et al.
2017).

Ru promoted SrTiO3 perovskites were applied for CRM
by Gangurde et al. (2018) using microwave heating. Results
showed that CH4 and CO2 conversions were 99.5 and
approximately 94%, respectively when the catalyst was
promoted and tested with 7 wt. % Ru at 940 °C. The lower
CO2 conversion when compared with CH4 was because of
the availability of excess CO2 during the stability test (45: 55
vol. %). Table 5 summarizes the studies on promoted per-
ovskite catalysts for CRM.

2.6 Alkaline Earth Metals Perovskite for CRM

Alkaline earth metals substituted perovskite (MZr1-xNixO3-d,
M = Ca, x = 0 and 0.2) have been prepared by Dama et al.
(2018b) and compared with other perovskites
(MZr1-xNixO3-d, M = Ba, Sr, x = 0 and 0.2) for use in CRM
800 °C. Results showed that the nature of the alkaline earth
metal substituted in the A site of the perovskite was vital to
the overall structure, basicity, oxygen deficiency and Ni

dispersion of the catalyst. Substitution with calcium
(CaZr0.8Ni0.2O3-d) gave the best activity of 96% for CO2

conversion with performance remaining constant after 500 h
of reaction. The carbon formed on this catalyst was amor-
phous in nature which was linked to the basicity of the
alkaline perovskite oxide. The surface hydroxyl groups of
the support are essential for increased removal of carbon
from the surface thereby increasing the performance of
CaZr0.8Ni0.2O3-d catalyst (Ferreira-Aparicio et al. 2000;
Bitter et al. 1997).

Ni perovskite doped with M = Sr, Ca (LaN)) were syn-
thesized for CRM by Yang et al. (2015a). A study on the
effect of partial substitution of La by Sr/Ca was carried out
for CRM reaction to produce syngas at temperatures ranging
between 700 and 900 °C. The addition of Sr/Ca was to
modify the A site and enhance the performance of the cat-
alyst. Results showed that the doped perovskites had supe-
rior resistance to carbon during the reaction.
La0.9ca0.1Ni0.5Fe0.5O3 performed best when compared with
other synthesized catalysts. Sr and alkaline earth metal based
promoters like Ca altered the basicity of the catalysts while
preventing metal sintering. This led to better CO2 adsorption
thereby resulting in enhanced carbon removal rate and
improved catalytic activity during the CRM reaction. Fur-
thermore, the inclusion of Fe (LaSrNF and LaCaNF) in the
perovskite structure also affected the catalysts behaviour
particularly in terms of the resistance to carbon formation.
LaSrNF perovskite had higher reactants conversion whereas;
LaCaNF had lower reactants conversion. This behaviour was
ascribed to the different abilities of the catalysts to adsorb
CO2 (Fang et al. 2018).

LaNiO3 as precursor of Ni/La2O3 for CRM at 800 °C was
synthesized by Pereñiguez et al. (2012). Four different

Table 5 Promoted perovskite catalyst for CRM

Process Perovskite catalyst Conditions (°C) Results / Observation References

CRM Perovskites doped cerium
catalyst

400–800 • CO2 conversion of La2CoO4, La1.8Ce0.2CoO4, La1.4Ce0.6CoO4

and LaCeCoO4 were 51, 56, 65 and 85%, respectively.
• Increased conversion with the addition of Ce.
• Ce also increased the specific surface area of La2-xCexCoO4±y

from 0.2 to 8.5 m2 g−1.

(Bai et al.
2019b)

CRM Noble metal (Ru, Pt, Pd)
promoted LaAlO3

800 • Ru promoted LaAlO3 had the highest amount of CO2

conversion.
• Ru and Pt substituted LaAlO3 had 100% conversion of CO2

while Pd substituted LaAlO3 had 80% conversion of CO2.

(Anil et al.
2020)

CRM LaNiO3 catalysts modified
with Co and Mn

800 • Mn improved the stability of the catalyst, while Co improved
the reaction rates.

(Kim et al.
2019)

CRM La0.8-xSrxCr0.8Ni0.15O3-d

(LSCrN) for x = 0, 0.1,
0.2, 0.3

600–800 • Ni-support interaction favoured the adsorption of CO2

• Increased activity and stability in the carbon free CO2 reforming
process.

(Wei et al.
2020)

CRM Ru promoted SrTiO3 940 • CH4 and CO2 conversions were 99.5 and approximately 94%,
respectively when the catalyst was promoted and tested with 7
wt. % Ru

(Gangurde
et al. 2018)
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Ni/La2O3 samples (prepared by hydrothermal, combustion,
spray pyrolysis and spray pyrolysis-combustion methods)
were obtained from the reduction of LaNiO3 precursor and
tested in the CRM. Results from XAS and TPR showed that
in addition to the crystalline LaNiO3 rhombohedrical phase,
a significant amount of amorphous NiO phase was present.
The sample prepared by hydrothermal and spray pyrolysis
methods promoted CRM more effectively, while the sample
prepared by combustion method had the lowest activity for
CRM. The amount of NiO phase played a vital role in the
performance of Ni/La2O3 for CRM. The high amount of NiO
phase in the sample prepared by combustion method led to
the formation of large Ni metallic particles which resulted in
reduced reactants (CH4 and CO2) conversion. Table 6
summarizes the studies on alkaline earth metals formulated
catalyst for CRM.

3 Conclusions

Carbon cycle can effectively be managed by the utilization
of CO2 as a reagent in various reactions. Due to its ther-
modynamic stability and inert nature, high energy is required
for CO2 conversion to other useful components. Hence, CO2

conversion processes require the use of catalyst to minimize
these challenges. Heterogeneous catalysts provide solutions
for CO2 conversion processes due to their ease of separation,
stability in handling, catalyst reuse and reproductively.
Perovskite is a type of heterogeneous catalyst that possess a
large range of industrial, scientific and commercial impor-
tance due to its low cost and stability in high temperature

conditions while offering flexibility of its stoichiometric
parameters. Also, the multi-functional properties of the
perovskite allow it to exist with O2 in a non-stoichiometric
form. These properties can be related to their preparation
methods that have been reported to enhance the physico-
chemical properties of heterogeneous catalysts. For instance,
since the heterogeneous catalytic reaction occurs at the
surface, the catalyst should be synthesized with large enough
surface to allow for substantial interaction between catalyst
and reactants. CO2 is effective as a reagent for the conver-
sion of hydrocarbons into more useful products like H2,
syngas and liquid fuels. Most common of these conversion
processes is CRM. This process is of great interest as the two
major greenhouse gases are converted into more useful
products. However, the extent of conversion of this process
is determined by several parameters such as amount of
reactants used, reaction operating condition and type of
catalyst utilized. Perovskite’s have been used as catalysts for
CO2 reforming due to their high oxygen mobility. This
property is essential for suppressing the formation of carbon
during CO2 reforming reactions. Also the flexibility in
altering the acidic and basic sites of the perovskite offer
several options in changing its electronic configuration and
structural buildup. Its thermally and chemically stable nature
under redox and H2 rich environment gives it an edge over
other types of catalysts used in CO2 reforming. However, the
inability of perovskite’s to form structures with large surface
area is its major setback that requires more attention from
researchers. Hence, due to the perovskite’s unique properties
already mentioned, this chapter has focused on the role
played by perovskites as catalysts in the conversion of

Table 6 Alkaline earth metals perovskites for CRM

Process Perovskite catalyst Conditions (°C) Results/observation References

CRM Alkaline earth metals
substituted perovskite
(MZr1-xNixO3-d, M = Ca, x = 0
and 0.2)

800 • Substitution with calcium (CaZr0.8Ni0.2O3-d) gave
the best activity of 96% for CO2 conversion.

• The surface hydroxyl groups of the support was
essential for increased removal of carbon from the
surface

(Dama et al.
2018b)

CRM Ni perovskite doped with
M = Sr, Ca (LaN))

700–900 • The doped perovskites had superior resistance to
carbon during the reaction.

• La0.9ca0.1Ni0.5Fe0.5O3 had the best performance
when compared with other synthesized catalysts.

• Sr and alkaline earth metal based promoters like Ca
altered the basicity of the catalysts while preventing
metal sintering.

(Yang et al.
2015b)

CRM
(effect of
synthesis
method)

LaNiO3 as precursor of
Ni/La2O3

800 • Sample prepared by hydrothermal and spray
pyrolysis methods promoted CRM more effectively.

• Sample prepared by combustion method had the
lowest activity for CRM.

• High amount of NiO in the sample prepared by
combustion method allowed for the formation of
large Ni particles which resulted in low CH4 and
CO2 conversion.

(Pereñiguez
et al. 2012)
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reactants to more valuable products in the CO2 reforming of
CH4 reaction process.
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Carbon Dioxide Conversion to Useful
Chemicals and its Thermodynamics

Pallavi Jain and A. Geetha Bhavani

Abstract

Carbon dioxide (CO2) utilization was well-practiced
through chemical processes to produce useful chemicals,
such as syngas (H2/CO), hydrogen (H2), methane (CH4),
methanol (MeOH), ethanol (EtOH), dimethyl ether
(DME). These chemicals have wide industrially
demanded to use as a raw material for generating various
other chemicals. CO2 utilization through conversion is a
substitute and economical foundation of energy source
and is reducing CO2 emissions. Many industries and bulk
scale production plants are aimed to produce selective
products over the highly active catalyst to trigger the
problems. To encounter the industrial reaction parameter
challenges, the thermodynamic stimulation is a significant
analysis predicting the reaction steps sequences to
optimize the parameters and process should be econom-
ically viable. The thermodynamic stimulations are
mainly, the reaction temperature, reactor pressure, molar
ratio of the feed at the inlet, composition/add-on gases to
feed ratio, coke formation, and merely depend upon the
outlet products stability and selectivity. This chapter
comprehensively discussed the thermodynamics of CO2

hydrogenation, H2/CO production, MeOH, EtOH, and
DME synthesis.

Keywords

Carbon dioxide � Methane � Methanol � Dimethyl
ether � Syngas � Thermodynamics

1 Introduction

CO2 is a major pollutant constituent produced by human
activities which augmented the rise in global temperatures
and climate change. In the past few years, the government
laid many policies and public awareness capacity-building
programs to reduce the CO2 intensities in the atmosphere.
The Carbon Capture and Utilization (CCU) process is aimed
to capture the atmospheric CO2 emission and separated it for
further utilization. The separated CO2 is the conversion into
energy production, application of various chemical produc-
tions and fuels as growing the demand. Pure CO2 is used as a
raw material for many industrial reactions to produce valu-
able products. The commercial industries already using CO2

as a raw material to produce H2/CO, is further used to
produce fuel cell plants, CH4, DME, MeOH, EtOH, and as a
chemical feedstock for organic and inorganic products
(ammonia, urea) (Alvarez et al. 2017; Kawi and Kathiraser
2015; Dorner et al. 2010). The industrial applications are
intended for effectively high conversion with highly selec-
tive products. The reaction and product formations are
prophesied by thermodynamic analysis. The thermodynamic
study provides the information of reaction steps, degree of
reactants conversion, percentage of yield, degree of product
selectivity, and effects of parameters (temperature, pressure,
and reactants ratio) for unit operations (Huang and Tan
2014).

The thermodynamics of CO2 conversion can be estimated
by stoichiometric thermodynamic analysis and
non-stoichiometric thermodynamic analysis. The stoichio-
metric analysis requires information of all the chemical
reaction species and reactions (independent) occurring in a
system. For complex systems that involve a lot of reactions,
the implementation of this method becomes repetitive. It is
not possible to apply the equilibrium constant method to
systems where almost all reactions are uncertain. Whereas,
the non-stoichiometric approach, also known as Gibbs free
energy minimization (GFEM), involves only knowledge of
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the chemical species for thermodynamic equilibrium calcu-
lations. Therefore, regardless of its complexities,
non-stochiometric techniques can be implemented to any
system easily without any stoichiometric information of
reactants. (Smith et al. 2005). To perform the thermody-
namic analysis, Aspen Plus (AP) software was used and
further RGIBBS block of AP was used for the total GFEM
of the reaction mixture. Soave-Redlich-Kwong model in AP
was used for introducing non-ideal performance in Gibbs
energy values by the state of equation (Stenger and Askonas
1986). The present chapter is focused on the thermody-
namics of four CO2 conversion processes, which includes
CO2 utilization, CO2 conversion for the synthesis of DME,
MeOH, EtOH, CH4, and DRM.

2 Thermodynamic of CO2 Hydrogenation
to CH4

Methanation of CO2 for the production of synthetic natural
gas (SNG) is a significant reaction producing H2/CO, which
is used as a raw material for many industrial applications.
The SNG production from CO2 is identified as the “Power to
Gas” (PtG) process, to yield a high concentration of H2

(Gotz et al. 2016; Lehner et al. 2014; Specht et al. 2016).
The production of the pure and high percentage of CH4 in
SNG composition is considered more for years as it has
extensive impending applications in the market, which will
be achieved only through catalytic CO2 hydrogenation. The
catalytic CO2 hydrogenation is passed through various ran-
ges of pressure from low to high, for distribution and storage
for further applications. The economic way to produce H2 is
the electrolysis of water, manipulating the surplus electricity
by nuclear or renewable, once accessible in the power grid.
As a low-cost carbon source, the CO2 is well thought-out for
transforming to CH4 and further effective H2 storage and
contribution in the steadiness of the electric grid. CO2

methanation has many advantages; it is contemplated as
enabling expertise to store the electricity by the chemical
process as a long-term process (Geetha et al. 2015). Ther-
modynamics evaluates the methanation process and predicts
the optimal reaction state (Kiewidt and Thoming 2015;
Molino and Braccio 2015). The effects of methanation
parameters are pressure, temperature, and molar ratio of H2/
COx. Additionally, the conversion of COx and CH4 selec-
tivity and residual carbon deposition influenced by adding
reactants (CH4, H2O, O2) (Geetha et al. 2013).

The Sabatier reaction, R(1) during the production of CH4

using CO2 and H2 is an exothermic reaction leading to molar
reduction of the composition of the reactants (Sabatier
1902). The reaction, R(2) occurs with minor endothermic
reverse water gas shift (RWGS) for equimolar CO produc-
tion throughout the synthesis. CO2 methanation reaction

(1) and (2), thermodynamics indicates exothermic process
and also decreasing the number of reactant moles, increases
the pressure and lower the temperature, which ultimately
improves CH4 yield with CO as a major and C2+ hydro-
carbon as minor by-products. The progress in CO2 metha-
nation are factually connected to the production of stable,
and pure H2 from H2/CO. Indeed, production of pure H2 is
produced by the mixed feed of natural gas (CH4 and CO2)
through one or two reforming steps of DRM, SRM, ATR
process. The reaction steps involve CO2 conversion to CO at
high temperatures through the water gas shift (WGS) mech-
anism. By the adsorption process, CO2 is captured for the
conversion, and the remaining unconverted COx is hydro-
genated to enhance CH4 yield. The yield is processed for
purification steps under various conditions. During H2

purification, the inlet COx concentration is low while H2

yield is outsized. In these dilute circumstances, thermody-
namics allows high conversion of COx nearly 100% in the
reforming reactor. Bulk scale production of H2/CO is in high
demand through COx methanation. Large and stable pro-
duction needs a dynamic catalyst that performs in many
limitations of the reactor and thermodynamic parameters.
However, COx methanation reaction gained highly industrial
importance from the 1970s while for the oil crisis, H2/CO
was used from gasification of coal (Barbarossa et al. 2013;
Kopyscinski et al. 2010). Additionally, increased utilization
of biomass opened many industrial plants to process biomass
to CH4 in the last few years. SNG process is considered for
large scale industrial applications over CO2 hydrogenation
and is presently practicing for alternative and effective
renewable power. Additionally, this process controls
immensely atmospheric CO2 emissions. The emblematic
feedstock CO2 was usually received through flue gases of
power plants or biogas processing plants (Mazza et al. 2018;
Meylan et al. 2016). However, the feedstock was also
obtained from the process in industries CO2 emissions like
steel manufactory, etc. The initial trial plant for CO2

methanation was constructed during the 1990s, currently,
many marketable applications are accessible (Napp et al.
2014).

The CO2 methanation, R(1) releases high energy while
dissociation (exothermic). Methanation reaction must find a
suitable and efficient catalyst for stability to produce CH4

and hasten the rate of the reaction process. Many research
reports proved the development of novel stable catalysts to
withstand harsh parameters. Ni-based supported catalysts
were well-practiced industrially due to feasibility and eco-
nomic while using in large quantities (Wei and Jinlong
2011). A few limitations were associated with Ni-based
catalyst makes industries to find an alternative catalyst. The
limitations of catalyst were the fast sintering even at low to
high temperatures and deactivation of the catalyst surface,
and inaccessible active surface by reactant molecules for the
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dissociation of CO2 and decomposition of CH4 (Agnelli
et al. 1994, 1998). The deactivation was very high that
pluged the reactor and resulted the pressure in the reactor
which was also a safety concern. Many progress were
reported to alter the synthesis mechanism of Ni-based cata-
lyst by adding-other metals (Ba, K, Mn, Co, Ca, Pt) and
found thermally stable, promising results. In a report,
methanation was reported over Ru, Co, and Fe supported
catalysts, which demonstrated high performance with sta-
bility in various conditions (Upham et al. 2015; Xu et al.
2016). As coke formation and metal sintering, limitations
need to analysis through thermodynamic data before any
proceedings in methanation plants. Greyson et al. (1955)
have assessed the thermodynamic data of the CO methana-
tion reaction based on three reaction equations i.e., R(3), R
(4) and the following one:

COþH2O ! CO2 þH2 R(8)

Beuls et al. (2012) applied the thermodynamic evaluation
of methanation of CO2 through Rh/c–Al2O3 catalyst with
different parameters. Gao and co-workers (2012a) have
analytically performed the thermodynamic data study on
COx methanation utilizing the total GFEM method. This
data was compared with experimental data of two com-
mercialized methanation plants and the report revealed that
the methanation reaction preferred optimal conditions like
low temperature, high pressure with high H2/COx ratio. CO2

hydrogenation of thermodynamic stimulations was executed
by using Gibb’s reactor model obtained by HSC chemistry
(entropy, enthalpy, capacity of heat). The inclusive portrayal
of this reaction process involves the reactant feed of CO2 and
H2 with six other products like CH4, CO2, CO, H2, H2O, C
deposition. The methanation reaction proceeds with three
independent reactions i.e., R(1), R(2), R(7), which are enu-
merated in Table 1. Depending on these reactions, the
equilibrium composition of dissimilar products was obtained
at a stable pressure of 1 bar with various H2/CO2 ratios and
reaction temperature. The major products were concerned
for the methanation study and the trace species amounts
were neglected. The data concluded that CO generated from

the RWGS reaction regulates the product in the CO2

hydrogenation mechanism if the reaction tempera-
ture >873 K, whereas CH4 formation is not favored.
Meanwhile, it is possible to preclude the formation of carbon
deposits to a great degree. Increasing the ratio of H2/CO2 has
a significant impact on CH4 yield. All these patterns and
measurements are well aligned with the findings stated by
Swapnesh et al. (2014) with different reaction conditions.

2.1 Low-Pressure CO2 Methanation Enhanced
by Sorption

The sorption enhanced methanation (SEM) model has been
suggested to involve higher CH4 conversion at lower oper-
ative pressure. The in situ removal of steam generated in
SEM has been achieved by adding a suitable sorbent mate-
rial (Borgschulte et al. 2013) or with water-selective mem-
branes (Catarina Faria et al. 2018). In this methanation, the
elimination of H2O shifts the chemical equilibrium for
allowing 100% CH4 conversion at a suitable temperature and
moderately low pressure, in place of thermodynamic
restrictions. These thermodynamic restrictions would sug-
gestively lower the energy for gas compression work
desirable to achieve the pressure level for the natural gas grid
(Walspurger et al. 2014). One of the key problems during the
methanation reactor operation was the deactivation of the
catalyst owing to C deposition (Ronsch et al. 2016; Seemann
et al. 2006). Thermodynamic analysis and experimental
findings have shown that C deposition during CO metha-
nation could be substantial, although it was typically not an
issue during pure CO2 methanation (Frick et al. 2014).
However, SEM model thermodynamic study found that
C-formation was even more substantial under SEM condi-
tions applicable to the biogas upgrading process than that in
the absence of H2O removal, due to the massive significance
of carbon-generating reactions. This suggested SEM condi-
tions could improve C-formation even for pure CO2

methanation, which was entirely ignored in earlier experi-
mental data and thermodynamic analysis (Koytsoumpa and
Karellas 2018). The thermodynamic studies for conventional

Table 1 Thermodynamic
analysis equations of CO2

hydrogenation for synthesis of
methane

Reaction equations during CO2 methanation Enthalpy ΔH298.15 K(KJ/mol) Reaction number

CO2 þ 4H2 $ CH4 þH2O ‒164.7 R(1)

CO2 þH2 $ COþH2O 41.2 R(2)

COþ 3H2 $ CH4 þH2O ‒206.2 R(3)

2CO $ C + 2CO2 ‒172.4 R(4)

2CH4 $ C + 2H2 74.9 R(5)

COþH2 $ CþH2O ‒131 R(6)

CO2 þ 2H2 $ Cþ 2H2O ‒90 R(7)

Swapnesh et al. (2014)
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CO and CO2 methanation were analyzed by various reports
(Vakalis et al. 2018), but with SEM conditions are still
unexplored. Massa et al. (2020) calculated the pure CO2

sorption increased methanation thermodynamics at lower
pressure, and correlated the data with the conventional
methanation process. The basic aim of the study was to
identify the limits of carbon deposition for such a scheme
and to verify the feasibility of the composition of the equi-
librium product gas for injection into the natural gas grid.
The following observations were noticed:

• With reverence to traditional methanation systems, the
benefits of the SEM system was the production of a high
yield of CH4 at various temperatures and pressures.

• Steam separation, particularly at high temperatures and
low pressure, could lead to significant carbon generation.
The molar feed of H2/CO2 = 4 was found to be in neg-
ligible amounts of C formation at partial steam capture.

• The by-product CO concentration was stable and
noticeably by operative SEM conditions.

• Entire steam apprehension was potential with less C
formation with non-stoichiometric feed in presence high
amounts of H2 (H2/CO2 > 4) is possible.

• These parameters pointed towards 100% CH4 conversion
without CO2 balance and high CO in product
composition.

• Further both non-stoichiometric and stoichiometric feed,
was adequate to achieve high H2 in product outlet.

2.2 Catalytic CO2 Methanation

Scientific reports disclosed the conversion of CO2 to CH4

over various catalytic supports like ZrO2, Al2O3, MgO, SiO2

(Shawabkeh et al. 2015; Frey et al. 2015; Toemen and Ali
2014; Toemen et al. 2016; Guo and Lu 2014) at altered

operating parameters, but still, many essential improvements
of a novel economical, dynamic with the stability of the
catalyst with the combination of composite metals catalysts,
bimetallic catalysts and/or trimetallic catalysts over the
support surface are in need. The optimization of parameters
from the catalysts side and optimization of parameters from
the reaction side is crucial to evaluate the product stability
and yield. Ahmad et al. (2020) synthesized and evaluated
diverse catalysts of Cu-K/Al2O3 for CO2 conversion at
503 K, 673 K, 873 K temperature with H2/CO2 feed ratio
(2:1 and 4:1) to produce CH4 and CO at 1 and 7 bar pres-
sures. The thermodynamic investigation reported 63% CO2

conversion with CH4 selectivity of 39% over Cu1.62K0.5/
Al2O3 at 873 K, H2/CO2 = 4 with the pressure of 7 bar. By
adding another metal K to Cu1/Al2O3 on the Al2O3 catalysts
surface significantly improved the conversion of CO2 con-
version from 48 to 55% (Cu1K0.5/Al2O3), which confirmed
the role of the second metal as a promoter during the con-
version of reactants as well as product selectivity. Moreover,
the stability in CO2 conversion and CH4 selectivity was also
boosted with synergic amounts of promotor with reaction
parameters like temperature, H2/CO2 molar ratio, and pres-
sure. Table 2 shows the thermodynamics of some of the
catalytic conversion of CO2 to CH4.

3 Thermodynamics of CO2 DRM

CO2 is utilized to produce CH4 with mixing of H2, which is
used as feed in the FT process (Lavoie 2014) to produce
demanded chemicals (Guczi 2010; Paksoy et al. 2015).
Reforming is an important process to convert raw materials,
as well as fossil fuels, to valuable and demanded fuels and
chemicals. The “reforming” is referred to pyrolysis/
gasification and is the conversion of natural gas to H2/CO
as well as reforming of solid feed (biomass, coal, waste,
etc.). Synthesis gas (or ‘syngas’) is the result of reformation,

Table 2 Catalytic conversion of CO2 to CH4

Catalyst Temperature (K) Pressure (bar) CO2 conversion (%) CH4 selectivity (%) References

Ni-Ru/CZP 673 1 82.2 99.3 Frey et al. (2015)

Cu/Ce/Al2O3 573 1 10.23 2.15 Toemen et al. (2016)

Mn/Ce/Al2O3 473 1 56.79 8.12 Toemen et al. (2016)

Ni/MgO 873 1 28.9 9 Guo and Lu (2014)

Fe-Co/K/Al2O3 723 1 50.3 63 Satthawong et al. (2013)

Co/K/Al2O3 573 11 60.6 96 Satthawong et al. (2013)

Ru/Al2O3 623 1 86 100 Garbarino et al. (2015)

Ni2CeO2/Al2O3 623 1 85 100 Liu et al. (2012)

Ni16(Ni/Al2O3) 773 1 75 100 Garbarino et al. (2014)

Pt/Co/c-Al2O3 573 0.04 10 10.6 Porosoff and Chen (2013)
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with H2 and CO being the key components, but also having
H2O and CO2 fractions. The foremost reforming expertise for
the production of syngas utilizing natural gas is catalytic
steam methane reforming (SRM), dry reforming of methane
(DRM), auto-thermal reforming (ATR), and partial oxidation
(POX) (Bhavani et al. 2020; Mohamad 2018; Shen et al.
2000). The SRM reaction is a reversible reaction of CO2

methanation and if, carried out under adiabatic circumstance
would lead to an extreme theoretical temperature at thermo-
dynamic equilibrium. SRM process needs high content of
both steam and H2/CO2 to pass through the reactor, which is
on the higher side of FT process necessity. ATR process
required pure O2 with inlet feed and was the expensive
reaction for industry and concern of safety aspects. In
industrial practice, the coke formation was one of the major
challenges (Mette et al. 2014). The coke formation deacti-
vated the catalyst, which ultimately increased the operating
cost (Pakhare and Spivey 2014). A lot of reports have come
up with dealing to trigger the C formation in the DRM pro-
cess (Wang et al. 2014). Depending upon the H2/CO ratio,
various applications were used for innumerable purposes. For
example, the synthesis of liquid product through the FT
process required the H2/CO molar ratio ranges from 1.0 to
2.5, whereas alkane (C1–C5) required the H2/CO mole ratio
of � 2. The hydrocarbon (HC) and oxygenated compounds
required the H2/CO mole ratio ranges from 1 to 2 (Zennaro
et al. 2013). The modeling of the reactor was the most eco-
nomic method compared to ‘Trial and Error’ method (Zhao
et al. 2016). Table 3 shows the thermodynamic analysis
equations of CO2 for DRM (He and Liu 2017).

The thermodynamic equilibrium of the DRM process
was investigated on Fact Sage simulation by reducing the
total Gibbs energy of the system. These simulations were
used to predict and improve the system parameters for the
removal of C-deposition and the modification of the H2/CO
mole ratio. The simulated results predicted that the

C-deposition favored at 819–976 K and further reported
ideal process parameters i.e., 1 CH4/CO2 mole ratio, 1 bar
pressure and � 1273 K temperature. CH4 decomposition
was encouraged at pressure � 1 bar, and 823 K � T
1273 K about C-formation participants, while CO disso-
ciation was facilitated at process pressure � 1 bar, and
T � 973 K. These types of reactor settings were frequently
used to reduce the coke formation to produce olefin, oxy-
genated compounds, and heavy HCs. For Fischer-Tropsch
(FT) process the H2/CO ratio was used as a feed to syn-
thesis various applications. The raw materials for the FT
process were achieved with the tuning of mole ratio CH4/
CO2, altering unit operating parameters by ˂ 1173 K, or
efficient process. For the applications like olefin synthesis,
oxygenated compounds and heavy HCs, the DRM (feed
CH4/CO2 � 1) reactor process parameters i.e., T ˃ 973 K,
H2/CO ratio � 1 and P = 1 bar was practiced for best
results. Another application was to produce alkane (from
C1 to C5) achieved by altering the H2/CO feed ratio (Cao
et al. 2017).

Thermodynamic simulation test was also applied for
POX, combined dry reforming for the functions of various
ratios CH4/CO2 (0–2), O2/CH4 (0–1), pressure (1–25 bar),
and temperature (873–1573 K) aimed to reduce coke for-
mation by GEM. These thermodynamic stimulations are
related to experimental results over Ru supported catalyst.
The correlated reactor pressure of DRM and POX reactions
results found that on increasing CH4 conversion pressure, H2

yield over time decreased. The thermodynamic stimulation
results with the function of O2/CH4 resulted in reduction of
the coke formation by oxidation for carbon formed in
reforming reactor over time on stream. Finally, every
reforming parameter played a significant role in the
decomposition of CH4 and the dissociation of CO2 for stable
production of H2/CO for utilizing many industrial applica-
tions (Nematollahi et al. 2012).

Table 3 Thermodynamic analysis equations of CO2 for DRM (He and Liu 2017)

Reaction equations during DRM Description of reaction Enthalpy ΔH298.15 K (KJ/mol) Reaction number

CO2 þCH4 $ 2COþ 2H2 CO2 reforming 260.5 R(8)

CO2 þH2 $ 2COþH2O RWGS 41.0 R(9)

CH4 þH2O $ COþ 3H2 Methane steam reforming 206.50 R(10)

CH4 þ 2H2O $ CO2 þ 4H2 Methane steam reforming 165 R(11)

CH4 þ 2O2 $ CO2 þ 2H2O Methane combustion ‒802 R(12)

CH4 þ 1
2 O2 $ COþ 3H2 Methane partial oxidation ‒36 R(13)

CH4 $ Cþ 2H2 Methane decomposition 74.9 R(14)

2CO $ CþCO2 Disproportionation reaction ‒172.5 R(15)

CO + H2 $ CþH2O CO reduction ‒131.5 R(16)
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4 Thermodynamics of CO2 Hydrogenation
for MEOH and DME Synthesis

MeOH synthesis is one of the most important industrial
process to synthesis many chemicals by utilizing CO2 as a
feed but need to be practiced in a bulk production as com-
mercial grade. The commercial-grade MeOH is synthesized
at an adequate temperature with high pressure as a feed of
CO, CO2, and H2. CO2 is the source of carbon for MeOH in
this method, while CO reacts via WGS reaction with H2O
production in the process to generate CO2 and H2. These
reaction processes are shown in R(17) and R(18), respec-
tively. Tables 4 and 5 illustrate the thermodynamic analysis
equations of CO2 for MeOH and DME synthesis (He and
Liu 2017).

The CO2 hydrogenation was processed using
high-performance catalyst or else electrochemical reaction.
On other hand, the thermodynamic stimulation and experi-
mental data confirmed limited synthesis and low yield of
MeOH by CO2 hydrogenation. The MeOH production lim-
itations were removed by processing the dehydration reac-
tion to yield DME and also prevented side reactions. Majorly
explored were CO2/CO hydrogenation catalysts and ther-
modynamic study of CO hydrogenation (Hus et al. 2017).
The thermodynamic stimulation data is good enough to
estimate the desire/undesired reaction pathways to produce
desired products. Finally, it was a significant strategy to
alalyze the thermodynamic stimulation before catalytic CO2

hydrogenation on an industrial scale. Table 6 demonstrates
the various types of reaction processes of catalytic CO2

hydrogenation conversion to produce MeOH at room pres-
sure. Zohour et al. (2016) used doped Cu, Ga metals over
c-Al2O3 for CO2 hydrogenation, the conversion was found
to be very low with 48% of DME and MeOH. Ramírez et al.

(2017) screened over Cu/ZnO and Pd/Ga bimetallic catalysts
and found 100% MeOH selectivity with considerably very
low CO2 conversion.

Gao et al. (2017) found 13.1% CO2 conversion over
In2O3 impregnated over medium pore zeolite HZSM-5 to
produce 1% of HCs to gasoline. Iyer et al. (2015) tailored
isothermal and adiabatic processes for various compositions
of the inlet feed in the reactor environment of vapor–liquid
and vapor systems. Miguel et al. (2015) also confirmed the
100% CH4 selectivity with MeOH formation, which was
favored thermodynamically. Jia et al. (2016) examined CO2

hydrogenation thermodynamics of numerous products
including MeOH under various reaction parameters without
RWGS influence and reported CH4 formation as the most
feasible reaction. He et al. (2017) generated the thermody-
namic data using the combinations of reaction parameters
like feed ratio, reactor pressure, reactor temperature, the
composition of feed concentrations on CO2 hydrogenation to
form DME. This data proved the DMEs formation at lower
reactor temperature with higher reactor pressure favored
CO2 hydrogenation. The most thermodynamic parameters
were labeled as H2/CO2 = 3.0–6.0, T < 550 K, P = 20*60
bars. Ahmad et al. (2018) found 373 K, P = 60 bar, H2/
CO2 = 3:1 for higher CO2 conversion but lower product
selectivity in DME synthesis. Whereas, the maximum HC
production was possible at extreme pressures, lower reactor
temperatures and with high ratio H2/CO2feed. The addition
of other feeds also played a vital role in conversion (CO2)
and selectivity (DMEs), as the addition of CO favored and
H2O addition led to form excess steam in the reactor, which
need to be removed with time. For every FT process, stable
conversion of CO2 showed the minimum change in Gibbs
free energy without the interference of the reaction pressure
over a stable and active catalyst. The various thermodynamic

Table 4 Thermodynamic analysis equations of CO2 for MeOH synthesis

Reaction equations during MeOH synthesis Description of reaction Enthalpy ΔH298K (KJ/mol) Reaction number

CO2 þ 3H2 $ CH3OHþH2O CO2 hydrogenation to MeOH ‒49.51 R(17)

CO2 þH2 $ COþH2O RWGS 41.19 R(18)

COþ 2H2 $ CH3OH CO hydrogenation to MeOH ‒90.7 R(19)

Table 5 Thermodynamic analysis equations of CO2 for DME synthesis

Reaction equations during DME synthesis Description of reaction Enthalpy ΔH298K (KJ/mol) Reaction number

2CO2 þ 6H2 $ CH3OCH3 þ 3H2O Overall reaction ‒122.2 R(20)

CO2 þ 3H2 $ CH3OHþH2O CO2 hydrogenation to MeOH ‒49.1 R(21)

CO2 þH2 $ COþH2O RWGS 41 R(22)

2CH3OH $ CH3OCH3 þH2O Dehydration of MeOH ‒23.4 R(23)

COþ 2H2 $ CH3OH CO hydrogenation to MeOH ‒90.6 R(24)

He and Liu (2017)
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points to be considered were, (i) the ranges of favorable
conditions, (ii) reaction kinetics of the experimental process
and (iii) energy balance of the reaction sequences. Table 7
illustrates the thermodynamic analysis of CO2 utilization
reactions for different reaction systems.

5 Thermodynamics of CO2 Hydrogenation
for EtOH Synthesis

The development of high-grade EtOH fuel is used to
diminish pollution. Usually, EtOH was prepared through
ethylene hydration and crop fermentation. The ethylene
hydration was having a setback of formation of excess
H2SO4 as a side product, which is corrosive for the unit
process. Fermentation was processed using precursors like
corn and grain crops, which has a setback associated with
increases in food prices and security. The trigger of the
above challenges the CO2/CO hydrogenation was developed
to produce EtOH with high efficiency. As it has high sig-
nificance the EtOH product need to study thermodynami-
cally before the commercialization over a suitable catalyst.
Conventionally, EtOH was produced over Rh loaded various
supported catalysts was utilized through CO2/CO hydro-
genation reaction (Lopez et al. 2015; Izumi 1997; Kurakata
et al. 1996; Fan et al. 2009) with thermodynamic interpre-
tations. Jia et al. (2016) compared the experimental data with
thermodynamics scrutiny for assessing the CO2 hydrogena-
tion complications. One of the complications was the

product with low carbon alcohols, influenced by similar
species in product stream with carbon no of C1, C2, C3 and
C4 alcohols. On the table top this reaction process was
complex, as it produced mixture of a products at the same
time. For EtOH production, the first step is the CO2

hydrogenation reaction and undergoes intermediate step by
the formation of CO CO2 þH2 $ COþH2Oð Þ then through
CO hydrogenation led to EtOH as a final product. Kusama
et al. (1997) observed the CO2 hydrogenation mechanism
over Rh-Fe loaded SiO2 supported catalyst to EtOH
(Table 8).

The CO2 hydrogenation thermodynamics transformations
were simulated by the GFEM principle. This process of CO2

hydrogenation was analyzed by the rate of CO hydrogena-
tion formation and rate of DME hydrogenation, which ended
with a product of CH4 with no side products. The rate of the
reaction equilibrium was influenced by reactor inside pres-
sure, temperature, and composition of precursors (molar
ratio of H2/CO) of the reaction system. These reaction
equilibrium conditions were achieved in terms of the rate of
conversion and selectivity of product. The main reaction
equilibrium analysis was inferences as follows:

(1) During the EtOH production from CO2 hydrogenation
with CH4, the temperature of the reaction increased and
at the same time decrease in the rate of conversion of
CO2, H2 and increase in CO selectivity was noticed. At
these reaction parameters, the CH4 selectivity was
100% with H2O formation and side products of

Table 6 Catalytic hydrogenation of CO2 to MeOH

Catalyst Temperature
(K)

Pressure
(bar)

CO2 conversion
(%)

MeOH selectivity
(%)

References

Pd/Zn/ZnO + CdSe 543 20 7 67.3 Liao et al. (2017)

Pd/SiO2 523 30 Less than 1 52 Collins et al. (2012)

Cu/SiO2 523 41 2.8 15 Jiang et al. (2015)

PdCu/SiO2 523 41 6.7 30 Jiang et al. (2015)

Cu, Zn, Al, Y-layered double
hydroxide derived catalyst

523 50 20.2 69.3 Gao et al. (2015)

Cu/Zn, Al, Zr-layered double
hydroxide

523 50 22.2 45.8 Gao et al. (2015)

PdZnGa-CO3aqueous miscible
organic-layered double hydroxide
derived CuZn catalyst

543 45 18.8 47.8 Li et al. (2018)

PdZnAl layered double hydroxide
derived PdZn catalyst

523 30 0.6 60 Ota et al. (2012)

PdMgAllayered double hydroxide
derived Pd catalyst

523 30 3 4 Ota et al. (2012)

PdMgGalayered double hydroxide
derived Pd2Ga catalyst

523 30 1.0 47 Ota et al. (2012)

Pt/SiO2 473 30 0.4 1.9 Shao et al. (1995)

PdZn/ZnO 523 20 8.7 1 Bahruji et al. (2016)
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oxygenated HCs in negligible amounts, concluding
methanation reaction as thermodynamically favorable.

(2) The EtOH production from the hydrogenation of CO
and DME with CH4 showed similar laws of reactions as
CO2 hydrogenation. The rise in reactor temperature
affected the drop in the formation of H2 and DME. At

these reaction parameters, the rate of CO conversion
was 100% with 100% CH4 selectivity, and the side
products of oxygenated HCs in negligible amounts.

(3) For EtOH products from CO2 hydrogenation without
CH4 was derived by the equilibrium transformations.
Initially, CO2 transformations decreased and later

Table 7 Thermodynamic analysis of CO2utilization reactions for different reaction systems

Reaction system Method Temperature Pressure Other parameters References

CO2 methanation GFEM 470–1073 K 10,100 bar 2.0–6.0
(H2/CO2 ratio)

Borgschulte et al.
(2013)

CO2 methanation GFEM with
C deposition

473–1143 K 1–50 bar 1.0–6.0
(H2/CO2 ratio)

Walspurger et al.
(2014)

CO2 reforming of CH4 GFEM with
C deposition

500–1300 K 1–50 bar 0.5–3.0
(CO2/CH4 ratio)

Walspurger et al.
(2014)

CO2 reforming of CH4 GFEM 550–1500 K 0.4–12 bar 1.0–10.0
(CO2/CH4 ratio)

Moradi et al.
(2010)

CO2 reforming of CH4 GFEM with
C deposition on
catalysts

573–1473 K – 0.5–3.0
(CO2/CH4 ratio)

Li et al. (2008)

CO2reforming of CH4with
SMR

GFEM 700–1200 K – 0.5–3.0
(CO2/CH4 ratio)

Sun et al. (2011)

CO2 reforming of CH4

with POX
GFEM 600–1200 K – 0.5–3.0

(CO2/CH4 ratio)
Li et al. (2007)

CO2 reforming of CH4 GFEM 823–1473 K 0.5–50 bar 0.5–2.0
(CH4/CO2 ratio)

He and Liu (2017)

CO2 reforming of CH4

with POX
GFEM 600–1300 K 1–25 bar 0–2.0

(CO2/CH4 ratio)
Gao et al. (2017)

CO2 reforming of CH4 GFEM 573–1473 K 1–25 bar 0.5–3.0
(CO2/CH4 ratio)

Guangxin et al.
(2006)

DME synthesis GFEM with
C deposition

473–1143 K 1–50 bar 1.0–6.0
(H2/CO2 ratio)

Walspurger et al.
(2014)

DME synthesis Thermodynamic
equilibrium model

470–2673 K 20–50 bar 1.0–2.0
(H2/CO ratio)
Catalyst-CuO/ZnO/Al2O3

(MeOH synthesis)
and H-ZSM-5 (MeOH
dehydration)

Jia et al (2016)

DME synthesis GFEM 293–673 K 1–100 bar 1.020.0 0
(H2/CO2 ratio)

Moradi et al.
(2010)

DME synthesis Equilibrium constant
method

473–573 K 10–90 bar 0.5–5.0
(H2/CO2 ratio)

Guangxin et al.
(2006)

DME synthesis – 470–480 K 30–100 bar 0.1–1.0
(CO2concentration)

Edwards and
Maitra (1995)

Table 8 Thermodynamic analysis equations of CO2 for EtOH synthesis

Reaction equations during DME synthesis Description of reaction Enthalpy ΔH298K (KJ/mol) Reaction number

2CO2 þ 6H2 $ C2H5OHþ 3H2O CO2 hydrogenation to EtOH ‒86.7 R(25)

2COþ 4H2 $ C2H5OHþH2O CO hydrogenation to EtOH ‒253.6 R(26)

CH3OH + COþ 2H2 $ C2H5OHþH2O MeOH hydrogenation to EtOH ‒165.1 R(27)

C2H5OH $ CH4 + COþH2 Dehydration of EtOH ‒23.4 R(28)

He (2017)
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increased with a rise in the reactor temperature. 100%
EtOH selectivity was found at low temperature and
further drops due to a rise in the reactor temperature.
The EtOH selectivity was found to be higher than
MeOH. Enhancing the pressure resulted in high selec-
tivity of EtOH at a given temperature range.

(4) The CH4 was found to be the more common product for
CO hydrogenation as compared to CO2 hydrogenation,
which cleared the advantage of the CO hydrogenation
process. Apart from that, the CO hydrogenation was
conveniently operated at different temperature ranges
leading greater rate of conversion and high EtOH
selectivity. The optimization thermodynamic parame-
ters for the CO2 hydrogenation were 1.0–5.0 MPa
pressure with >500 K temperature and the precursor’s
molar ratio of H2/CO2 was 3.0–5.0 whereas, for the CO
hydrogenation, the pressure was the same i.e., 1.0–5.0
MPa with >650 K temperature and precursor molar
ratio of H2/CO was 0.5–2.0.

(5) The thermodynamic data with experimental data cor-
relation proved that the catalysts played a vital role in
hydrogenation reaction, which also increased the rate of
conversion as well as desired product selectivity.

(6) The CO2 hydrogenation process was complex and
ended with a lot of products. The large species of
product mixture led to the formation of carbon depo-
sition, which favored at low temperature. The formation
of carbon deposition completely deactivated the catalyst
bed. Finally, the catalyst deactivation needs to trigger
by understanding the complexity of the reaction
mechanism by kinetic study and thermodynamic
assessment to develop the commercial-grade production
(He 2017).

6 Conclusion

The CO2 utilization is an alternative energy source for
promising approaches to produce valuable chemicals, and
simultaneously reduces greenhouse gas emissions. The CO2

conversion is very much significant as it has an industrial
development and research prospects. CO2 is transformed as
a methanation reaction to produce CH4 or H2/CO is pro-
duced by mixing the feed with CH4 to synthesize other
industrially demanded chemicals. These types of reactions
are depending on catalyst preparation methods, reaction
parameters, and thermodynamics data to yield selective and
stable product formation. This chapter is intended to high-
light the significance of thermodynamics of CO2 transfor-
mation to various other reactions. The thermodynamics data
was compared with research reports of experimental data of
CH4 production, H2/CO formation, MeOH synthesis, DME

synthesis through reforming and hydrogenation, methana-
tion reactions. CO2 hydrogenation is mainly preceded for
the production of fuel, olefins, and many other fine chem-
icals. From reports, few benchmarks are noted that metha-
nation is exothermic and catalytically favorable over lower
temperatures and higher pressure with a specific designed
reactor to rectify the thermodynamic challenges for MeOH
production. All the reactions commonly face low conver-
sion with catalyst deactivation, which affects the production
cost. The catalyst deactivation is a major problem of all the
reactions by coke formation over the catalyst surface.
Finally, the thermodynamic prediction is necessary to
identify the actual problem and resolve for economically
viable process.
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Abstract

Currently, the ‘sustainability’ and ‘renewability’ is most
important aspects for the environment and for the living
beings. In the chemical industry, the solvent plays a key
role in the chemical processes. A large number of
chemical processes are carried out in the presence of
solvents. In many chemical industries, the volatile organic
compounds (VOCs) are used as a solvent which have
adverse effect on the environment and human health. As
VOCs are hazardous, there is a need of replacement of
these traditional, volatile organic solvent. Hence, there is
a rising interest in non-volatile solvents. The nature of
CO2 in its liquid and supercritical state as a solvent is
explored. CO2 is abundant in the atmosphere. It can reach
its critical states by raising the temperature and pressure
greater than its critical value. Supercritical carbon dioxide
(scCO2) is readily available. It is cheap, non-flammable,
recyclable, and non-toxic. Supercritical fluids (SCFs)
have both gaseous and liquid properties, which enable it
to penetrate anything and to dissolve materials into their
compound, respectively. In addition, supercritical CO2

and H2O form a solvent which is organic in nature. These
supercritical fluids can be useful in a number of fields like
synthesis of various materials, drug delivery, chromatog-
raphy, processing of polymers, extraction, purification
and separation, biomedical applications, etc. This chapter
examines the usage of CO2 as a solvent to generate
greener process and to develop different products.

Keywords

CO2 � Green solvent � Supercritical CO2 (scCO2) �
Supercritical fluid (SCF) � Volatile organic compound
(VOC) � Sustainability � Renewability � Polymer
processing � Chromatography

1 Introduction

Today, the sustainability and renewability are the two watch
words. This is the focus in the scientific development on the
idea of green chemistry, a perception which encourages the
preparation of products which are chemically efficient and
these methods also decrease the use or generation of haz-
ardous substances (Anastas and Warner 1998). The attention
regarding the same has been drawn on the environment by
the help of CO2 and supercritical fluids which act as a sol-
vent in chemical processing (Eckert et al. 1996). Hence, the
different volatile organic compounds (VOCs) are replaced
by scCO2 which are currently being used (Sherman et al.
1998). These scCO2 are easily available, of low cost, recy-
clable, inflammable, and are not restricted by the US Envi-
ronment Protection Agency (EPA) (Poliakoff et al. 2002;
Persichilli et al. 2012; Guan et al. 1993; Saari et al. 2011;
DeSimone 2002; Sarbu et al. 2000; Subramaniam et al.
1997). Supercritical CO2 is also safe as it is non-toxic. Many
consumable items like food and pharmaceutical products are
manufactured by the help of supercritical CO2. It is also used
in many different processes like extractions (Campbell et al.
2001), nanoparticle production, and modification (Ohde
et al. 2002, 2001, 2000) and also in processing different
polymers (Yeo and Kiran 2005; Du et al. 2009; Wood et al.
2004; Cao et al. 2006). Many interesting solvents can be
prepared from supercritical fluids. This can be attributed
toward the opportunities for matching the properties of the
solvent by changing the temperature and pressure. The
supercritical conditions can be easily calculated for CO2.
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The critical temperature (Tc) for CO2 was found to be 31.1 °
C, and the critical pressure (Pc) was calculated as 72.8 bar
(Peach and Eastoe 2014). The development in the design of
green chemicals and environmentally improved routes are
the two main surfaces of green chemistry to reduce the
influence of chemical developments and compounds on the
surroundings. A novel enhanced method of synthesis of
chemicals encounters social, economic, and ecological
standards in order to achieve the goal of sustainable devel-
opment and for cleaner production. The environmentally
benign technology is the design of minimizing wastes in
chemical reactions, air emission minimization, and haz-
ardous reactants minimization. The minimization of unused
substances and their discharge in the environment is fully
dependent on the productivity yield, its selectivity, and the
utilization of atoms in the case of an academic chemist.
Therefore, in the chemical industry, catalytic processes have
significant impact to deliver quick and selective chemical
transformation effective recovery for both catalyst and pro-
duct which is deprived of generating any environmental
problems. In most of the cases, the recovery of the catalyst
and its recycling process is more important for the economic
process owning to its multistage, erudite, and expensive
recycling operations. In few cases, alternatively leaving the
catalyst is acceptable. For example, some catalysts are so
productive like the Ziegler–Natta catalyst and
metallocene-based catalysts that their very low concentra-
tions in ppm level are left behind in the polyolefin products
(Ballivet-Tkatchenko et al. 2005). Since 1950, CO2 was
investigated as a very good solvent in the industry or the
factory. In general, the supercritical fluids show many
interesting physical properties (Krukonis 1994; Sako 2002).
It displays specific attention for CO2 which is exaggerated
due to its green characteristics. Some of its green features are
that CO2 is not inflammable, relatively non-toxic, and
comparatively non-reactive. Along with water, the super-
critical regime of carbon dioxide is formed and shows its
critical temperature of 304 K. In this very chapter, the main
highlight is on the utilization of carbon dioxide which gives
the betterment to the greenness and sustainability of the
process and product. Carbon dioxide is considered as green
solvent all over the material and chemical research world
and its utilization is allowed. Utilization of carbon dioxide as
solvent in raw material give rise to green or safety benefits,
cost effectiveness, process benefits, and property and product
benefits (F'Oliakoff et al. 1999). From the time of Mendeleev
(Saito 2013) to today, supercritical fluid research has a long
history. Supercritical fluids are gases compressed to reach
their densities to those of liquids. Such compression can only
occur above so called ‘critical temperature’ of the fluid, at
lower temperature; the liquid will liquefy on compression.
Michels and Michels (1935), prior to half century, identified
liquid carbon dioxide. Similarly, Charles Thilorier in the

year 1834 produced solid carbon dioxide, when he opened
the container of pressurized liquid carbon dioxide (Michels
et al. 1935). Carbon dioxide physical properties are depen-
dent on pressure and temperature. At low temperatures, solid
carbon dioxide is favored which undergoes sublimation and
gets converted to vapor phase at 5.1 bar lower pressure and
heating. In early 1930, carbon dioxide thermo-physical
characteristics have been recorded as function of temperature
and pressure thermodynamic model (Mohammed 2012;
Bansal 2012; Steiner 1993). The extraordinary chemical and
physical characteristics of carbon dioxide makes it suitable
to be utilized in industrial and laboratories applications in a
wide scale. As such, carbon dioxide is utilized as cooling
agent for food refrigeration and as cleaning agent in indus-
tries (Braithwaite et al. 2014). At constant pressure and
temperature, the lower viscosity and surface tension indi-
cates that carbon dioxide is a liquid which is highly com-
pressed in comparison with other refrigerating substance.
Carbon dioxide diffusion property has made it suitable for
sterilization of juices, extraction of oil and polymer pro-
cessing (Kazarian and Martirosyan 2002). Apart from
chemical and steel industries carbon dioxide can be also
applied for extinguishing fire, and it is also utilized for
preservation of food (Figs. 1, 2 and 3).

The development of drug releasing system can be assisted
in impregnation by supercritical carbon dioxide, which is
applied for active pharmaceutical ingredients loading. The
application process for the preparation of drug delivery
products requires mobile phase. Moreover, it is also essential
to swell the matrix of polymer which permits the drug dif-
fusion in polymer bulk which enhances the rate of impreg-
nation (Kazarian 2000). Drug delivery system preparation
needs three processes: active pharmaceutical ingredients
solubilization in appropriate solvent, active pharmaceutical
ingredients diffusion through matrix of polymers, and
elimination of remaining solvent (Duarte et al. 2009). The
feasibility of supercritical carbon dioxide-assisted impreg-
nation depends on solubility of pharmaceutical ingredients in
carbon dioxide, and supercritical fluid should be capable of
swelling the polymer. Davies et al. (2008), Champeau et al.
(2015) reported two methods of supercritical carbon
dioxide-assisted impregnation. Supercritical carbon dioxide
is identified as potential candidate for replacing traditional
organic solvent for developing the green and sustainable
chemical reaction, thereby meeting the required standards

Fig. 1 Isophorone hydrogenation in the presence of supercritical
carbon dioxide
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(Ivanovic et al. 2016; Banchero 2013). It is cost effective,
highly abundant, and non-flammable solvent. It is easy to
separate carbon dioxide from other solvents (Wong and
Bioletti 2002). Owing to this benefit, carbon dioxide is used
in many fields like textile and food industries (Wong and
Bioletti 2002; Garcia-Gonzalez et al. 2007; Eren et al. 2020).
Supercritical carbon dioxide- assisted impregnation is uti-
lized also in pharmaceutical and biomedical sector primarily
for drug delivery and tissue engineering of polymer-based
systems.

CO2 is the waste product of combustion and it is a
greenhouse gas. CO2 is used in many different grounds so
far as a supercritical liquid. For example, in case of food
industry for the extraction of herbal ingredients, carbon
dioxide can be used as a solvent. It is also used in bioscience
as an anti-solvent for the purpose of formulation of protein.
In case of chemical reactions and synthesis of different
materials, it can be used as a solvent or anti-solvent.
Recently, CO2 has been active in the biomass processing via
the CO2 explosion (Anugwom et al. 2014), the scCO2 is
extracted from biomass (Reid et al. 1987) and precipitate the
dissolved cellulose and lignin. Also, on reaction with bases,
CO2 produces the ‘switchable ionic liquids’ which is utilized
for dissolution of cellulose (Cooper 2000) and biomass
fractionation (Tomasko et al. 2003). These processes involve
the high temperature and pressure. Environmental Protection
Agency (EPA) has created the green chemistry program in
order to support by design principle for designing, generat-
ing chemical processes (Linthorst 2010). The design for the
environment (DFE) program has research and development
efforts which are related to advanced technologies, so that
they can contribute to the environmental processes by pro-
ducing different products. The Pollution Prevention Act
(PPA) of 1990 emphasizes on the decrease in the amount of
pollutants. This was a concept that got ignored because of
the main focus of the industry was on the management of
waste and controlling pollution. In the year 1992, the EPA’s

Office of Pollution Prevention and Toxics (OPPT) and
National Science Foundation (NSF) had jointly funded for
the Green Chemistry research. In 1977, the OPPT was fully
convinced that chemicals which were for use and sale does
not show any negative effect on the health of human beings
and on the environment. Most of the funding was using the
exclusive features of supercritical fluids (SCFs) which act as
a solvent instead of traditional organic solvents. Supercritical
fluid possesses the properties which are transitional between
those of liquid and that of gases. This inimitable phase is
attained by the exertion of temperature and pressure more
than those of critical temperature and critical pressure,
respectively. Near the critical point, it can change in tem-
perature and pressure that significantly alter the physico-
chemical properties such as density, diffusivity, or solubility
of the SCFs. Since scCO2 is enormously cheap and owe no
danger to the environmental life or human health, scCO2 is
an attractive alternative for organic solvents.

From a few decades, the study of polymers has become an
inseparable part of daily life. Polymers have various impor-
tant applications in different fields. The most important
attention of polymer is syntheses and processing. The man-
ufactured polymers are helpful in various forms showing
different applications. For example, in paint industries or
medicine industries, the polymers are used in separation
application. Generally, in most of the polymer processing
method, they are making use of many volatile organic sol-
vents (VOCs) and chlorofluorocarbons (CFCs) which are
hazardous to the environment. Owning to the increase of
hazardous wastes emission and rise in generating aqueous
waste stream, a new and cleaner method for the polymer
processing are invented by the chemist and chemical engi-
neering. For example, today, the supercritical fluids are used
as a solvent for polymer processing. The supercritical fluid is
used in research laboratory as well as on the commercial
scale. Supercritical fluids are obtained when the temperature
and pressure are greater than that of critical value. The
combination of two properties of supercritical fluids, in case
of gas which is viscosity and in case of liquids that is density,
makes the supercritical fluid as an outstanding solvent for
numerous applications. Due to small change in pressure
within the critical region, the density of supercritical fluids
can be tuned. These supercritical fluids can be used as
anti-solvents or solvents or as plasticizers in processing
polymers that is while preparing polymer composites, while
doing some modification in polymers, in polymer blending,
microcellular foaming and during production of particle and
synthesizing polymer (McHugh and Krukonis 1994; Kendall
et al. 1999a; Hyatt 1984; Matos et al. 2013; Nalawade et al.
2006). For many polar or non-polar compounds having low
molecular weight and for polymers namely amorphous-
fluoro-polymers and silicones, the scCO2 is a good solvent. It

Fig. 2 Prochiral ketones enantioselective reduction by Geotrichum
candidum in presence of supercritical carbon dioxide

Fig. 3 Propylene epoxidation in presence of hydrogen peroxide and
supercritical carbon dioxide
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is not a good solvent for polymers whose molecular weight is
very high. Its solubility is reliant on the temperature, pres-
sure, and weak interactions with the chain groups in the
polymer. Dissolved carbon dioxide can reduce the viscosity
of polymers in molten state because of rise in the free volume.
It can change the physical characteristics like diffusive nat-
ure, density, and rise in volume of polymers. Hence, these are
used as plasticizers at a high temperature in polymer pro-
cessing. ScCO2 is most commonly used in many fields. This
is found to be a clean and a safe solvent than other organic
solvents and hazardous chlorofluorocarbons (CFCs). It can
be used as a supercritical fluid in the preparation and man-
ufacturing of polymers. It is safe, non-toxic in nature, does
not catch fire that is it is non-flammable, chemically
non-reactive, and expensive. It is highly rich in atmosphere
and also found in the form of a by-product while producing
ammonia, hydrogen, and ethanol. Its supercritical behavior is
achieved at critical temperature (Tc) of 304 K and critical
pressure of 377.38 MPa, and it can be easily taken off from a
system by lowering the pressure. The use of scCO2 is not
hazardous for environment and human health as it is recov-
ered during processing (DeSimone 2002).

The use of scCO2 as a solvent can also be applied in the
manufacturing of several biodegradable or bio-compatible
polymeric compounds for pharmaceuticals and medical
usage in the form of particle and microcellular form. There is
also increasing evidence of scCO2 in the catalytic method-
ologies that can broaden the scope of application of scCO2.
This chapter demonstrates a novel idea for solid phase CO2

as a ‘green’ solvent for catalytic oxidation reaction which is
homogeneous in nature. Catalytic chemical reactions are
substantially replaced by CO2 at moderate pressure to gen-
erate a CO2-expanded solvent media. The CO2-expanded
solvents deliver ideal properties for maximizing the reaction
rates which are characteristically 1–2 orders of magnitude
more than those of which are obtained with clean organic
solvents or scCO2 as the medium for the reaction (Modell
1982). There was a single green oxidant, i.e., O2. In general,
most of the solvents consisting of scCO2 are solidified to
form an organic solvent in order to show advantages which
can be prolonged for the many reaction systems. Those
mixtures are said to be known as CO2-expanded organic
solvents. The uses of CO2-expanded solvents are mainly in
manufacturing different materials and separating them as
well as recently the CO2-expanded solvents are applied to
improve various chemical reactions and different homoge-
neous catalytic oxidations. The oxidation of phenols is cat-
alyzed by Co-Schiff base, and ferric chloride is used to
catalyze cyclohexene. However, in CO2-expanded CH3CN,
the reaction preceded with turnover frequencies (TOFs),
selectivity, and conversions. Since 1990, the organometallic

catalysis has broadened the use of CO2 as a solvent. Pro-
duction of materials and fuel from feedstock requires
designing of biorefinery sustainably. According to Interna-
tional Energy Agency, biorefinery is the sustainable process
for biomass conversion into products as foods, materials,
chemicals, etc., and into the energy as fuels, power heat, etc.
(Diep et al. 2012). In the sustainability point of view, a
biorefinery minimizes the waste production and maximizes
the outputs that are generally biodegradable and have low
toxicity. The biorefinery process provides the application of
green chemistry (Aristizábal 2016) for the production of
fuels and chemicals.

2 Strategic Organic Solvents Replacement

Solvents like dense phase fluids, supercritical fluid, fluorous
fluid, ionic liquids, and water are alternate options to con-
ventional organic solvent as they are environmental friendly
(Hobbs and Thomas 2007). All of the solvent has both
disadvantage and advantages. Like ionic liquid at room
temperature the molten form of organic salt exhibits low
vapor pressure. Moreover, their non-volatile property
enables reduction of emissions of volatile organic com-
pounds during commercial applications. Supercritical water
is also efficient as reaction media for oxidation processes
(Lee et al. 1990). Chemical companies during processing of
polymers have modified a procedure where carbon dioxide
as flowing substance replaces chlorofluorocarbons during the
polystyrene foam sheet manufacturing. Intensifying a pro-
cess requires some essential factors, and they are increment
of specificity and selectivity of reaction, no auxiliary fluid
net consumption, product quality improvement, and raw
materials high conversion (Rothenberg 2017).

3 Physical Properties of CO2

Since, the year 1930, many PVT properties of CO2 have
been recognized (Hâncu and Beckman 2001). The excessive
data sets of carbon dioxide gases are accessible in the pro-
cedure while correlating viscosity, calculating density,
dielectric constant, etc., as the variation of temperature and
pressure (Kendall et al. 1999b). It is found that the vapor
pressure, critical pressure, and near-critical or liquid regime
are suggestively developed than corresponding values for
alkanes, fluoro-alkanes, or hydro-fluoro-alkanes. Quadruple
moment is one of its physical features. It is very challenging
if the critical pressure is high. During the late 1960s, CO2

could have signified to be a solvent whose strength should
beat alkanes and ketones.
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4 CO2 as a Solvent

Carbon dioxide density at room temperature increases with
increase in pressure. Critical pressure and temperature above
72.8 bar and 31.10C, respectively, makes carbon dioxide a
supercritical fluid which had characteristics of gas like dif-
fusion. Owing to these physical characteristics, carbon
dioxide can be utilized as solvent which has strength similar
or equal to that of ketone and alkane. Presently, carbon
dioxide is considered as green solvent which is highly
compressible with flexible characteristics. The primary
benefit of carbon dioxide as a solvent is its non-flammable
property which makes it a better option for industrial pro-
cesses and extraction. In comparison with the conventional
solvent, the surface tension of carbon dioxide is less.
Implementation and management of supercritical carbon
dioxide in environment is easier owing to its low critical
temperature similar to that of room temperature. Carbon
dioxide is environmentally friendly and it is not easily oxi-
dized because it is a complete oxidation product of an
organic substance. Therefore, it is highly essential solvent
for biphasic and oxidation reactions because of the negligi-
ble danger of cross contamination.

5 Advantages of CO2

5.1 Environmental and Safety Advantages
of CO2 in Chemical Processes

Carbon dioxide is largely available in the nature. The
threshold limit value of carbon dioxide is 5000 ppm (Tsang
and Street 1981), and hence, it is comparatively less haz-
ardous than conventional organic solvents like chloroform
(10 ppm), pentane (600 ppm), and acetone (750 ppm).
Carbon dioxide remains inactive to reaction compounds and
during reaction with carbon dioxide formation of
by-products is quite rare. However, it is not inert toward
oxygen and hydrogen. Carbon dioxide hydrogenation on
platinum catalyst causes carbon monoxide production at
303 K and with palladium catalyst rise to lesser quantity of
carbon monoxide at the same temperature. Majority of car-
bon dioxide comes from natural deposition and effluents of
ammonia plants (Beckman 2004).

5.2 CO2 Cannot be Oxidized

It is already discussed that carbon dioxide is product of
organic compound complete oxidation. Therefore, carbon
dioxide is utilized as solvent for oxidation processes. Carbon
dioxide is recognized as such solvent which is capable for

the oxygen and hydrogen reactions to produce hydrogen
peroxide (Ali et al. 2015).

5.3 CO2 is an Aprotic Solvent

In case where labile protons interfere with the reaction, and
then, the CO2 can be applied without any penalty.

5.4 CO2 is Immune to Free Radical Chemistry

In the free radically initiated polymerization, CO2 does not
support chain transfer to solvent. In such polymerization,
CO2 is an ideal solvent. It is a poor solvent for high
molecular weight polymers. A growing chain with a terminal
radical abstract is hydrogen from solvent and terminating the
first chain in a chain transfer reaction. It was reported that
carbon dioxide is inactive toward polymerization reaction
which is related to free radical (Saraf et al. 2002), it does not
favor chain transfer reaction.

5.5 CO2 is Miscible with Gases

Oxygen and hydrogen gases are soluble in water and organic
solvents. Carbon dioxide in liquid state is capable of
absorbing large amount of oxygen and hydrogen in com-
parison with water and organic solvents (Anderson et al.
2007). It displays that carbon dioxide are capable of mixing
with gases above temperature 304 K. The gases are carbon
monoxide, oxygen, and hydrogen. Reactant gases like carbon
monoxide and oxygen possess lower critical temperature.

5.6 CO2 Exhibits Solvent Properties that Allow
Miscibility with Both Fluorous and Organic
Materials

Carbon dioxide mixes with perfluorous or fluorous, organic
solvents having lower molecular weight. Carbon dioxide at a
lower pressure (20–30 bar) added to fluorous and organic
liquid mixture gives rise to formation of single homoge-
neous phase (Maul et al. 1999).

5.7 CO2 Exhibits a Liquid Viscosity Only 1/10
that of Water

The viscosity of carbon dioxide is one tenth that of water.
In carbon dioxide mixture, heat transfer is very nice
(Enick et al. 2012). Carbon dioxide exhibited viscosity
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like gas and density like liquid. Carbon dioxide surface
tension is less in comparison with traditional organic
solvents, and solute diffusion is high due to lesser vis-
cosity of carbon dioxide. Carbon dioxide can penetrate
easily into geometry of complex than simple liquid in
which case carbon dioxide diffusion is faster in pores of
catalyst in comparison with analogous system by using
traditional liquids.

6 Supercritical Carbon Dioxide

Supercritical fluid refers to those substances whose temper-
ature and pressure both are more than the critical value. For a
wide range of applications, excellent integration of liquid
like density and gas like viscosity of a supercritical fluid is
very suitable. Supercritical fluids density can be modified by
minor alterations in pressure in within critical limits.
Supercritical fluid are applied as anti-solvents, solvents, or as
plasticizers for polymer processes like particle production,
microcellular foaming, polymer bending, polymer compos-
ites, and polymer modification during polymer synthesis. On
selecting supercritical fluid over traditional organic solvent,
there is improvement of quality of product. It is a versatile
and clean solvent. Supercritical carbon dioxide is a potential
substitute for conventional chlorofluorocarbons and organic
solvent. Because of its special physical properties, it has
gained attention for polymer processing and synthesis areas.
Supercritical fluid is cost effective, inert chemically,
non-flammable, and non-toxic. Large quantities of this fluid
are produced in the form of by-product during ethanol,
hydrogen, and ammonia production. It can attain supercrit-
ical condition, i.e., 7.38 critical pressure, 304 K critical
temperature very easily and can be eliminated out of the
system through depressurization simply. Moreover, super-
critical carbon dioxide does not create greenhouse issues
because it is restored during processing. It is a better solvent
for non-polar compounds with lower molecular weighing
substances and some polymers like silicones, and amorphous
fluoropolymers. For compound with higher molecular
weight, it is not a good solvent. Its solubility is substantial in
many polymers. The solubility of supercritical carbon
dioxide depends on weak interactions with polymer chain
groups, pressure, and also temperature. Carbon dioxide after
getting dissolved reduces molten polymer viscosity consid-
erably. It modifies physical characteristics of polymers like
swollen volume, diffusivity, and density. Hence, it is highly
potential as plasticizer for processing of polymers (Sheldon
2005).

6.1 Chemical Reaction in Supercritical Carbon
Dioxide

6.1.1 Hydroformylation and Hydrogenation
Supercritical carbon dioxide miscibility with hydrogen leads
to high diffusion rate, thereby allowing high rate reaction in
comparison with traditional solvents. In case of multifunc-
tional groups, the chemo-selectivity can be tuned by little
changes in the parameters of reaction. Supercritical carbon
dioxide is also applied for hydroformylation of olefin cat-
alyzed by immobilized rhodium (Sheldon 2005).

6.1.2 Biocatalysis
Bioconversion is also carried out in presence of supercritical
carbon dioxide. Biocatalysis in presence of supercritical
carbon dioxide was first reported in the year 1985. The
stability of enzymes is more in supercritical carbon dioxide
in comparison with water. In presence of this solvent,
1-phenylethanol resolution in catalyst Novozyme 435
(Candida antartica lipsase) was performed successfully.
Matsuda et al. reported that in presence of supercritical
carbon dioxide and Novozyme 435 catalyst, enantio selec-
tivity of alcohol acylation can be controlled by tuning the
temperature and pressure. In the same manner, in presence of
supercritical carbon dioxide prochiral ketones enantio
selective reduction by Geotrichum candidum whole cells in a
system of semi-continuous flow was successfully performed.
Oxidation reaction with oxygen catalyzed by enzymes was
also smoothly carried out in presence of supercritical carbon
dioxide by using polyphenol oxidase and cholesterol oxi-
dase. The potentiality of supercritical carbon dioxide solvent
for bioconversions reaction is excellent and could provide
more application in near future (Sheldon 2005).

6.1.3 Oxidation
Alike water, supercritical carbon dioxide is suitable solvent
for carrying out aerobic oxidation catalytically. It mixes with
oxygen completely, and also it is inflammable. The catalytic
oxidation with H2O2, obtained in situ by hydrogen and
oxygen reaction catalyzed by palladium in presence of
supercritical carbon dioxide and water. This system was
efficiently applied for propylene direct epoxidation in pres-
ence of palladium/TS-1 catalyst to propylene oxide. More-
over, in these reaction due to reaction between hydrogen
peroxide and supercritical carbon dioxide, there is the for-
mation of peroxycarbonic acid intermediate (Sheldon 2005).
Comparative study of different solvent applied for propylene
oxidation to propylene oxide using carbon dioxide as a
solvent is illustrated in Table 1 (Beckman 2003).
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7 Polymerization and Polymer Processes

7.1 CO2 as a Solvent for Polymer Systems

Polymers do not dissolve in every solvent. A considerable
amount of polymer behaves as supercritical fluid phase in
which case minor component is polymer. In some polymer
supercritical fluid mixture, at pressure below or above 100
bars, high amount of swelling is observed (Wissinger and
Paulaitis 1987). Critical pressure and solubility parameter
correlation indicating carbon dioxide solvent strength
should be equivalent to pyridine (Giddings 1969). Heller
et al. displayed that the strength of carbon dioxide is lower
than alkanes. Some polymer tested by Heller resulted sol-
ubility in carbon dioxide at intermediate pressure of
200 bar (Marriott and Sin 2012). Johnstone et al. have
reported that solubility parameter is not the only factor for
determining the carbon dioxide solvent strength (McFann
et al. 1994). De Simon et al. have reported that carbon
dioxide polymer is polyacrylate which is fluorinated
(DeSimone et al. 1992).

7.2 Benefits of Use of Supercritical CO2

as a Green Reaction Medium

Utilization of carbon dioxide as solvent does not enhance the
emission of greenhouse gases because it does not further
release carbon dioxide. Plasticizing and swelling impacts of
polymer by supercritical carbon dioxide has a vital contri-
bution in polymerization reaction in presence of metal cat-
alyst and compressed carbon dioxide, like rhodium catalyzed
polyphenylacetylene formation, ring opening metathesis
polymerization catalyzed by ruthenium, etc.

7.3 Improved Reaction Rates

Supercritical carbon dioxide replaces organic solvents as
medium of reaction, thereby changing the reaction rate.

Based on the physicochemical characteristics of supercritical
fluids, rationalization of alterations is possible. In super-
critical carbon dioxide, the enhancement of rate is not lim-
ited with only gaseous substance. Imines hydrogenation in
presence of supercritical carbon dioxide displays increase in
the efficiency of catalyst, and this is not dependent on
presence of gas (Kainz et al. 1999).

7.4 Carbon Dioxide as a C1-Building Block
for Chemicals

Carbon dioxide is readily available C1-building block,
non-toxic, cheap, and abundant solvent. It is capable of
replacing the majority of waste substance and less suitable
reagents like phosgene and carbon monoxide. Utilization of
supercritical carbon dioxide as reagents and solvent has
increased organic carbonate synthesis and urethane synthesis
(Vieville et al. 1998) through non-phosgene process. Styrene
carbonates formation from carbon dioxide and styrene in the
presence of dimethyl formamide in catalytic amount as a
function of carbon dioxide pressure and phase behavior
(Yoshida et al. 2000).

8 Application of Carbon Dioxide Solvent
in a Biorefinery

8.1 CO2 and Biorefinery

Carbon dioxide expanded liquids, supercritical carbon
dioxide, and sub-critical carbon dioxide are utilized as sol-
vent in biorefinery for reaction, refinement and fractionation,
and extraction. Use of carbon dioxide in biorefinery replaces
the utilization of toxic solvent and gives potential ways for
processing of biomass. Like in extraction of oil volatile,
hazardous and highly flammable solvent is substituted by
carbon dioxide. Both reaction and extraction need phase
behavior understanding which affects the operating condi-
tions and system design. Owing to the solubility of selective
low polarity compounds and its capability of mediating

Table 1 Comparative study of
different solvent applied for
propylene oxidation to propylene
oxide using CO2 as the solvent
(Beckman 2003)

Sl. No Solvent Conversion
percentage of
Propylene

Selectivity percentage of
propylene to propylene
oxide

Mass of the
catalyst in
gram

1 Pure carbon dioxide 7.5 94.3 0.300

2 Pure carbon dioxide 6.5 91.2 0.195

3 Pure carbon dioxide 9.5 77.1 0.15

4 Methanol + water + nitrogen 16.0 3.5 0.199

5 Methanol + water + Carbon
dioxide

3.5 17.4 0.197
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conversion process, carbon dioxide is utilized for fuel pro-
duction (Kawanami and Ikushima 2000; Payne and Kerton
2010).

8.2 Extraction

Use of carbon dioxide for the process of extraction is
essential for tenability and increased mass transfer. Soh et al.
(2014) provided an overall review of this system, which is
important for extraction of biomass by using supercritical
carbon dioxide by consideration of mass transfer and internal
limitation. At a particular pressure and temperature, solu-
bility parameter is different for every compound because
molecular volume divides square root of internal energy of
substance (Ramaswamy et al. 2013). Supercritical carbon
dioxide is utilized for extraction of biomass compound. At
different pressure and temperature, various lipophilic sub-
stance like carotenoid (Hansen 1967), tocopherols (Soh and
Zimmerman 2011), triglycerides (Gracia 2011), etc., are
extracted out of the biomass by utilization of supercritical
carbon dioxide. In Table 2, solubility parameter of biological
extract of some compound is displayed. By, increasing the
system pressure and utilization of co-solvent, the solubility
parameter of carbon dioxide can be enhanced and that is
permitted for extraction of tocopherols and carotenoids. In
Table 3, biomass feedstock which is extracted by using
supercritical carbon dioxide has been displayed. Miscible
co-solvent like ethyl acetate, ethanol, and methanol enhances
the polarity and permits the molecule with intermediate
polarity extraction. In Table 4, solubility parameter for
common extraction solvents and carbon dioxide co-solvent
are displayed (Soh 2014).

8.3 Fractionation and Refinement

Carbon dioxide can be utilized for modifying the materials
which are extracted by refinement and fractionation. The
process of fractionation could be performed with the sub-
stances which are alike in property buy differ in polarity
which permits flexible solubility in carbon dioxide. Like,
production of ethyl ester out of oil could be subjected to
fractionation depending on the alkyl chain length (Mendes
et al. 1995). It is reported that specific omega-3 fatty acid
and polyunsaturated fatty acid enrichment is provided with
suitable optimization of flow rays, pressure, and tempera-
ture of carbon dioxide (Nilsson et al. 1989). Brunner et al.
displayed the outcome of lipid mixture fractionation and
also of tocopherols and free fatty acids (Perretti et al. 2007;
Brunner 2000). Carbon dioxide is also utilized for purifi-
cation of crude biodiesel which contained biodiesel or
methyl ester and glycerol and unreacted triglycerides (Soh
2014).

9 Conclusion

With respect to green chemistry, utilization of carbon
dioxide has many kinds of milestones like commercializa-
tion, determination of carbon dioxide use information, and
purely scientific milestones. Purely scientific milestones
revealed that the efficiency of carbon dry as solvent is similar
to n-alkanes. Later, from 1988 to 1992, some of the scien-
tists reported that silicones and fluorinated materials have
better thermodynamic compatibility with carbon dioxide in
comparison with alkanes. Carbon dioxide is used in wide
scale for both industrial and academic communities. It is

Table 2 Solubility parameters of
biological extract classes. Soh
2014 Copyright © 2014,
American Chemical Society ()

Compound d, MPa½

Hydrocarbons 17.06

Carotenoids 17.84

Tocopherols 18.12

Triglcyerides 18.23

Fatty Acids 18.61

Diglycerides 19.33

Sterols 19.47

Monoglyericdes 20.86

Glycerol 36.16
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believed that more advancement can be achieved by crossing
successfully technical obstacles, thereby enhancing the uti-
lization of carbon dioxide in green chemistry.
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Conversions

Grazia Leonzio

Abstract

Due to the environmental problems about climate change
and global warming, carbon dioxide is transformed and
valorized from an emission to a raw material of many
chemical production processes. This contributes trans-
forming the linear economy into a circular one, consid-
ering the principles of reduction, reuse, recovery, recycle.
However, the potential carbon dioxide uptake is lower
compared to the worldwide CO2 emissions, estimated of
37 Gt actually. In the literature, many utilization options
are suggested and are evaluated according to the 3E
performance criteria (engineering–economic–environ-
mental), including nine key indicators. An economic
estimation and an analysis about the market size of the
main carbon dioxide-based products are here suggested.
Moreover, with particular attention, in this work, different
routes for carbon dioxide utilization are reviewed:
chemicals, fuels, concrete building materials, horticulture
and microalgae production as well as mineral carbona-
tion, oil and methane recovery and some direct uses.
Cycling, closed and open pathways can be realized.
Carbon dioxide utilization pathways ensuring a promising
development in the next years are suggested.

1 Introduction

Carbon dioxide (CO2), being a waste emission, can be val-
orized as a feedstock and used in different pathways.
Another important aspect is the fact that CO2, through its
utilization, can introduce renewable energies into the supply

chain (Ampelli et al. 2015). Then, CO2 utilization has a
relevant role. In the literature, there are different pathways
for CO2 utilization that are mainly investigated and dis-
cussed (Hepburn et al. 2019):

• Chemicals
• Fuels
• Concrete building materials
• Mineral carbonation
• Oil and methane recovery
• Horticulture and microalgae production
• Direct uses

Each pathway is characterized by a defined potential
development, economic perspective, use of energy and
amount of CO2, time of sequestration and environmental
impact (Ampelli et al. 2015). These aspects are also enclosed
in the definition of technology readiness level (TRL), shown
for the most important CO2-based compounds in Fig. 1, for
which the time frame to deployment was assigned with an
itemized literature analysis (Chauvy et al. 2019).

Data about CO2 potential utilization for the main products
are reported in Table 1, where CO2 uptake potential (the
amount of moles in a product according to the stoichiome-
try) is suggested. It is evident that the overall potential CO2

uptake is smaller than anthropogenic CO2 emissions in the
world (actually about 37 Gt).

On the other hand, an economic estimation and market
size of these products obtained from CO2 are reported in
Fig. 2.

Two typologies of CO2-based products can be suggested:
high unit price compounds with low market volume and low
unit price products with significant market value. More
specific production costs are suggested in the literature for
CO2-based products. In particular, the production cost for
polymers is 1440 $/ton, for methanol (CH3OH) it is 510
$/ton, for methane (CH4) it is 200–250 $/ton, for dimethyl
ether it is 660 $/ton, for urea it is 370–450 $/ton, for calcium
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Table 1 CO2 utilization potential

CO2-based compound Production (Mton/year) CO2 uptake potential (Mton/year)

Methane 1100–1500 3000–4000

Urea 180 132.30

Calcium carbonate 113.9 50.002

Ethanol 80 152.880

Methanol 65 89.245

Sodium carbonate 62 25.730

Microalgae 35 63.000

Formaldehyde 21 30.450

Magnesium carbonate 20.5 5.350

Polyurethane 15 4.500

Dimethyl ether 11.4 21.785

Acetic acid 10.25 7.513

Acrylic acid 5.85 3.574

Polycarbonates 5 0.865

Dimethyl carbonate 1.6 2.346

Formic acid 1 0.956

Ethylene carbonate 0.2 0.099

Propylene carbonate 0.2 0.086

Salicylic acid 0.17 0.054

Fig. 1 TRL of main CO2-based products (Chauvy et al. 2019)
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carbonate it is 30–350 $/ton, for ethanol (C2H5OH) it is
480–530 $/ton, for formaldehyde is 490–1000 $/ton, for
concrete curing it is 56 $/ton, and for dimethyl carbonate
((CH3O)2CO) it is 1000 $/ton (Hepburn et al. 2019; Tcvet-
kov et al. 2019).

A semiquantitative analysis is carried out by Chauvy
et al. (2019) to measure 3E performance criteria (engineering
performance, economic performance, environmental, health
and safety performance) of main products obtained from
CO2. Figure 3 shows this analysis, while Fig. 4 shows the
weighted overall results for 3E performances.

Methanol, polycarbonates, methane and microalgae have
higher values. After the above overview and general infor-
mation of CO2 utilization, in the following sections of this
chapter, each utilization route, listed before at the beginning,
is discussed and reviewed. These discussed pathways are
conventional. In the literature, are suggested other
non-conventional CO2 utilizations, as (i) bioenergy with
carbon capture and storage (BECCS), (ii) enhanced weath-
ering, (iii) forestry techniques, including afforestation/
reforestation, forest management and wood products,
(iv) land management via soil carbon sequestration tech-
niques and (v) biochar (Hepburn et al. 2019). However,
these last are not investigated in this work.

2 Carbon Dioxide Conversion to Chemicals

This route is regarding the catalytic chemical CO2 trans-
formation into chemical compounds, as urea (Pérez-Fortes
et al. 2014) polyether carbonate polyols (Langanke 2014) for
polymer production (polyurethane), polycarbonate and
dimethyl carbonate. Urea is obtained from ammonia (NH3),
from the Haber–Bosch process and CO2, as described by
these reactions (see Eqs. 1–2):

2 � NH3 þCO2 $ NH2CO2NH4 DH ¼ 157:5 kJ/mol

ð1Þ

NH2CO2NH4 $ NH2CONH2 þH2O
DH ¼ �26:44 kJ/mol

ð2Þ

with ammonium carbamate as an intermediate step. Urea
is non-toxic and can be used as fertilizer or for polymer
synthesis (melamine and urea–formaldehyde resins)
(Mikulčić et al. 2019). Actually, urea production is the lar-
gest scale process for CO2 utilization: 140 MtCO2/year is
used to produce 200 Mt/year of urea (Jarvis and Samsatli
2018). For this route, the value of TRL is 9 (Chauvy et al.
2019). A SWOT analysis is suggested by Chauvy et al.

Fig. 2 Market sizes and prices of CO2-based products (Chauvy et al. 2019)
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(2019) regarding this utilization route. Mature technology
and an economically viable are the points of strengths. The
points of weaknesses are the following: volatility in the price
and demand of urea and ammonia, and the high capital costs
of CO2 (currently). The opportunity is the aim of decreasing
CO2 capture plant capital and operational costs. Threats are:
international regulations, the fluctuation of prices and the
demand of ammonia and urea.

The use of CO2 for polymers is raising. Polyols (usually
polyether and polyester) are petroleum derived products and
these catalytically react with isocyanates to produce poly-
urethanes (Ramos, et al. 2016). However, polyether car-
bonate polyols can be produced in a more environmental
way with the reaction of CO2 and epoxides (alkylene oxide)
(Artz et al. 2018; Muller et al. 2016). Actually, the company
Bayer (Covestro) is studying to produce polyols for poly-
urethanes and the value of TRL is 8–9 (Chauvy et al. 2019;
Fernández-Dacosta et al. 2017). The product is a novel
polyol containing about 20% CO2. The mechanical proper-
ties of polyurethanes are comparable with those obtained
through a traditional way. The applications of polyurethane
are in coatings, adhesives, sealants, elastomers and foams,
heart valves and cardiovascular catheters and others (Grig-
nard et al. 2019).

Other commercialized products from CO2 are polycar-
bonates and salicylic acid.

Polycarbonates are largely produced through the reaction
(melt polycondensation) between bisphenol A (aromatic
polycarbonates) or diols (aliphatic polycarbonates) and
phosgene or diphenyl carbonate (Singh 2014). Aromatic
polycarbonates with good mechanical properties are used as

Fig. 3 Evaluation of the 3E performance criteria for CO2-based products (Chauvy et al. 2019)

Fig. 4 Total weighted scores of CO2-based products (Chauvy et al.
2019)
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plastics in automotive, electrical and electronic industries
and construction. Aliphatic polycarbonates show poor
mechanical properties are used in packaging, as a binder in
ceramics, etc. (Grignard et al. 2019). Due to their
biodegradability and biocompatibility, these polymers are
used in the biomedical sector. In an alternative route, (mostly
aliphatic) polycarbonates are produced from the reaction
between CO2 and epoxides but, with a different catalyst
compared to the previous route, that leads to polyurethane
production (Liu and Wang 2017). Generally, in polycar-
bonate reaction, the combination between many Lewis acid
catalysts as organometallic complexes and a nucleophile has
been considered (Grondin et al. 2019). In particular, recent
reviews have been considered metal-based catalysts (zinc,
aluminum, chromium, cobalt, magnesium, iron, titanium,
copper, ytterbium, etc.) with a variety of ligands (Grondin
et al. 2019; Taherimehr and Pescarmona 2014). The effi-
ciency of this green reaction, as the physicochemical prop-
erties of the obtained product, is affected by: the nature of
the epoxide, catalyst, reaction temperature, CO2 pressure,
solvent, reaction time and presence of impurities (Taher-
imehr and Pescarmona 2014). The TRL value for polycar-
bonate production from CO2 is 9 (Chauvy et al. 2019).

Salicylic acid is produced through the Kolbe–Schmitt
reaction (or Kolbe process): sodium phenoxide and CO2

react to form salicylic acid, used for aspirin production
(Bazzanella and Krämer 2019).

Another chemical compound that is obtained from CO2

dimethyl carbonate, non-toxic and biodegradable (Marciniak
et al. 2019). Generally, it is used in electrolytic solutions of
lithium ion batteries, as an additive in fuels, as a methylating
agent and for polycarbonates production (Kumar et al. 2017;
Marin et al. 2016). Also, dimethyl carbonate can be used for
glycerol carbonate production, pharmaceuticals, adhesives,
detergents and biolubricants (Algoufi et al. 2017). Conven-
tional routes for this product are the following: methoxy-
carbonylation with CO/oxygen (O2)/CH3OH, the alcoholysis
of urea and the transesterification of cyclic carbonate with
methanol (Zhao et al. 2017). However, dimethyl carbonate
can be obtained through different ways from CO2: (i) direct
production from methanol and CO2; (ii) production from
methanol, CO2 and epoxides; and (iii) production from CO2

and ortho-ester or acetals (Rafiee et al. 2018). Each of them is
characterized by a particular catalyst, reaction conditions and
reactor type. The TRL value for this CO2 utilization pathway
is 8–9 (Chauvy et al. 2019).

At the research stage, there are other chemicals, such as
carboxylic acids (acetic acid), carbamates (linear and cyclic),
formaldehyde and isocyanates. In addition, CO2 could also
be used directly or indirectly to produce olefins such as
ethene and propylene that are raw materials for the

subsequent synthesis of polymers. However, catalysts for
CO2-to-olefins reactions actually have low yields and low
selectivities.

In this pathway, the expected storage time of CO2

depends on the produced chemical (days/decades), while the
likelihood of release during storage is high (Hepburn et al.
2019).

3 Carbon Dioxide Conversion to Fuels

According to this route, a catalytic hydrogenation reaction is
applied to transform CO2 into fuels (methane, methanol,
ethanol, dimethyl ether, syngas, hydrocarbons, etc.).
Methanol, methane and syngas are the most important
products. In fact, methanol, among fuel liquids, and
methane, among gas fuels, have the highest value of EXc, as
the carbon fuel exergy content per mole of carbon and then
the maximum reversible work that it can ensure. A higher
value of this parameter suggests that the carbon demand to
store a unit of exergy is lower. Al-musleh et al. (2014)
suggest that the EXc for methanol and methane is, respec-
tively, 693 MJ/kmol C and 806 MJ/kmol C.

Syngas is suggested because it is the raw material of
different fuels (hydrocarbons, methanol, dimethyl ether).
However, methanol is preferred over methane for different
reasons: the higher maturity of technology, the liquid phase
that is easy to store and transport, the versatility to transform
it into other chemicals (for gas there are different constraints
in terms of storage, distribution and use respect to a liquid),
the production process made of a reduced number of steps
and a simpler separation (Ampelli et al. 2015). In addition,
methanol synthesis is more efficient, because it takes place at
milder conditions and requires less hydrogen (H2).

Methanol is a relevant raw material, due to its utilization
for energy and chemical uses (Bertau et al. 2014). Methanol
may be converted to ethylene and propylene (Speybroeck
et al. 2014). The conventional raw material for methanol
production is the syngas, according to the following reac-
tions (Leonzio 2018) (see Eqs. 3–5):

COþ 2 � H2 $ CH3OH DH ¼ �90:8 kJ/mol ð3Þ

CO2 þH2 $ COþH2O DH ¼ 41:6 kJ/mol ð4Þ

CO2 þ 3 � H2 $ CH3OHþH2O DH ¼ �49:2kJ/mol

ð5Þ
However, when methanol is produced via CO2 hydro-

genation (with a stoichiometric H2/CO2 ratio of 3), only
independent reactions are considered (see Eqs. 4–5) (Leon-
zio 2018).
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In addition to the hydrogenation reaction, the
co-electrolysis CO2 and H2O and the electrocatalytic
reduction of CO2 are investigated to produce methanol, as
shown in Table 2.

The TRL value for hydrogenation reaction is of 8–9 (the
“George Olah” plant in Iceland is close to a commercial
plant with a capacity of about 5 Mton/year, while a pilot
plant with a capacity of about 100 ton/year was built in
Japan, Osaka, by Mitsui Chemicals Inc., in 2008), while
other routes are at research and development scale (TRL of
1–3) (Chauvy et al. 2019). Chauvy et al. (2019) suggest an
interesting SWOT analysis for the route producing methanol
via CO2 hydrogenation. Strengths for methanol production
via CO2 hydrogenation are the following: a big market, it is a
raw material for synthetic hydrocarbons and it is a liquid
under ambient conditions, so that it is easy to handle.
Weaknesses for this route are, instead, the following: the use
of hydrogen that should be obtained by renewable energies
increasing the cost, the lack of a suitable catalyst, it is toxic
and flammable so that it must be handled properly. On the
other hand, opportunities are: the replacement of fossil fuels,

it is a fuel and can be used to produce hydrocarbons, the
increase of consumption due to the emerging application
technologies. Threats are the following: the evolution of
CO2 and H2 price, the possibility to have “catastrophic”
events in all phases of the methanol value chain and the
biomethanol produced from other feedstocks. Several reac-
tors can be considered. For gas-phase reactors, isothermal or
adiabatic technologies are suggested. Also, liquid-phase
reactors and membrane reactors can be considered (Leonzio
2018). Adiabatic reactors are proposed by Imperial Chemical
Industries, Casale, Toyo Engineering Corporation (2015a),
Haldor Topsoe, Kellogg (Leonzio 2018) and Rahimpour
(2008). Overall, these types of reactors consist of adiabatic
fixed beds with intermediate refrigeration to control tem-
perature. Isothermal reactors are proposed by Linde (2015b),
Lurgi (Haid and Koss 2001), Mitsubishi Gas Chemical
(MGC) and Mitsubishi Heavy Industry (MHI) (Leonzio
2018), Casale (Bozzano and Manenti 2016). These are shell
and tube reactors with a catalyst inside (Lurgi, MGC, MHI)
or outside tubes (radial steam-raising converter and
tube-cooled converter). Liquid reactors, with respect to other

Table 2 Analysis of the open literature for methanol production

Syngas hydrogenation 

Reference Type of reactor Pressure 
(bar)

Temperature 
(K) Catalyst Methanol production

Luu et al. (2016) Packed bed 50-100 503-538 Cu/ZnO/Al2O3 776 ton/h
Zhang et al. (2017) Packed bed 80 523 Cu
Zhang et al. (2017) Packed bed 80 523 Cu 83.54 kmol/h
Storch et al. (2016) 100 525-538

Gai et al. (2016) 40 483 5.6 kmol/day
Martin and Grossmann (2017) 50-100 473-573 207 Mgal/year

Iaquaniello et al. (2017) 493 105000 t/year
Specht et al. (1999) 2.2 t/h

Co-electrolysis of CO2 and H2O 

References Type of reactor Pressure 
(bar)

Temperature 
(K) Catalyst Methanol production Type of electrolysis

Al-Kalbani et al. (2016) Packed bed 538-131 1500 ton/day SOEC
Rivera-Tinoco et al. (2016) Packed bed 80 533 Cu/ZnO/Al2O3 PEM/SOEC

CO2 hydrogenation 

References Type of reactor Pressure 
(bar)

Temperature 
(K) Catalyst Methanol production Hydrogen source

Kiss et al. (2016) Packed bed 50-100 473-573 Cu/Zn/Al/Zr 100 kt/year Chlor-alkali
Atsonios et al. (2016) Membrane reactor 65 523 Cu-Zn-Al 94.38 ton/year KOH water electrolysis

Peres Fortes et al. (2014) Packed bed 76 483 Cu/ZnO/Al2O3 PEM
Bellotti et al. (2017) 50-100 523-573 Cu/ZnO/Al2O3 97 kg/h PEM

Harp et al. (2015) 50-100 523 Zn 452 t/day Steelwork

Electrocatalytic reaction

References Type reactor Pressure
(bar)

Temperature
(K) Catalyst Methanol production

Gai et al. (2016) 80 403 5.6 kmol/day
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systems, ensure better control of temperature due to a large
heat capacity of a liquid to absorb the generated heat (Xu
et al. 2009). Air products proposes a slurry liquid-phase
technology (LPMEOH™) (Leonzio 2018): The catalyst is
suspended in an inert mineral oil, improving heat and mass
transfer at lower costs than tubular fixed bed reactors. The
technology has a high conversion with a low recycle.
Membrane reactors allow the removal of a product (metha-
nol or water or both) improving efficiency (Gallucci et al.
2004). Other membrane reactors for methanol synthesis are
analyzed by Parvasi et al. (2009), Rahimpour and Ghader
(2003), Farsi and Jahanmiri (2011), Barbieri et al. (2002). In
addition to these types of reactors, a gas-phase fluidized-bed
reactor is proposed: the catalyst is fluidized by the fresh gas,
ensuring a good conversion, less pressure drop, the elimi-
nation of diffusion limitations, good heat transfer capability
and a more compact design (Abashar 2004).

Methane is obtained by CO2 and H2, according to the
Sabatier reaction (see Eq. 6) (Catarina Faria et al. 2018):

CO2 þ 4 � H2 $ CH4 þ 2 � H2O DH ¼ �165kJ/mol ð6Þ
To be more precise, the methanation reaction is the

combination of the carbon monoxide (CO) methanation and
reverse water gas shift (RWGS) reaction (Bassano et al.
2019) (see Eqs. 7–8):

COþ 3 � H2 $ CH4 þH2O DH ¼ �206kJ/mol ð7Þ

CO2 þH2 $ COþH2O DH ¼ 41 kJ/mol ð8Þ
The H2/CO2 ratio for methane production should be 4

(Leonzio 2018). The obtained methane is called substitute
natural gas (SNG), with properties close to that of natural
gas (Riccia et al. 2019). When H2 is obtained by renewable
energies (solar or wind energy), via H2O electrolysis the
process is known as power-to-gas (Lewandowska-Bernat
and Desideri 2017). The energy efficiency from renewable
energies to gas is about 30–40% (Sauer et al. 2012).
The TRL value for this hydrogenation reaction is 7, and tests
are limited to the demonstration plant. A lower value of TRL
is considered for the other routes of methane production: 4
for CO2 electrochemical reduction, 3–4 for CO2 microbial
conversion and 3 for CO2 photo-electrochemical reduction
(Chauvy et al. 2019). Existing projects, on the catalytic
hydrogenation of CO2 in a power-to-gas process, are present
in Germany, Switzerland, USA, Austria, Japan, the Nether-
lands, Poland, France, Canada and Thailand (Bailera et al.
2017; Chwoła et al. 2020). Plants with high installed power
are in Germany (30.7 MWel) Denmark (2.53 MWel), Canada
and the USA (both about 0.45 MWel) (Thema et al. 2019).

Water electrolysis systems can be alkaline electrolysis
(AEL), polymer electrolyte membrane electrolysis
(PEM) and solid oxide electrolysis cell (SOEC). The first is

the most mature technology, while the last is still at the
pre-commercial scale. Specific electrical energy consump-
tion of AEL, PEM and SOEC is, respectively, of 4.2–4.8,
4.4–5 and 3 kWh/Nm3, while capital costs are 1000 €/kWel–
1200 €/kWe, 1800–2300 €/kWe and above 2000 €/kWe
(Schmidt et al. 2017; Buttler and Spliethoff 2018). Stages of
fixed bed reactors with refrigeration, fluidized-bed reactors
and three-phase reactors may be used for methanation
reactions (Rönsch et al. 2016).

Most of the studies present in the literature are about the
process and system analysis of a power-to-gas process, in
addition to a simple analysis of methanation reaction (Bas-
sano et al. 2019). Blanco et al. (2018) analyze the potential
application of this system in Europe with two different sce-
narios: a reduction of 85 and 90% of emission by 2050
compared to the 1990 level. They find that the power-to-gas
can be taken into account only at lower costs. Brunner and
Thomas (2014) consider an analysis of a power-to-gas system
for Germany, while an analysis of this system with large-scale
renewable electricity production is considered in Vandewalle
et al. (2015). Dickinson et al. (2010) study a power-to-gas
process where hydrogen is produced through an electrolyzer
using geothermal energy while carbon dioxide is captured in
natural gas power plants in Australia. Kötter et al. (2015)
consider using 100% of renewable energy for a power-to-gas
system in Germany. They find that in this case, the leveled
cost of electricity (LCOE) of 11 ct/kWhel is lower than that
estimated by using batteries to store energies. An economic
analysis is developed by Gassner and Maréchal (2012),
Buchholz et al. (2014), Tsuparia et al. (2016), Petersa et al.
(2019) finding a methane cost in the range of € 3.51–3.88 per
kg. An economic analysis for Germany is carried out by
Leonzio (2017), suggesting the need for economic incentives
to have a profitable system. Balan et al. (2016) consider a
techno-economic analysis for a power-to-gas in Romania,
considering different values for the energy price. Considering
a discounted cash flow analysis, it is found that the process
requires economic incentives. Economic incentives are also
required by Blanco and Faaij (2018) for this synthesis. In this
context, an economic optimization is considered by Gorre
et al. (2020): a reduction up to 17% in synthetic natural gas
production is achieved in optimal conditions.

From this analysis, it results that there is a great interest
on increase the integration of renewable energies and that
this technology is characterized by high costs; then, eco-
nomic incentives are required. A SWOT analysis for
methanation reaction is also suggested by Chauvy et al.
(2019). A strength is the fact that methane has a big market.
Opportunities are the following: a reaction highly exother-
mic with the possibility to reuse heat from conversion, the
produced methane may be transported using the current gas
grid and infrastructure, the possibility to fit renewable
methane and renewable hydrogen economies. Weaknesses
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are: the use of H2 that should be produced by renewable
energies at high costs, the reaction is highly exothermic and
should be controlled, methane is flammable and it is in
competition with natural gas. Threats are the following: the
evolution of CO2 and H2 price, and the competition with
biogas from fermentation.

Generally, syngas can be obtained from coal, petroleum
coke, natural gas, biomass and even from organic wastes
(Tao et al. 2011). However, syngas may be obtained from
CO2 in several routes, as reported in Table 3. Overall, it is
possible to have, according to temperature, thermal and
non-thermal (dielectric barrier discharge, glow discharge,
corona discharge, plasma jets) plasma. Reactions of CO2

reforming of CH4 to syngas are involved; however, these
techniques are not commercialized actually (Tao et al. 2011).

Li et al. (2009) analyze operating parameters of a glow
discharge plasma reactor, finding CH4 and CO2 conversion of

60.97 and 49.91%, respectively, at CH4/CO2 rate of 4/6 and
an input power of 69.85 W. Ozkan et al. (2015) study the
dielectric barrier discharge (DBD) to produce syngas by CO2

and CH4: They find the negative effect of power on carbon
dioxide and methane conversion. A plasma jet is analyzed by
Ni et al. (2011): At the optimal experimental conditions, a
value of energy efficiency of 74.63% is achieved which is
higher compared to other plasma processes. The good per-
formances of a thermal plasma reactor are verified by Yan-
peng et al. (2014): Thermodynamic and experimental studies
show that the CO2/CH4 volume ratio and the total feed flow
rate are important parameters in the reforming process. Then,
for thermal and non-thermal plasma reactors, operating
parameters are analyzed in the existing literature.

Another technique for syngas production using CO2 and
that has not reached the commercialized level is the methane
dry reforming. The value of TRL is, in fact, 6, and a major

Table 3 Investigated
technologies to produce syngas
from CO2

Glow discharges

Li et al. (2009)

Dielectric barrier discharges

Wang et al. (2011)

Pham et al. (2011)

Ozkan et al. (2015)

Song et al. (2018)

Nguyen et al. (2019)

Plasma jets

Ni et al. (2011)

Rutberg et al. (2015)

Thermal plasma

Yanpeng et al. (2014)

Methane dry reforming

Gokon et al. (2011)

Dou et al. (2019)

Wang et al. (2019)

Microwave-assisted dry reforming

Fidalgo et al. (2008)

Co-electrolysis of H2O and CO2

Pardal et al. (2017)

Liu et al. (2016)

Stoots et al. (2009)

Delacourt et al. (2008)

Kleiminger et al. (2015)

How and Xie (2019)

Zhou et al. (2019)

Acid Gas To Syngas (AG2STM)

Bassani et al. (2016)
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disadvantage is the formation and deposition of soot causing
the deactivation of catalyst (Chauvy et al. 2019; Mustafa
et al. 2020). It is an endothermic reaction that requires a lot
of energy and high temperature (900–1200 K) (Leonzio
2018) (see Eq. 9):

CO2 þCH4 $ 2COþ 2 � H2 DH ¼ 247:3 kJ/mol ð9Þ
Most of the literature analysis is about the searching and

analysis of an appropriate catalyst (Gokon 2011; Wang et al.
2019; Dou et al. 2019).

Methane dry reforming can be developed also using
microwaves, under the microwave-assisted dry reforming of
methane (Leonzio 2018). A comparison with the traditional
dry reforming reaction is considered in the work of Fidalgo
et al. (2008), showing higher CH4 and CO2 conversion for
the microwave heating. A SWOT analysis for methane dry
reforming is suggested by Chauvy et al. (2019) through
strengths, weaknesses, threats and opportunities. The points
of strength are the following: a huge market, two greenhouse
gases consumed (CO2 and CH4), a cheap and an abundant
CH4 available, the crucial intermediate resource of many
large-scale chemical building blocks and petrochemical
processes. The points of weaknesses are the following: the
competition with syngas from steam reforming, the lack of
availability of suitable catalyst (fast catalyst deactivation and
carbon deposition on catalyst), the energy consuming, the
lack of information as syngas is usually not considered as a
final product. The opportunity is the research of a catalyst,
while the threat is the competition with syngas from biogas
and biomass.

Another technology to produce syngas is the
co-electrolysis of CO2 and H2O. Reactions in the cathode are
(see Eqs. 10–11) (Li et al. 2013):

CO2 þ 2e� ! COþO2� ð10Þ

H2Oþ 2e� ! H2 þO2� ð11Þ
At the anode, this reaction occurs (see Eq. 12) (Li et al.

2013):

2 � O2� ! O2 þ 4 � e� ð12Þ
Literature works demonstrate the feasibility of this tech-

nique at a large scale and analyze different configurations.
Liu and Poon (2016) analyze the separate electrolysis of CO2

and H2O and the co-electrolysis of these molecules. Results
show that simultaneous electrolysis in a single electrolyzer is
possible as well as industrial production. Stoots et al. (2009)
study experimentally the co-electrolysis of H2O and CO2

finding high yields. An electrolyzer system using also an
ionic liquid (1-butyl-3-methylimidazolium triflate) is sug-
gested by Pardal et al. (2017) in order to have high effi-
ciencies and low energy demand. Kleiminger et al. (2015)

use a microtubular solid oxide electrolyzer with
yttria-stabilized zirconia (YSZ) electrolyte, Ni-YSZ cermet
cathode and strontium (II)-doped lanthanum manganite
(LSM) oxygen-evolving anode, for the co-electrolysis of
H2O and CO2 to produce syngas. The value of TRL for this
technology is 4–5 (Chauvy et al. 2019).

Bassani et al. (2016) propose a novel Acid Gas To
Syngas (AG2STM) technology consisting of the gasification
of coal or biomass while H2S and CO2 are transformed into
syngas, using a regenerative thermal reactor.

Other researches are about the production of syngas
through solar cells converting carbon dioxide from air
directly into synthesis gas, utilizing solar energy (Leonzio
2018).

In this pathway for fuel production, the expected storage
time of CO2 depends on the produced fuel (weeks/months),
while the likelihood of release during storage is high
(Hepburn et al. 2019).

Figure 5 shows main fuels that may be obtained from
CO2, through different reactions.

4 Carbon Dioxide Conversion to Concrete
Building Materials

Natural and accelerated curing carbonation can occur and
these have been studied (Galan et al. 2010; Monkman and
Shao 2006). Natural curing carbonation occurs in the air:
calcium hydroxide and calcium silicate hydrates react with
the atmospheric CO2 to produce calcium carbonate
(CaCO3), improving mechanical properties and reducing the
subsequent drying shrinkage of concrete product (Baojian
et al. 2013). However, it is a slow process and it is a
problem for steel-reinforced concrete structure because the
carbonation reduces the concrete pH, improving the corro-
sion of reinforcing steel. In the other options, CO2 is
injected into the curing vessel at room temperature; then,
CO2 diffusing into the fresh concrete under low pressure,
reacts with compounds like 3CaO∙SiO2, 2CaO∙SiO2 to
produce CaCO3 and calcium silicate hydrates, according to
the following reactions (see Eqs. 13–14) (Xuan et al. 2018;
Khan et al. 2018):

2 3CaO � SiO2ð Þþ 3CO2 þ 3H2O
! 3CaO � 2SiO2 � 3H2Oþ 3CaCO3 ð13Þ

2 2CaO � SiO2ð ÞþCO2 þ 3H2O
! 3CaO � 2SiO2 � 3H2OþCaCO3 ð14Þ

With an initial hydration products as calcium hydroxide
(CH) and calcium silicate hydrate (C-S–H) can also be
carbonated, according to the following reactions (see Eqs.
15–16) (He et al. 2019):
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Ca OHð Þ2 þCO2 ! CaCO3 þH2O ð15Þ

3CaO � 2SiO2 � 3H2Oþ 3CO2 ! 3CaCO3 þ 2SiO2 þ 3H2O

ð16Þ
Overall, gaseous CO2, after its dissolution into H2O, is

converted into a solid calcium carbonate during an
accelerated curing process. For applications without rein-
forcing steel, the carbonated concrete products have better
performances in terms of compressive strength, abrasion
resistance, durability, stable dimensions, due to the
near-complete depletion of calcium hydroxide (Baojian
et al. 2013; Shi-Cong et al. 2014). Costs are also reduced
due to a lower cement content. However, it is most
suitable for concrete products, such as blocks and cement
boards.

Also, these properties may be obtained in few hours
contrary to natural carbonation (El-Hassan and Shao 2014;
Zhan et al. 2016), and in any case, this process depends on
CO2 concentration, pressure, time of exposure, relative
humidity, etc. (Shi et al. 2013). Khan et al. (2018) find that
in the accelerated curing carbonation, concrete achieves in
only 4 h the strength that should be achieved in 28 days,
with natural curing carbonation. Xuan et al. (2018) find that
important parameters to improve the maturity and strength of
concrete are: a high CO2 concentration, a fast gas flow rate
and moderate relative humidity. On the other hand, Monk-
man and Shao (2006) report that with accelerated concrete
curing the durability of the concrete is not compromised, but
better performances (compressive strength, linear shrinkage,

etc.) are obtained. The value of TRL for concrete curing is
7–8 (Alberici 2017).

In addition, concrete can be produced from CO2, through
the red mud or “bauxite residue,” obtained by bauxite treat-
ment during alumina production (two tons of red mud are
obtained by one ton of bauxite, according to the bauxite
characteristics and processing parameters) (Klauber andGräfe
2009). Red mud is mainly made up of Al2O3, Fe2O3, SiO2,
TiO2, CaO,Na2O; then, it has an alkaline character with a high
pH (10.5–12.5) (Patricio et al. 2017a; Ribeiro and Morelli
2011). If it is carbonatedwith CO2, the pH is reduced and it can
be used to produce concrete reducing the cement content
(Sutar et al. 2014). Different works are about its application in
concrete production. Ribeiro et al. (2012) suggest that redmud
in this production route can improve the corrosion resistance,
if with a composition in the range between 20 and 30% wt.
Better mechanical properties than conventional concrete are
obtained by Nikbin et al. (2018). Liu and Poon (2016) replace
fly ash with red mud in concrete: Mechanical properties are
improved; on the other hand, drying shrinkage is decreased.
Rathod et al. (2014) suggest an optimal composition of red
mud in the concrete of 25%wt. Other studies are proposed out
by Sai (2017), Colella et al. (2007), Feng and Peng (2005),
Hauri (2006), Dindi et al. (2019). Overall, literature works
analyze the production process finding better operating con-
ditions for this pathway. This pathway has a value of TRL of 9
(Patricio et al. 2017a).

In concrete production, the expected storage time of CO2

may be of centuries, while the likelihood of release during
storage is low (Hepburn et al. 2019).

Fig. 5 Principal fuels obtained from CO2 (Leonzio 2019)
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5 Carbon Dioxide for Mineral Carbonation

A review about processes of CO2 mineral carbonation has
been proposed by Sanna et al. (2014). Mineral carbonation
reaction can be in situ or ex situ (Chang et al. 2017a). The
first case occurs in geological storages, when CO2 reacts
with alkaline minerals and it is transformed into a mineral
carbonate. The second reaction, on the other hand, occurs
chemically in an industrial plant, through a reaction between
CO2 and alkaline earth metals mostly calcium (Ca) or
magnesium (Mg), obtained from nature via silicate minerals
or from industrial by-products or waste materials (Gerde-
mann et al. 2007; Pan et al. 2012). This case occurs par-
ticularly where CO2 storage is not allowed. In this case, a
precipitated mineral carbonate is produced. In particular, for
both carbonations, the reaction is between the metal oxide
bearing the mineral and CO2, as follows (see Eq. 17):

Metal oxideþCO2 ! Mineral carbonateþHeat ð17Þ
The overall reaction for carbonation is exothermic and

spontaneous (DG < 0). On the other hand, the reaction rate
of this reaction is very slow and should be improved (Zheng
et al. 2017).

In addition to CaCO3 and magnesium carbonate
(MgCO3), sodium carbonate (NaCO3) and sodium bicar-
bonate (NaHCO3) may be produced. The TRL value for the
process producing CaCO3, MgCO3, NaCO3 and NaHCO3 is,
respectively, 7, 3–4, 6 and 8–9 (Chauvy et al. 2019).

Compared to the in situ reaction, the ex situ reaction
allows to valorize also industrial hazardous wastes, con-
taining the considered metals and to use the obtained mineral
carbonate products for different aims. In fact, for example,
CaCO3 may be used as adhesives, sealants, in the food and
pharmaceutical sectors, in the paint, rubber and paper
industry, for construction materials (Eloneva et al. 2008). In
addition, while in the in situ reaction CO2 is just injected into
geological formations containing alkaline metals, the ex situ
mineral carbonation involves different processes like mining,
grinding and/or pre-treatment processes to ensure Ca or Mg
bearing mineral feedstock. The different applications of
mineral carbonates are related to their physicochemical
characteristics such as particle size, shape, density, color,
brightness which can be governed through operating
parameters such as pH, temperature, concentration, addi-
tives, stirring and reaction time (Chang et al. 2017b).

Literature works are mainly considering steel slag as raw
material to produce precipitated calcium carbonate. In the
work of Zappa (2014), calcium is extracted from steel slag
by using a solution of ammonium chloride (NH4Cl). The
author reports that temperature, calcium concentration,
NH4Cl solvent concentration, CO2 flow rate and agitation
speed are significant on the mineralization and quality of the

precipitated calcium carbonate. In particular, a lower
dimension can be obtained reducing temperature, calcium
and NH4Cl concentration, CO2 flow rate and increasing the
agitation speed. An economic analysis of the system is also
developed: The production cost for the precipitated calcium
carbonate is 65 €/ton. A techno-economic analysis of KIST
process to produce calcium carbonate from steel slag is
carried out by Lee et al. (2020): Results suggest the cost is
483 USD/ton CaCO3; then, the process is feasible. Said et al.
(2013) consider a parametric analysis of this process. They
find that grinding the materials of steel slag to a smaller size
can improve the efficiency and chemical conversion rates,
while the smallest solid-to-liquid ratio ensures the maximum
calcium extraction efficiency. A feasibility study to produce
CaCO3 from basic oxygen furnace slag is proposed by Kim
et al. (2020). It is obvious that the most of literature works
are regarding the analysis of the mineralization process,
finding the costs and the influence of some operating
parameters. In addition, researchers find that the use of an
industrial waste or by-products with calcium or magnesium
allows to decrease energy consumption and local pollution
(Zheng et al. 2017).

A SWOT analysis for mineral carbonation of CO2 is
suggested by Chauvy et al. (2019). The strengths of this
analysis are the following: the permanence of CO2 storage,
no feed quality requirements for CO2 which can contain
sulfur dioxide, particulate matter, mercury and other metals.
Weaknesses are: the use of a large amount of minerals (as
the precipitated calcium carbonate), direct competition with
raw materials and building products usually used, high
energy requirements of mining, transportation and prepara-
tion of minerals. Threats are the following points: the
competition with cement, the price of the technology affec-
ted by changes, the environmental issues potentially gener-
ated by the storage of large amounts. On the other hand, the
opportunity is that the environmental benefit leads to a
commercial benefit especially in the region where carbon
trading schemes exist.

As in concrete production, the expected storage time of
CO2 in mineral carbonates may be of centuries in a stable,
inert and solid form, while the likelihood of release during
storage is low due to the stability of mineral carbonates
(Hepburn et al. 2019; Zevenhoven et al. 2006).

6 Carbon Dioxide for Oil and Methane
Recovery

CO2 may be utilized for oil and gas (methane) recovery,
respectively, in CO2 enhanced oil recovery (CO2-EOR) and
CO2-enhanced coalbed methane (CO2-ECBM) technologies.
This allows to store CO2, but at the same time, CO2 is used as
an injection fluid to recover oil and methane from respective
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reservoirs. In CO2-enhanced coalbed methane, CO2 is used to
extracts CH4 from the coalbed: With the injected gas, CH4 is
desorbed from the coalbed, varying the adsorption rate
between gases and micropores while CO2 is adsorbed and
then stored (Cho et al. 2019). In fact, coalbed methane
reservoirs are naturally fractured rocks, with cleats and
matrix, which micropores have a lot amount of methane
adsorbed on the walls (Verma and Sirvaiya 2016). This is
explained by the different properties of the considered gases
(Sayyafzadeh et al. 2015). In fact, CO2 is smaller than CH4

and it is also linear, facilitating the inlet of CO2 in small pores
and dislocating the pre-adsorbed CH4 out of micropore sur-
faces. In addition, CO2 has an interaction enthalpy better than
hydrocarbons, increasing CO2 solubility in coals compared to
CH4. An overview about this technology and the investiga-
tions that should be done is suggested by Li and Fang (2014)
and Lau et al. (2017). Other studies present in the literature
are about the analysis of geological and physical character-
istics of a coalbed methane, underlining the process perfor-
mances, as CO2 injection and CH4 separation. Mazzotti et al.
(2009) show the best performances and efficiencies obtained
by using CO2 and not another gas (e.g., nitrogen or a mixture
of nitrogen and carbon dioxide), due to the greater affinity of
coal towards CO2. Guan et al. (2018) analyze the adsorption
capacity of CH4 and CO2 for an Illinois coal at several
temperatures and find that these are correlated. In particular,
the adsorption capacity of these gases decreases at higher
temperatures, until a critical temperature value, where this
dependence is vanished. Liu et al. (2013) propose a mathe-
matical model to evaluate the wellhead and bottom hole
pressure, considered as important parameters. In Sinayuc
et al. (2011), the effect of some parameters, as the layout and
number of wells, the composition of injected gas and per-
meability on CH4 production are evaluated. In a more
accurate analysis, Dai et al. (2017) find that the reservoir
thickness, permeability and porosity are important to manage
the process, with a positive effect on CO2 injection rate and
CH4 production rate. The effect of injection pressure and
initial reservoirs temperature on the process is analyzed by
Fana et al. (2018) through a simulation in COMSOL Multi-
physics. The authors find that the amount of stored CO2 and
extracted CH4 decrease at a higher reservoir temperature and
increase at a higher pressure. The positive effect of pressure is
also documented in the research of Yin et al. (2017). The
optimal CO2 composition for gas recovery is found by
Sayyafzadeh and Keshavarz (2016), based on the economic
calculation of net present value. Studies for micropilot tests
are carried out by Wong et al. (2007) and Ye et al. (2007). In
recent years, also liquid CO2 is used for this technology:
Higher pressure and volume is able to crack the coal seams
and improve the gas extraction (Chen et al. 2017; Hu et al.
2018; Wen et al. 2020).

The TRL value for this utilization option is 7 (demon-
stration scale) (Bui 2018).

In CO2-EOR, as already mentioned, CO2 is used to
extract oil from reservoirs. This technology is based on
chemical and physical mechanisms and involved during the
interaction of CO2 with rocks and fluids that are present in
the reservoir. In particular, CO2 has excellent dissolution
properties, and above the minimum miscibility pressure, it is
miscible with the in situ oil, dragging the oil out of pores
(Farajzadeha et al. 2020). In addition to the USA, China and
countries in the Middle East have been interested in CO2-
EOR (Azzolina et al. 2016). In 2014, 136 active CO2-EOR
projects were present in the USA (Koottungal 2014).

Studies present in the literature are mainly about the
optimization of the process, techno-economic and environ-
mental analysis. Generally, the co-optimization of CO2

storage and oil recovery is considered by Kamali and Cinar
(2014), Ampomah et al. (2016), Wang et al. (2018), Chen
and Pawar (2019). In AlMazrouei et al. (2017), two different
optimizations are suggested for a CO2-EOR in California:
One is minimizing the costs, and the other one is maxi-
mizing the revenues. The second one is preferable according
to the market dynamics. Wei et al. (2015) perform a
techno-economic analysis for an oil field in China, as well as
Jiang et al. (2019). The net present value of the process is
maximized by Kwak and Kim (2017), while Kemp and
Kasim (2013) find that high CO2 costs can provide negative
values of net present value. Many other literature works
regard a techno-economic analysis, suggesting the potential
of this technology and its capacity to reduce CO2 emissions
(Davidson et al. 2011; Rubin et al. 2013; King et al. 2011;
Mendelevitch 2014). Environmental analyses are also
developed. Jaramillo et al. (2009) propone a model to cal-
culate the cumulative CO2 emissions over the life cycle of
the considered process, including CO2 capture from a power
plant, CO2 transportation, oil exploration and transportation,
crude oil refining and its combustion. A detailed life cycle
assessment (LCA) analysis for a CO2-EOR system is
developed by Cooney et al. (2015): They find that it is more
environmentally beneficial to use anthropogenic CO2 sour-
ces than natural CO2. Azzolina et al. (2016) in their study
find that the CO2-EOR process produces oil with an emis-
sion factor of about 300 kgCO2-eq/bbl, lower than the con-
ventional process (500 kgCO2-eq/bbl). In this study, CO2 is
captured from a coal-fired power plant. Greenhouse gas
emission reduction per unit of produced oil is obtained
through this kind of system in an offshore EOR in the North
Sea, in the work of Stewart and Haszeldine (2015). Overall,
the environmental benefits of this technology are reported in
the literature. For this pathway, the value of TRL is 9; then,
it is at a commercial scale (Bui 2018). In both discussed
pathways, CO2 is stored as geological sequestration; then,
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for millennia and the likelihood of release during storage, it
is low (Hepburn et al. 2019).

7 Carbon Dioxide for Horticulture
and Microalgae Production

CO2 may be used for horticulture and microalgae production
by using greenhouses with CO2 enrichment. CO2 enrichment
is a technique used to enhance photosynthesis, improving
yields and incomes (Chalabi et al. 2002). It is important to
underline that these benefits are present only for plants with
C3 photosynthesis pathway and not for plants with C4
pathway (Dion et al. 2011). C3 pathway includes cereals, all
legumes, nearly all fruits, roots and tubers. C3 is also the
pathway for sugar beet, fiber crops and oil crops, microalgae
and trees. On the other hand, C4 pathway includes corn
(maize), sorghum, millet and sugarcane. Then, C3 plants are
greenhouse crops, even if have a lower efficiency to fix CO2

at ambient concentrations (about 388 ppm) (Dion et al.
2011). However, for these crops, a higher CO2 concentration
determines a higher photosynthetic rate, creating more car-
bohydrates that translate into increased biomass. Generally,
this positive effect for greenhouse crops is obtained for CO2

concentrations in the range of 700 and 1000 ppm, increasing
the yield from 21 to 61% in dry mass (Jaffrin et al. 2003).
Also, photosynthesis can improve also up to 50% (Patricio
et al. 2017a). The positive effect of CO2 on the yield of rice,
wheat, soybeans and grain has been studied (Dong et al.
2020; Senghor et al. 2017).

Also, these positive effects strongly depend on different
greenhouse environmental parameters (temperature, relative
humidity, nutrients and irrigation schedule) and different
researches optimized the level of CO2 injection according to
these parameters (Klaring et al. 2007; Edwards 2008;
Rachmilevitch et al. 2004). The economic benefits of CO2

enrichment technology are reported by Marchi et al. (2018).
It is evident that for horticulture production, the most of the
literature works want to underline the better efficiencies
obtained at a higher CO2 concentration. Few works are about
the economic analysis of this pathway.

Interesting considerations are reported in the literature for
microalgae cultivation that can be used as feedstocks for
biofuels, such as biodiesel (Hallenbeck et al. 2014; Choia
et al. 2014), pyro-oil (Pisal and Lele 2005), colorants, vita-
mins (Chauvy et al. 2019) and other biochemicals (Pradhan
et al. 2015) production. Algae can be converted into biofuels
through several methods: transesterification, gasification,
AD, direct combustion, fermentation and pyrolysis (Anwar
et al. 2020).

Compared to other C3 plants, microalgae can tolerate
higher ranges of temperature, pH value and CO2 composi-
tion (Olaizola 2003); moreover, these are able to fix CO2 at a

rate several times higher than plants showing their high
photosynthetic efficiencies (Bhola et al. 2014). Generally,
microalgae have been received the interest of researchers due
to the high CO2-fixation efficiencies (up to 10%, compared
with 1–4% for other biomass) and capacity to produce
several products (Hepburn et al. 2019). From the literature
analysis, it is evident that microalgae may be cultivated
either in open raceway ponds or in photo-bioreactors used to
enhance the photosynthetic process (Pradhan et al. 2015).
Several works suggest how to increase the efficiency of these
reactors (Zittelli et al. 2013; Ugwu et al. 2008; Zhang 2015).

A SWOT analysis for microalgae production is suggested
by Chauvy et al. (2019). Strengths, weaknesses, threats and
opportunities are evaluated. The point of strengths are: the
use of solar energy, the use of various point source emis-
sions, do not required high CO2 purity, because NOx and
SOx can be used as nutrients, the sewage wastewater can be
used as the source of nutrients, do not require fertile land or
food crops, the grow fast consuming CO2. Weaknesses are
the following: for open systems are a large specific area and
an easy contamination of the culture by bacteria, for closed
systems are high operative and capital costs, for both algal
species depending on the environment and require small
distance for transport and storage of CO2 feed. Opportunity
points are the following: an integrated system using
wastewater and waste CO2, an integrated biorefinery based
on microalgae, a potential of algal oil in transportation fuel,
livestock feed, agricultural fertilizer, oleo-chemicals, phar-
maceutical and nutraceuticals markets. A threat is that
modifying microalgae genetically could generate market and
societal rejection.

The TRL value for horticulture and microalgae produc-
tion is 9 and 8–9, respectively (Tcvetkov et al. 2019; Patricio
et al. 2017a). The expected storage time of CO2 depends on
the product and can be of weeks or months, while the
likelihood of release during storage is high (Hepburn et al.
2019).

8 Carbon Dioxide for Direct Use

CO2 may be utilized in several processes of food industry, as
an inert to avoid food deterioration and in packaging
applications. In addition, CO2 may be utilized in beverage
carbonation (Linde 2019), in coffee decaffeination as an
extraction solvent at supercritical conditions (Horticulture
2019) and wine making, preventing oxidation of the wine
during maturation (Global CCS Institute 2011). In the food
industry, CO2 can be used also for the selective extraction of
bioactive compounds (essential oils, vitamin E, etc.), to
extract antioxidants from fruits and vegetable sources
(tomato, rosemary, grape and aloe vera) and for the extrac-
tion of edible oils (Muthuraj and Mekonnen 2018). CO2 is
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used also in the metal industry or basic oxygen furnaces for
dust suppression (Leeson et al. 2017).

CO2 can be also used in pulp and paper processing, for
pH reduction during pulp washing operations (Linde 2012),
wastewater treatment (after the reverse osmosis process to
re-mineralize water or to control the pH) (Girdon et al.
2006), printed circuit board manufacture (Pieri et al. 2018)
and in power generation as working fluid (Global CCS
Institute 2011). Moreover, CO2 may be utilized in pneumatic
applications, in industrial fire protection systems (Pieri et al.
2018), in refrigeration units as the working fluid, avoiding
the use of more toxic refrigerant gases (Leeson et al. 2017).

9 Conclusions

The interest in CO2 utilization is increasing around the
world, being a complementary option to CO2 storage, for
CO2 emissions reduction. However, CO2 utilization uptake
potential is only a few percent of the anthropogenic emis-
sions, even if it has the potential to produce revenues. Then,
the use of CO2 provides valid support to storage and other
abatement methods.

Different CO2 utilization pathways can be considered,
and each of them is characterized by a value of TRL and
particular performances, as economic, engineering and
environmental (3E performance criteria). Generally, CO2

can be used to produce chemicals, fuels, concrete building
materials, microalgae, but CO2 can be used also for mineral
carbonation, oil and methane recovery and in the horticulture
sector. In this chapter, these conventional routes are inves-
tigated. Different studies have been developed mainly for
techno-economic analysis and results are quite encouraging,
but further studies are required to make these technologies
commercially viable.

A cycling or closed pathway can be ensured during the
valorization of this emission. In the first case, the net CO2

removal from the atmosphere is not provided, but CO2 is only
reduced. A cycling pathway is present when CO2 is used to
produce chemicals, fuels, microalgae. In the second case, a
near permanent CO2 storage and mineralization is present:
CO2 is used for oil and methane recovery and concrete
building materials. On the other hand, an open pathway can
be also present, but this last option about non-conventional
use of CO2 is not investigated in this chapter.

Overall, as suggested in the literature by Chauvy et al.
(2019), CO2 utilization options that show a high level of
maturity, suitable for implementation in the near future
include methanol, dimethyl carbonate, methane, calcium
carbonates, microalgae and polycarbonates.

Due to the slow nature of the innovation process and the
urgency of solving the climate change problem, these
options should be considered. However, a life cycle analysis

should be taken into account for them and policy should
provide incentives for the route that is climate-beneficial.
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