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Preface

Carbon dioxide (CO,) is an ancient molecule that is constantly inducing next generations of
urgent yet innovative research. CO, is a stable and relatively inert triatomic molecule that
exists as a gas at ambient temperature and pressure. It is generated naturally from various
sources such as forest fires, volcanic eruptions, and respiration of living organisms. The pho-
tosynthesis of plants and other autotrophs play an indispensable role in balancing the car-
bon/oxygen cycle and, consequently, in maintaining the life on earth. The global
concentration of CO, in the atmosphere was approximately 270 ppm by volume prior to the
industrial revolution. Nowadays, the carbon dioxide level has reached up to 405 ppm, ap-
proximately a 50% increase. This steady increase in CO, emissions stems from the large con-
sumption of fossil fuels and anthropogenic activity in addition to the wide deforestation for
land usage.

Pollution is regarded as the issue of our era, since dominant industries deem its control as
an expense that overwhelms the domains that are beneficial to the advances of science. Find-
ing alternatives to indispensable fields such as providing energy, food, drugs, and dyes for
medicinal probes, among others, seems to conflict with the innovative progress reported ev-
ery day in academia and industry. The greenhouse effect is one of the utmost contemporary
issues in this regard. Carbon dioxide is currently the most abundant greenhouse gas (GHG).
CO, plays a detrimental role in preventing the heat loss and protecting the life on earth dur-
ing nighttime. However, the increased concentrations of GHGs, particularly CO,, are be-
lieved to cause drastic changes such as global warming and ocean acidification.

Several international conventions and governmental protocols have been formulated to re-
duce the CO, emissions, such as the Kyoto Protfocol, the UN Framework Convention on Climate
Change, and the Intergovernmental Panel on Climate Change. To date, there is no universal
agreement on these laws, and many countries and industries do not abide by these conven-
tions. Therefore, immediate actions and solutions are demanded to circumvent the potential
influence of the yet high CO, emissions on the climate. In general, the total CO, emissions
can be controlled by reducing the energy intensity, limiting the carbon intensity, or by im-
proving the CO, sequestration. In the short term, carbon-based fossil fuels will persist to be
the main source of energy. Thus, there is an urgent need to develop economically feasible
and efficient processes for capturing, separating, storing, sequestering, and utilizing the con-
tinuous CO, emissions. The future trends, however, should be directed to reduce energy
consumption and dependence on fossil fuels and to develop large-scale renewable and less
carbon-intensive sources of energy, such as nuclear energy (e.g., H,), biofuels, geothermal,
and tidal energy.
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Preface

This book “Carbon Dioxide Chemistry, Capture, and Oil Recovery” combines peer-re-
viewed scientific contributions that indicate the state of the art of different carbon dioxide
processes and describe the novel work and theoretical studies in these domains. The intro-
ductory chapter is meant to be a general review on the chemistry of carbon dioxide and its
uses with an emphasis on CO, technologies, particularly the carbon capture and storage
(CCS) and carbon capture and utilization (CCU) projects.

The first section of the book discusses the catalytic transformations of CO, (reduction and
reforming) in four chapters. Chapter 2 focuses on the electrochemical/photochemical reduc-
tion of CO, via transition metal complexes as the molecular catalysts with a particular em-
phasis on cis-[Ru(bpy),(CO),]* (bpy: 2,2"-bipyridine) and trans(Cl)-[Ru(bpy)(CO),Cl,] as
representative examples. Chapter 3 reviews the novel technologies and current barriers for
the conversion of CO, into methanol through heterogeneous and homogeneous catalysis
and electrochemical, photochemical, and photoelectrochemical conversions. It elaborates the
role of pyridinium and the rate-determining step of pyridinium-catalyzed CO, reduction.
Chapter 4 reports a novel work related to overlapping Fe/TiO, coated on netlike glass disc
and Cu disc by sol-gel and dip-coating processes. The chapter studies the effect of the de-
signed photocalysts on the CO, reduction. Lastly, Chapter 5 discusses the cutting-edge devel-
opment in the application of catalytic, nonthermal plasma, and hybrid plasma catalysis for
the dry reforming of methane with CO,, describing the fundamentals, reaction mechanisms,
opportunities, and barriers, as well as the features of various reactors.

Section II describes some theoretical approaches and labeling of CO, in two separate chap-
ters. Chapter 6 is dedicated to assess the interactions of CO, with naked, substituted, and
functionalized hydrocarbons at the molecular level using theoretical approaches and com-
putational techniques. This detailed study serves to obtain insights into the design of CO,-
philic materials, and hence, it is a cornerstone in the search and comprehension of new
materials that adsorb CO,. Chapter 7 is an interesting and important general overview on the
rapidly growing field of carbon-11 radiochemistry and the introduction of carbon-11 by var-
ious methods. Carbon-11 is one of the most important radioisotopes in nuclear medicine
and is an important starting point for labeling the positron emission tomography (PET) radi-
opharmaceuticals.

Section III targets the carbon dioxide capture and oil extraction in five distinct chapters.
Chapter 8 explores the classical and new generations of solvents for this purpose. Precisely, it
elaborates the chemical and physical absorptions, their mechanisms and kinetics, as well as
a critical analysis of their advantages and disadvantages. Within the same guidelines, Chap-
ter 9 describes the highly efficient adsorbents such as metal organic frameworks (MOFs),
porous organic polymers (POPs), porous clays, N-doped carbon, and others as the next gen-
eration of CO, capture through nanospace chemistry. Chapter 10 is concerned with process
analytical technology (PAT), which can replace traditional chemical analyses and can be im-
bedded in carbon capture technologies. This investigation elaborates an example of the im-
plementation of a process analyzer to CO, capture by the alkanolamine absorption process
using chemometrics modeling and real-time Raman spectroscopy to quantify the CO, con-
centration. Chapter 11 intends to show the recent application scenarios of carbon dioxide use
at high pressures as the solvent in extraction processes of natural extracts enriched with bio-
active compounds. The chapter comprises a case study of experimental strategy used for the
supercritical carbon dioxide extraction of bioactive compounds from agai berry pulp and
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calculations of the CO, processes using equations of state. Lastly, Chapter 12 aims to give an
extensive literature survey and examines research papers that focus on EOR-CO, processes
and projects that have been tested in the field. To recall, these processes are concerned with
the injection of CO, into oil field geological formations aiming to combine CO, sequestration
and enhanced oil recovery.

We would like to express our appreciation to all the renowned authors who strongly contrib-
uted to this project and to their cutting-edge research. We would also like to thank Ms. Kristi-
na Kardum, the coordinator of this project. We hope that the readers find this book as
enjoyable and illuminating as our previous projects Hydrogenation, Recent Advances in Organo-
catalysis, and Green Chemical Processing and Synthesis, and any comments are warmly welcome.

Iyad Karamé
Faculty of Sciences I, Lebanese University
Beirut, Lebanon

Janah Shaya
IPCMS, University of Strasbourg
Strasbourg, France

Hassan Srour
Faculty of Sciences V, Lebanese University
Nabatieh, Lebanon
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Chapter 1

Introductory Chapter: An Outline of Carbon Dioxide
Chemistry, Uses and Technology

Janah Shaya, Hassan Srour and lyad Karamé
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79461

1. Introduction

Carbon dioxide (CO,) is a stable and relatively inert triatomic molecule that exists as a gas at
ambient temperature and pressure. A CO, molecule exhibits a linear structure in which the
carbon is bonded to each oxygen atom via a sigma and pi bond forming two C=O bonds. Each
C=0 bond has a length of 116.3 pm and 750 k].mol bonding energy, considerably higher
than the bonding energy of C=C, C-O, and C-H bonds [1]. Carbon dioxide is generated natu-
rally from various sources such as forest fires, volcanic eruptions, and respiration of living
organisms. The photosyntheses of plants and other autotrophs play an indispensable role
in balancing the carbon/oxygen cycle and consequently in maintaining the earth life. The
global concentration of CO, in the atmosphere was approximately 270 ppm by volume prior
to industrial revolution. Nowadays, the carbon dioxide level has reached up to 405 ppm,
approximately a 50% increase. This steady increase in CO, emissions stems from the large
consumption of fossil fuels and anthropogenic activity (power plants, oil refineries, cement,
iron, and steel industries, biogas sweetening, and chemical industry and processing) in addi-
tion to the wide deforestation for land usage [2].

Pollution is regarded as the issue of our era, since dominant industries deem its control
as an expense that overwhelms the domains that are beneficial to the advances of sci-
ence. Finding alternatives to indispensable fields such as providing energy, food, drugs,
and dyes for medicinal probes, among others, seems to conflict the innovative progress
reported every day in academia and industry. The greenhouse effect is one of the utmost
contemporary issues in this regard. Carbon dioxide is currently the most abundant green-
house gas (GHG). Greenhouse gases such as ozone, nitrous oxide, methane, chlorofluoro-
carbons (CFCs), and CO, has a detrimental role in preventing the heat loss and protecting

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgINEN
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the life on earth during nighttime. However, the increased concentrations of GHGs, par-
ticularly CO,, are believed to cause drastic changes such as global warming and ocean
acidification [3].

Global warming refers to the increase in the average global temperatures, mostly noticeable
in the melting of ice caps in polar regions and the rising of sea levels. Specifically, the green-
house effect of CO, relies on its asymmetric stretching and bending vibrational modes, which
allow this gas to absorb and emit infrared radiation at wavelengths of 4.26 and 14.99 um,
respectively [1, 4]. On the other hand, ocean acidification refers to the ongoing decrease in
the pH of water in seas and oceans. About 30-40% of the anthropogenic CO, are dissolved in
oceans and seas forming carbonic acids to achieve chemical equilibrium. Consequently, the
formed H' ions are leading to decrease the pH of earth water from slightly basic conditions
toward neutrality or even acidity in the long term, hence affecting the life cycles of marine
organisms and the subsequent food chains [5].

Several international conventions and governmental protocols have been formulated to
reduce the CO, emissions such as The Kyoto Protocol, the UN Framework Convention on Climate
Change, and the Intergovernmental Panel on Climate Change. To date, there is no universal agree-
ment on these laws, and many countries and industries do not abide by these conventions.
Therefore, immediate actions and solutions are demanded to circumvent the potential influ-
ence of the yet high CO, emissions on the climate. In general, the total CO, emission can be
controlled by reducing the energy intensity, limiting the carbon intensity, or by improving
the CO, sequestration. In the short term, carbon-based fossil fuels will persist to be the main
source of energy. Thus, there is an urgent need to develop economically feasible and efficient
processes for capturing, separating, storing, sequestering, and utilizing the continuous CO,
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Figure 1. Major sources of CO, emissions and technologies used in CCS and CCU.
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emissions. The future trends, however, should be directed to reduce energy consumption and
dependence on fossil fuels and to develop and employ renewable and less carbon-intensive
sources of energy on large scale, such as nuclear energy (e.g., H,), biofuels, geothermal, and
tidal energy [4, 6, 7].

This introductory chapter discusses the basic properties and the major technologies of carbon
dioxide. Figure 1 outlines the main sources of CO, emissions and the various methods used or
envisioned for CO, capture, storage (CCS), and utilization (CCU). The most important tech-
nologies will be introduced in the next sections of this preview and will be further detailed in
the separate chapters of this “Book project.”

2. Carbon dioxide capture

Carbon dioxide capture technologies involve the processes of producing relatively high purity
stream of CO, for transport and storage, since most CO, emissions from electricity generation
and industries are released as flue gas (4-14% by volume CO,). Storage of flue gas is possible
in principle by compression to a pressure typically higher than 10 MPa, thus requiring a huge
amount of energy aside from the large volumes produced that can rapidly fill the storage
reservoirs. Therefore, carbon capture and storage (CCS) technologies represent an economic
solution for storage of flue gases [4, 8].

Three methods are known for capturing CO, in combustion systems of fossil fuels, namely
postconversion capture, preconversion capture, and oxy-fuel combustion (Figure 1).

2.1. Postconversion capture

The separation of CO, from waste gas streams after the conversion (mainly combustion) of
the carbon source is known as postconversion process. Different technologies are developed
for this capture process such as adsorption by solid sorbents, vacuum swing adsorption,
absorption by solvents, and cryogenic separation. These methods are still considered energy
demanding. Solvent absorption is elaborated here as an example of the capture. In particular,
physical absorption of CO, relies on its solubility based on Henry’s Law without inducing a
chemical reaction. Thus, low temperatures and elevated CO, partial pressures are needed for
this application. In contrast, chemical absorption depends on the chemical reaction between
CQO, (at low partial pressure) and the used solvent forming weak bonds. The latter is more
adjusted to capture CO, emissions in industrial processes given the flue gas conditions of
ambient pressure and large volumes with varied concentrations of CO,, which might be low
in some processes.

2.2. Preconversion capture

It involves the capture of CO, produced by an intermediate step in some conversions such as
in ammonia synthesis. It is commonly achieved using absorption by solvents or adsorption
processes. This capture also suffers from the high energy demands.
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2.3. Oxy-fuel combustion capture

This technology is employed only in combustion conversions that generate flue gas rich in
CQO, but free from N, and NO_products. The energy demands are lower in this capture pro-
cess, but the expenses majorly stem from the need of using pure oxygen in the combustion
process to avoid generating the coproducts and their separation afterward.

3. Carbon dioxide storage

Once captured, CO, can be compressed and transported by shipment or via pipelines to stor-
age destinations in the ground (geological sequestration), oceans (still in probation phase),
or as mineral carbonates (considered as both utilization and storage process) [4] (Figure 1).

In geological storage, CO, is injected under high pressure into stable rocks rich in pores that trap
natural fluids at a depth between 0.8 and 1 km. Different trapping mechanisms, temperatures,
and pressures can be employed allowing the storage of CO, as liquid, compressed gas, or in
its supercritical condition, subject to the characteristics of the reservoir. Geological formations
include unmineable coal seams, depleted oil, and gas reservoirs.

In contrast, mineral carbonation or metal carbonate formation involves the direct or indirect
reaction between CO, and a metal oxide such as Ca and Mg, naturally found as silicate miner-
als. Aside from the availability of minerals, the advantage of this technology is the production
of stable carbonates that are suitable for long period of storage that can last for centuries
without leakage. The other benefit is the direct use of CO, from flue gas without the costly
need of establishing a pure stream, since other gas impurities such as NO, do not influence
the carbonation reaction. The large-scale applications of this method are not fully developed
yet and still encountering a high overall cost [4, 9].

4. Carbon capture and utilization

Carbon capture and storage (CCS) technologies suffer till now from economic and techni-
cal limitations for large-scale employment such as the huge capital investment, shortage of
geological storage sites, and high leakage rates of CO,. Carbon capture and utilization (CCU)
strategy, however, has emerged as a prospective alternative to CCS aiming to turn the CO,
emissions into relevant products such as fuels and chemicals. Both of the technologies target
capturing anthropogenic CO, emissions before being released to the environment, but they
differ in the final destination where CCS aims at long-term storage, while CCU at conversions
into useful products. CCU presents a set of advantages over CCS, namely the reduction of costs
by synthesis of valuable products and the investment of CO, as an available, nontoxic, and
“renewable” resource being constantly emitted. Nonetheless, CCU can be only a short-lived
solution, which delays the release of CO, to later stages. Another important aspect that raises
strong concerns in the large-scale application of both CCU and CCS is to ensure that the mitiga-
tion of the climate change is not achieved at the expense of other environmental issues [10, 11].
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Carbon dioxide is indeed an extremely valuable molecule that can be utilized in diverse ben-
eficial ways, as illustrated in Figure 1 and detailed herein.

4.1. Direct utilization of CO,

Carbon dioxide is commonly used in fire extinguishers and photosynthesis as well as a car-
bonating agent and preservative in food and drink industries.

In addition, supercritical carbon dioxide (scCQO,) has found indispensable applications in super-
critical fluid technology. scCO, is a fluid state of CO, where it is held at or above its critical
temperature (304.25 K) and pressure (7.39 MPa). In processes at high pressure (at or above
the critical parameters), the density drastically increases, so scCO, can fill the volume as a
gas but with a density like a liquid. scCO, is used in sustainable extractions of bioactive com-
pounds and as a greener alternative for multiphase catalytic reactions, where it is employed
as a promoter or modifier of liquid-phase organic reactions although not as a reactor. The
dissolved CO, in the organic phase acts as a “promoter” by altering the physical properties
of the solvent from pure organic phase into high-density CO, state that can dissolve gaseous
reactants such as O,, CO, H,, thereby accelerating the involved reactions such as oxidation,
hydroformylation, and hydrogenation, respectively. In contrast, the impact of scCO, on the
chemical properties is modulated by its interactions with the functional groups of substrates
and/or intermediates (whether gases or not), as proved by the in situ high-pressure Fourier
transform infrared spectroscopy. Hence, it acts here as a “modifier” to the reactivity of these
groups and, thereby, to the selectivity of the reaction (e.g., Heck reactions). It is worth noting
that most of the abovementioned uses are limited to CO, emission streams of high purity
(from ammonia production, for instance) [10, 12].

4.2. Enhanced oil (EOR) and coal-bed methane recovery (ECBM)

The injection of CO, in the extraction processes of crude oil (EOR or tertiary recovery) and
natural gas (ECBM), respectively, from oil fields and coal deposits represent an attractive
option to obtain the otherwise unrecoverable fossil fuels. These methods have been tested
successfully and are being extensively researched to reduce the costs, optimize the CCS and
CCU conditions, and thus to avoid the reemission of CO, to the environment. In EOR, the
injection of CO, under supercritical conditions allows an efficient mixing with oil, decreasing
the viscosity and consequently increasing the extraction yields by 5-15%. The ECBM employs
a similar technique in which the injected CO, occupies the porous spaces of the coal bed and
adsorbs onto the carbon at twice the rate of methane, leading to its faster displacement and
enhanced recovery. It is worth noting that surfactants and other gases as well as varied meth-
ods like thermal energy processes are also applied in EOR and ECBM processes.

4.3. Conversion of CO, into chemicals and fuels

CQO, represents an abundant and a safe resource of C and O, which can be employed in the
synthesis of variety of useful products conforming to the principles of Green Chemistry.
For instance, employing CO, as an alternative to toxic reactants such as phosgene and CO
is attracting huge attention. The types of transformations of carbon dioxides along with
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examples of the main products are illustrated in Table 1. They will be further discussed in this
section with the exception of the biological process that will follow in the section of biofuels
and the inorganic carbonate formation that was already discussed as a storage option [13].

The chemistry of CO, can be classified into two general categories (Scheme 1):

a. The “basic CO, transformations” depend on the polarization of C=O bonds where the
higher electronegative oxygen atoms carry a partial negative charge of -0.296 and the
carbon center has a partial positive charge of +0.592. This polarization ensures the reaction
of nucleophiles (amines, Grignard reagents, phenolates, etc.) at the carbon center.

b. The “more advanced chemical interactions of CO,” rely on the coordination of the tria-
tomic molecules to metals, inducing major changes in its chemical reactivity by altering
both its molecular geometry (e.g., linear to more activated bent) and its electronic distribu-
tion (e.g., less electron-deficient carbon upon coordination). Various catalysts have so far
been investigated to achieve this goal and activate the stable and relatively nonreactive
CQ,. This area is still considered a hot topic in organometallic and theoretical research due
to the various coordination modes between CO, and different metals [1].

Based on these two chemistry modes, numerous transformations of CO, have been reported
achieving a range of useful chemical products. The majority of these transformations are sum-
marized in the pattern shown in Scheme 2 and have been reviewed by Sakakura et al. The
transformations involve either (i) using the CO, molecule as a precursor for organic com-
pounds such as carbonates, carbamates, polymers, and acrylates via carboxylation reactions
or (ii) reduction of the C=0O bonds resulting in chemicals such as methanol, dimethyl ether,
methane, urea (important fertilizer), syngas, and even formic acid and CO. Formic acid is a
safe storage material of H,, and CO can be transformed into liquid hydrocarbons by Fischer-
Tropsch process. Some CO, conversions have been industrialized (Scheme 2) and currently
play important roles in recovering the anthropogenic emissions of CO,. The main drawbacks
of these technologies are the short term of storage, intensive demand of energy, and require-
ment of highly selective catalysis processes due to the low chemical activity and high thermo-
dynamic stability of CO, in addition to the short term of storage [13].

Transformation Main products

Chemical (nonhydrogenative) Carbamates, carbonates, urea, carboxylates
Chemical (hydrogenative) HCOOH, hydrocarbons, MeOH, EtOH
Photochemical or electrochemical CO, CH,, MeOH, HCOOH

Reforming CO+H,

Biological Sugar, EtOH, CH,COOH

Inorganic M,CO,

Table 1. Types of chemical transformations of carbon dioxide.
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Scheme 2. The major chemical transformations of CO,.

The recent advances in all fields of catalysis (organocatalysis, photocatalysis, palladium
catalysis, etc.) [14-18] were paralleled by important progress in the transformations of CO,,
particularly in electrochemical and photochemical reductions and reforming in both its catalytic
and nonthermal plasma techniques. The design of new efficient electro- and photocatalysts
consequently reflects on ameliorating the selectivity and decreasing the inherent energy
requirement by using renewable sources such as solar energy.

The electrochemical and photochemical reductions of CO, involve varied experimental
approaches, but they have essentially similar nature. They both rely on external energy stimu-
lus to activate the chemically inert CO, and effectuate a thermodynamically uphill reaction.
Furthermore, the surface charge transfer step in the photocatalytic reduction of CO, is indeed
an electrochemical process and is generally promoted by adding a cocatalyst (electrocatalyst).
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Both processes can proceed via transfer of 2, 4, 6, 8, 12, or more electrons depending on the
nature of the employed catalyst and the experimental conditions, and they hence yield vari-
ous products as mentioned before.

4.3.1. Electrochemical reduction of CO,

The kinetics of the electrochemical reduction is sluggish due to the reorganization of the lin-
ear CO, molecule into more active bent form, which creates overpotential to the first electron
transfer after the adsorption of the molecule onto the working electrode. This step is mostly
identified as the rate-determining step initiating at —1.9 V, and it forms CO,"*~ anion radical
that is further protonated into HCOO* or HOOC* and reduced into HCOO- (formate) or CO,
respectively. The majority of electrochemical reductions of CO, produce HCOOH or CO as
primary products. Very few electrocatalysts (e.g., Cu) ensure the further reduction of CO into
hydrocarbons, but without an elucidated mechanism till now. Various electrolytic materi-
als have been investigated in the CO, reduction processes including metals (Sn, Pd, Cu, Pt,
etc.), layered transition metal dichalcogenides (e.g., WS,, MoSe,, and MoS,), and heteroatom-
functionalized carbonaceous catalysts such as N-doped carbon nanofibers and graphene
quantum dots [19].

4.3.2. Photochemical reduction of CO,

The photocatalytic reduction of CO, has been widely studied using different semiconductors
of the following types: metal oxides, sulfides, or nitrides, layered metal materials like layered
double hydroxide, metal-organic frameworks, and metal-free carbonaceous materials such
as graphitic carbon nitride. The photocatalytic reduction can be summarized into five steps:

* Absorption of photons by the semiconductor photocatalyst generating the hole and elec-
tron pairs.

¢ Charge separation of the generated electrons and holes.

¢ CO, adsorption and transfer of electrons to the CO, molecules.

* Surface redox reaction involving the reduction of the CO, and the oxidation of the common
reductants such as H,O and H,.

¢ Desorption of the products [19, 20].

4.3.3. CO, reforming with methane

Lastly, reforming of CO, and CH, into syngas (mixture of H,/CO) can be performed by cata-
lytic and nonthermal plasma methods or by the novel hybrid technique combining both.
Catalytic methods still suffer from high thermal energy consumption, catalyst deactivation
by coke deposition, and high costs. Selected examples of catalysts for reforming process are
Pt, Pd, Ir, Rh, Ru, Co, and Ni. The general mechanism of the dry methane reforming (DRM)
involves the adsorption of CO, and CH, onto the catalyst followed by dissociation of the
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molecules into CO, and O, C, and H atoms. The atoms recombine forming additional CO mol-
ecule and H, gas, followed by desorption of the gases where the CO desorption constitutes the
rate-determining step in the process.

Nonthermal plasma relies on electronic energy. Electrons are accelerated by an external elec-
tric field to collide with CO, and CH, transferring their energy to induce the dissociation of
the molecules when the energy exceeds 4.5 and 8.8 eV, respectively. The dissociation gener-
ates radicals and more active species, which reform the CO and H, products. The main char-
acteristic of this method is the low selectivity since the radicals can reform into side products
such as hydrocarbons [4].

4.4. Biofuels from microalgae

The photosynthetic microorganisms (e.g., microalgae) constitute future alternative energy
sources to fossil fuels and can serve to fix CO, directly from waste streams, decreasing the high
existing levels. Microalgae can transform solar energy into chemical forms via photosynthesis
and posses faster growth rate than plants. They can be cultivated in diverse environments as
open or closed ponds and photobioreactors with minimum requirement of nutrients. After
cultivation, the biomass content is harvested, dried, and converted into fuels by thermochemi-
cal (e.g., pyrolysis) or biochemical (e.g., fermentation) processes. The limited cultivation areas
and the costs of the harvesting stage are still burdening the large-scale routes of this prospec-
tive CO, utilization [21].

5. Maturity of carbon dioxide technologies

The carbon dioxide technologies that have been described in this perspective can be recapitu-
lated based on their maturity for industrial employment as follows.

* “Mature market,” such as gas separation and transport, EOR, and industrial transformations
to chemicals like urea.

* “Economically feasible,” such as pre- and postconversion capture.

* “Demonstration phase,” such as oxy-fuel combustion and ECBM.

® “Research phase,” such as mineral carbonation and ocean storage.

6. Conclusion

This chapter introduced the basic properties of carbon dioxide that are used to develop the
technologies for its utilization or storage in order to help in mitigating its global warming
effects. The major sources of CO, emissions were outlined and the carbon capture storage and
utilization (CCS and CCU) technologies were discussed. The chemical transformations of CO,
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were given particular emphasis as tools to reduce the high CO, levels and to understand the
chemistry of CO,. Within that aspect, the electrochemical and photochemical reductions and
the reforming of CO, with methane were especially described. The chapter was concluded by
the classification of the storage and utilization technologies according to their maturity in the
market.
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Abstract

Conversion of CO, into useful chemicals is attractive as a solution of the fossil fuel short-
age and the global warming problems. Reduction of CO, into carbon monoxide (CO)
and formic acid (HCOOH) is also important for obtaining the materials in organic syn-
theses. There are a lot of studies on the catalysts for electrochemical/photochemical CO,
reduction. Especially, transition metal complexes have actively researched as the molecu-
lar catalysts for CO, reduction. In this chapter, the electrochemical/photochemical CO,
reduction catalyzed by cis-[Ru(bpy),(CO),]* (bpy: 2,2-bipyridine) and trans(Cl)-[Ru(bpy)
(CO),Cl,] is described as a representative example.

Keywords: CO, reduction, artificial photosynthesis, electrochemistry, photochemistry,
ruthenium

1. Introduction

Utilization of CO, becomes more and more important with increasing CO, emission which
causes the global warming and the ocean acidification problems [1, 2]. The huge CO, emission
also relates on depletion of fossil fuels. The conversion of CO, into useful fuels and chemicals
is very urgent to solve the abovementioned problems. The use of biomass instead of fossil
fuels is actively researched and partly undertaken [3]. In many chemical laboratories, fixation
of CO, into organic compounds by organometallic catalysts is vigorously studied [4].

Reduction of CO, with electrons is an attractive chemical conversion to obtain the useful prod-
ucts for fuels and chemical materials. Itis so simple that it can be applied to photocatalyses which
supply electrons from electron donors such as water. The equilibrium potentials (E” V vs. SHE

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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at pH 7) for CO, reduction are listed in Figure 1 [5, 6]; they are thermodynamic values and tend
to positively shift with increasing the numbers of electrons participated. One-electron reduction
of CO, requires very high energy. Furthermore, the product, CO, anion radical (CO,™), is diffi-
cult to give useful organic chemicals because it is a very strong reducing reagent to reduce other
molecules and recover CO,. Thus, the CO, reductions with multielectrons are desired; however,
their reactions are generally difficult even in the electrochemical reduction. A reason is that the
intermediates would release from the surface of the electrode as the products before accepting
further electrons. To achieve CO, reduction with more than two electrons, the catalysts which
allow to lower the activation energies are required. In other words, the catalysts can undergo
the CO, reduction at the potentials closed to the equilibrium ones. The two-electron reduction
of CO, produces carbon monoxide (CO) and formic acid (HCOOH). The equilibrium potentials
are more negative than the proton reduction to afford H,. Therefore, the catalysts which can
selectively reduce CO, rather than H* are also desired. Both CO and HCOOH are useful chemi-
cals: CO can be converted into liquid hydrocarbons by using the Fischer-Tropsch reaction [7],
and HCOOH which can be readily converted to H, is a safe storage material for H, [8].

A lot of metal complexes have been researched for the CO, reduction catalyses [9-16]. Until
now, the metal complexes of Mn [17-19], Fe [20, 21], Co [22-24], Ni [24-28], Cu [29], Mo [30],
Ru [31-64], Rh [65, 66], Pd [67, 68], W [30], Re [69-76], Os [77, 78], Ir [65, 66, 79, 80] have been
reported as the catalysts for CO, reduction. Figure 2A shows the elements of the metal com-
plexes acting as the electrochemical CO, reduction catalysts. The metal complexes indicated
in red include the catalysts for photochemical reduction. Figure 2B shows the examples of the
metal complexes as the CO, reduction catalysts. These catalysts based on metal complexes
are sometimes called as “molecular catalysts” because they can be designed on the molecu-
lar levels by selecting the metal elements and the ligands. The representative and efficient
catalysts for CO, reduction are nickel(II) cyclam (cyclam: 1,4,8,11-tetraazacyclotetradecane),

Eﬂ!
CO, + & —n co, —1.90V
CO, + 2H* + 26 — »  HCOOH —0.61V

CO;, + 2H* + 26 ——= CO + H0 —0.52v
CO, + 4H" + 4 — HCHO + H,O0 —048V

CO, + 6H* + 667 —— CH;O0H+ H,0 —038V

Figure 1. Equilibrium potentials for CO, reduction (E”” V vs. SHE (pH 7)).
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Figure 2. Metal complexes reported as CO, reduction catalysts: (A) the metal elements in the complexes (the elements in
the metal complexes for photocatalyses are indicated in red) and (B) the molecular structures.

ruthenium(Il) polypyridyl carbonyl complexes and rhenium(I) bipyridyl tricarbonyl com-
plexes. Recently, the complexes with nonprecious metals such as manganese(ll) and iron(II)
attract much attention. They are abundant and readily available, while they are less durable
and efficient as the disadvantageous points.

In this chapter, the electrochemical CO, reduction catalyzed by the ruthenium complexes as
the examples is described. The reduction products are CO and formic acid, while the nickel
and rhenium complexes selectively yield CO. Discussion for the catalytic mechanisms is
introduced particularly for the factors determining the product selectivity. In the next section,
the photocatalytic CO, reduction assisting by the photosensitizers is described. The reaction
procedures, the principles for selecting the photosensitizers and the electron donors, and the
photocatalytic mechanisms are summarized. Furthermore, application of the homogeneous
catalytic systems to heterogeneous catalyses, which is practically advantageous in the view-
points of separation of the catalysts from the reactants and the products, is described. In the
final section, the artificial photosynthetic systems, which would be realized by utilizing the
molecular catalysts, are prospected.
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2. Electrochemical CO, reduction

Therepresentative molecular catalysts based on ruthenium complexes are cis-[Ru(bpy),(CO),*
(bpy: 2,2-bipyridine), trans(Cl)-[Ru(bpy)(CO),ClL] and the derivatives (Figure 3). They have
the bipyridyl ligand which would act as an electron reservoir. The efficient catalysts have the
carbonyl ligand, which would draw electrons. It tends to lower the reduction potentials of the
metal complexes as well as to lower the overpotentials for the CO, reduction.

2.1. Electrochemical analysis

Electrochemical analyses (e.g., cyclic voltammetric measurements) are recommended to
know the electrochemical properties of the molecular catalysts. The analyses do not only
teach us the reduction potentials of the metal complexes but also show whether the com-
plexes can react with CO, or not. Figure 4 shows the cyclic voltammograms (CVs) of cis-
[Ru(bpy),(CO),J* in CH,CN or CH,CN/H,O (9:1). The Ag-Ag" (CH,CN) reference electrode
(0.10 M Tetrabutylammonium perchlorate (TBAP) /0.01 M AgNO, in CH,CN) is used; the
potential (0.00 V vs. Ag/AgNO, (CH,CN)) corresponds to -0.09 V vs. Fc/Fc" in CH,CN. The
CV of cis-[Ru(bpy),(CO),]*" in CH,CN under Ar shows an irreversible reduction wave at
-1.3 V vs. Ag-Ag* (CH,CN) as shown in Figure 4 (black line). The irreversible reduction
suggests that the one-electron reduction accompanies with a chemical reaction followed by
further one-electron reduction. Such a reaction mechanism is called as electrochemical-chem-
ical-electrochemical (ECE) one. The CV under CO, is a little different from that under Ar, sug-
gesting that the reduced species react with CO, (Figure 4, blue line). In CH,CN/H,O (9:1), the
CV exhibits a strong cathodic current under CO, (Figure 4, red line), which corresponds to
the catalytic reduction of CO, in the presence of a proton source such as water. The catalytic
reduction currents can be analyzed to estimate the efficiency of the catalyst [20, 81]; however,
it should be noted that the cathodic currents do not always exhibit the catalytic CO, reduction
[82]. The electrolyses of the metal complexes under CO, should be carried out to confirm the
catalytic efficiency.

(A) | (8)

cis-Ru(bpy){CORE* frans{CI)-Ru{bpy)(CO)zCly.

Figure 3. Ruthenium-bipyridyl complexes as electrochemical CO, reduction catalysts: (A) cis-[Ru(bpy),(CO),]** and
(B) trans(cl)-[Ru(bpy)(CO),CL].
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Figure 4. Cyclic voltammograms of cis-[Ru(bpy),(CO),|(PF,),: In Ar (black) or CO,-saturated CH,CN (blue) or in CO,-
saturated CH,CN/H,O (9:1) (red) containing NBu,ClO, (0.10 M).

2.2. Electrolysis

A typical electrolysis cell is shown in Figure 5. The cell for reduction (the side of the working
electrode) is separated from the cell for oxidation (the counter electrode) with a membrane
such as Nafion. A glassy carbon or a Pt plate is used for the electrodes. The metal complex
is dissolved in the reaction solution and acts as the homogenous catalyst. CO, is bubbled

Working Electrode (WE)
for cathodic reaction

[. o
Counter Electrode (CE]
for anodic reaction

Membrane (e.q., Mafion)

Stirrer

Figure 5. Electrolysis cell for electrochemical CO, reduction.
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with a needle through the septum before electrolysis. Electrochemical CO, is carried out in
batch mode. Reduction of CO, occurs on the working electrode at the electrochemical cell.
Sampling of the gaseous and liquid phases is performed by a syringe through the septum.
The gaseous products (CO and H,) are analyzed by gas chromatography. The liquid prod-
uct, HCOOH, is analyzed by electrophoresis, ion chromatography or gas chromatography.
The electrolysis is carried out by the controlled potential method, where the potential is
determined from the electrochemical analysis (e.g., CVs). The chronopotentiometry, in which
the current is constant during the electrolysis, is important for the industrial use. However,
the results in the constant potential lead to elucidate the catalyses because the electrolysis
potential relates on the catalytic species. Thus, almost all the scientific researches adopt the
controlled potential electrolyses.

2.3. Electrocatalytic CO, reduction by cis-[Ru(bpy),(CO),I*

The ruthenium complexes are used as the homogeneous catalysts by dissolving in the reaction
solution. The electrolysis of the CO,-saturated H,O/DMF (1:1) solution of cis-[Ru(bpy),(CO),]**
was carried out at —1.50 V vs. SCE with an Hg pool as the working electrode (Figure 6) [62].
The catalyst could selectively reduce CO, to afford CO and HCOOH, while H,, the reduction
product of water, scarcely evolved. As the reaction proceeded, the speed for CO production
got slow, but HCOOH production became fast. It was interpreted as the result of the decreas-
ing the proton concentration ([H']) in the reaction solution by consumption of the proton dur-
ing the reduction. Actually, the reactions in the buffered solution with H,PO,-NaOH exhibited
that the production speeds of the CO, reduction were unchanged during the reactions. It was
the decisive result that HCOOH selectively produced when phenol with the high pKa (ca. 9.95)
was used as the proton source. These results suggest that there is an acid-base equilibrium
between two intermediates in which one is for CO production and another for HCOOH.

300

250

00

150

100

Products / pmol
Tumover Mumher

Electricity/ C

Figure 6. Plots of the amounts of products vs. the electricity in the electrolysis (-1.50 V vs. SCE) of CO,-saturated H,O/
DMEF (1:1 v/v) solution containing cis-[Ru(bpy),(CO),](PF,), (5.0 x 10* M) and LiCl (0.10 M) as the supporting electrolyte
at room temperature.
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Thus, the mechanism involving the equilibrium among the carbonyl complex [Ru(bpy),(CO),*,
the carboxylicacid complex [Ru(bpy),(CO)(C(O)OH)]*and the CO,adduct complex[Ru(bpy),(CO)
(CO,)] was proposed for the catalytic CO, reduction (Figure 7, left cycle) [58, 62]. All the com-
plexes were isolated, and the crystal structures were characterized [83]. In the mechanism,
[Ru(bpy),(CO),]** is reduced to yield the coordinated unsaturated species [Ru(bpy),(CO)] with
evolving CO. The five coordinated complex reacts with CO, to afford the '-CO, adduct complex,
[Ru(bpy),(CO)(CO,)], in which CO, coordinates to the metal center at the carbon atom. The elec-
tronic structure of the CO, bound complex still remains unknown. In the original report [62], it
is drawn as [Ru(bpy),(CO)(COO")]" in which as electron localizes on the CO, ligand. In Figure 7,
it is drawn as [Ru(bpy),(CO)(CO,)]’ which is the resonance structure of [Ru(bpy),(CO)(COO)]".
The CO, adduct complex is protonated to give the carboxylic acid complex [Ru(bpy),(CO)(C(O)
OH)]" and further protonated to recover the carbonyl complex [Ru(bpy),(CO),]**. The carboxylic
acid complex could be reduced to yield HCOOH, and the carbonyl complex to produce CO. The
proposed idea reasonably elucidates the experimental results that the catalytic CO, reduction
gives CO and HCOOH under protic and less protic conditions, respectively. This idea is also
supported by the result that the ruthenium complex derivatives give the CO/HCOO™ selectivity
depending on the different equilibrium constants [58]. The carbonyl complex reacts with dimeth-
ylamine to afford the carbamoyl complex [Ru(bpy),(CO)(C(O)N(CH,),)]", and the electrochemi-
cal CO, reduction in the presence of dimethylamine produces N,N-dimethylformamide (DMF)
[84]. It is also an evidence which the carbonyl complex would exist in the catalysis.

CO Production Pfogo?'-
= Luction
catomt e oo * QL Comp
Nt 5 & 2 ;_s- x
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ﬁ 1 1"..- !"COO N aR . L
AW o J N1 Coordinated (‘/Q
P ) Unsaturated N | <
i T HCOO~ ! Species &'LJ;“
Production /
Carboxylic Hy
Acid \ / \ ,},E’] /
Complex A f’:‘ -
| ooy L‘CJ
CO, Mduct Hydride
Complex Complex
M-CO, Adduct Mechanism Hydride Mechanism

Figure 7. Two proposed mechanisms for CO, reduction catalyzed by cis-[Ru(bpy),(CO)X]™ (X = CO (n=2); H (n=1)):
Metal-CO, adduct mechanism and hydride mechanism.
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On the other hand, the ruthenium hydride complex [Ru(bpy),(CO)H]* is known to react with
CQ, to yield the formate complex [Ru(bpy),(CO)(OC(O)H)]* [85]. In the conversion, CO, is
inserted into the Ru-H bond. The formate complex can release formate ion (HCOO") and is
considered to be an intermediate for HCOO™ production. Based on the results, the hydride
mechanism is proposed (Figure 7, right cycle). In the mechanism, the coordinated unsatu-
rated species [Ru(bpy),(CO)] does not react with CO, but a proton to yield the hydride com-
plex. The hydride mechanism reasonably explains the CO, reduction to produce HCOO".
However, it has a couple of problems [16]. One is that the mechanism is difficult to elucidate
the CO production. Production of HCOO™ may occur through the hydride mechanism, while
CO may produce through the M-CO, adduct mechanism. In this case, the product selectiv-
ity (CO/HCOQO") should be controlled by the reactivity difference between CO and H* with
the coordinated unsaturated complex. Under the protic conditions, the selectivity of HCOO-
production should be enhanced; however, the selectivity of the catalyses gives the opposite
tendency. Thus, the pH in the solution or the pKa value of the proton source dependence on
the electrochemical CO, reduction cannot be explained. Another is that the ruthenium catalyst
does not evolve H, so much in the CO, reduction. It suggests that the catalyst intermediate
strongly binds with CO, rather than H".

Nevertheless, the hydride mechanism is supported by many researchers. It is because there
are many research works on the CO, insertion into Metal-H bonds to afford the correspond-
ing metal formate complexes. On the other hand, the research works on the carboxylic acid
complex are fewer, and no mechanical pathways of HCOO™ production from the carboxylic
acid complex are not understood on the molecular levels.

2.4. Electrocatalytic CO, reduction by trans(cl)-[Ru(bpy)(CO),Cl ]

Trans(Cl)-[Ru(bpy)(CO),CL] is known to be an efficient catalyst for electrochemical CO,
reduction [58]. The catalytic activity and the product selectivity are similar as these of cis-
[Ru(bpy),(CO),J*. Reduction of trans(Cl)-[Ru(bpy)(CO),Cl ] induces to release CI" ion to afford
the coordinated unsaturated complex. This complex is considered to an intermediate which can
bind with CO,; however, it induces polymerization in the absence of CO, as shown in Figure 8
[86, 87]. The polymer with Ru(0)-Ru(0) bonds is also an efficient electrocatalyst for CO, reduc-
tion [50, 54]. The complex is electrochemically reduced to polymerize on the cathode electrode.
The electrode modified with the polymer is moved to another electric cell, and it works in the
presence of CO, as the active electrode for electrochemical CO, reduction. Researches to make
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Figure 8. Electroreductive polymerization of trans(cl)-[Ru(bpy)(CO),CL].
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Figure 9. A proposed mechanism of electrochemical CO, reduction catalyzed by trans(Cl)-[Ru(6Mesbpy)(CO),CL].

the modified electrode stable have been actively done: introduction of pyrrole groups to the
bipyridyl ligand also yields pyrrole polymers to stabilize the ruthenium polymer.

The catalytic reaction mechanisms are also unknown but are considered similar as these of
cis-[Ru(bpy),(CO),J*. Machan et al. reported the electrochemical CO, reduction catalyzed by
trans(Cl)-[Ru(6Mesbpy)(CO),CL ], which has two bulky groups at 6,6"-positions in 2,2-bipyri-
dine [35]. The complex does not polymerize because of the steric hindrance. They discussed the
reaction mechanisms based on the hydride mechanism (Figure 9). The precursor complex is at
the center of the scheme. It is reduced with releasing Cl"ion to yield the coordinated unsaturated
species, which does not bind with CO, but H' to afford the hydride complex. The hydride com-
plex reacts with CO, to yield the formate complex, which is reduced to produce HCOO™ with
recovering the original complex. However, the catalyst mainly produces CO not HCOO'. In the
mechanism, the formate complex converts to the carboxylic acid complex and then the carbonyl
complex by dehydration. The conversion of the formate complex to the carbonyl complex via
the carboxylic acid complex is not known, and therefore further researches are expected.

Homogeneous catalysts are advantageous from the viewpoints of elucidating the catalytic
reaction mechanisms compared to heterogeneous ones because the homogenous catalysts can
be examined by using many spectroscopic techniques. Nevertheless, the mechanisms of the
electrochemical CO, reduction catalyzed by the ruthenium complexes still remain unknown.
There may be potentially many intermediates and pathways in the catalyses, and they depend
on the reaction conditions and the subtle difference among the catalyst structures [16, 37].

3. Photochemical Co, reduction

In the preceding section, the electrocatalytic activities of the ruthenium complexes are intro-
duced. The electrocatalyst can be utilized in photocatalytic systems by combining with a pho-
tosensitizer (PS). Figure 10 shows a schematic drawing of the photocatalytic system, in which
the excited PS (PS*) receives an electron from an electron donor to afford the one-electron
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Figure 10. A schematic drawing of photocatalytic reduction by combining a photosensitizer (PS) with an electrocatalyst
(Cat.).

reduced PS (PS"). The PS™ is the more powerful reagent than PS*, and it can inject an electron
to the electrocatalyst. The catalyst can work similarly as the electroreduction occurs. In this
section, the photocatalytic CO, reduction by the ruthenium complexes is expounded.

3.1. Photosensitizer and sacrificial electron donors

The most common photosensitizer used in photocatalytic CO, reduction is [Ru(bpy),]** and the
derivatives. Figure 11 shows the absorption and emission spectra of [Ru(bpy),]*" in acetonitrile.
The complex exhibits an absorption band at 400-500 nm, which is assignable to metal-to-ligand
charge transfer (MLCT). When excited at the band, the emission at the longer wavelengths is
observed. The emission is not fluorescence but room-temperature phosphorescence, which is
sensitive to O,. Therefore, the emission spectrum should be carefully measured under deaer-
ated conditions [88]. The lifetime of the excited state of [Ru(bpy),]** is 1.10 us in acetonitrile
[89, 90]. The quantum yield has been recently reevaluated as 0.095 in acetonitrile [91]. The oxida-
tion potential (corresponding to the reducing ability) of the excited state (PS*) is —0.81 V vs. SCE
(CH,CN), while this of the one-electron reduced species (PS") is =1.33 V. As the electrochemical

107% / M em”
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Figure 11. Absorption and emission (phosphorescence) spectra of [Ru(bpy),]* in deaerated CH,CN at room temperature.
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CQO, reduction catalyzed by the ruthenium complexes proceeds under electrolysis at =1.30 V vs.
SCE, it requires the reducing ability of PS". In general, the CO, reduction requires higher energy
than H, production by reduction of H,O, and therefore, the photocatalytic CO, reduction does
not utilize the excited state but the one-electron reduced species.

To generate the one-electron reduced species PS, the electron donors can reductively quench
the excited state of the photosensitizer. As the reduction potential of the excited state of
[Ru(bpy),]* is +0.77 V vs. SCE (CH,CN), the electron donors which can be oxidized at less
positive potentials than +0.77 V. Figure 12 shows the examples of the electron donors which
are actually used in photocatalytic CO, reduction [16, 92]. Ascorbate ion (AscH") can be used in
aqueous solution, but amines (triethylamine (TEA) and triethanolamine (TEOA)) cannot work
in the presence of water because they are protonated to afford the ammonium ions which
cannot give an electron. 1-Benzyl-1,4-dihydronicotineamide (BNAH) is a model compound
of NADH in nature. NADH is a two-electron donor and is oxidized to yield NAD*. However,
the model compound BNAH cannot give two electrons in the oxidation by the excited state
of [Ru(bpy),]** but provides one electron to afford the dimer BNA,. 1,3-Dimethyl-2-phenyl-
2,3-dihydro-1H-benzo[d]imidazole (BIH) and the derivatives (e.g., BIOH)H), which have
much stronger reducing power than BNAH, have been recently utilized in photocatalytic CO,
reduction. BIH provides two electrons to yield the oxidation product BI".

These electron donors are called the sacrificial reagents because the one-electron oxidized
species occur chemical changes or decompose so as to prevent back electron transfer. They
are useful in order to investigate the reductive half reaction. However, from the viewpoint of
the energy balance, the reduction-oxidation (redox) systems in which water is oxidized and
CQ, is reduced are desired.

3.2. Photocatalytic CO, reduction

Our group have investigated the photochemical CO, reduction by the system consisting
of trans(Cl)-[Ru(bpy)(CO),CL], [Ru(bpy),]* and BNAH as the catalyst, the photosensitizer,
and the electron donor, respectively (Figure 13). The catalysis had been carried out in N,N-
dimethylformamide (DMF)/water [57, 59]. However, it was indicated that hydration of DMF
affording formate became a serious problem in quantifying formate [93]. We proposed the
use of N,N-dimethylacetamide (DMA), of which the dehydration does not produce formate
but acetate, instead of DMF [39]. Although the photocatalysis strongly depends on the solvent
system, the reaction proceeds in DMA/water similarly as in DMF/water.

H H £ 1o |
1 M
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(ﬁ @9 l' R =H: BIH
TEA TEOA AscH" ENAH OH: BI{OH)H

Figure 12. Examples of the electron donors (D) used in photochemical CO, reduction.
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Figure 13. Photochemical CO, reduction catalyzed by trans(Cl)-[Ru(bpy)(CO),Cl,] with [Ru(bpy),]* (a photosensitizer
(PS)) and BNAH (an electron donor).

The catalytic reaction proceeds by receiving electrons from the photochemically driven elec-
tron relay system. For two-electron reduction of CO, to CO or HCOOH, the electron relay
cycle has to go round two times when the catalytic cycle turns one time. The electron source is
not an electrode, but the reaction had been supposed to proceed according to the same mecha-
nism as in electrochemical reduction. However, it has been recently indicated that in some
cases, the reaction mechanisms of the photochemical CO, reduction are likely different from
the electrochemical one [16]. For example, unusual catalyst concentration dependence on the
product selectivity (CO/HCOO") in the photocatalysis has been observed: at high catalyst
concentration the selectivity of HCOO" increases [37]. To elucidate the peculiar catalyst con-
centration effect, the mechanisms as shown in the right cycle in Figure 14 are proposed. At the
high concentration of the catalyst, the reduced catalyst forms a dimer, which is proposed to
selectively afford HCOO". The dimer of the complex is similar as the intermediate of polym-
erization, but it is not detected in the photocatalytic system because the absorption spectrum
cannot be conformed due to the overlapped absorption of [Ru(bpy),]**. Alternatively, the
photocatalytic CO, reduction by trans(Cl)-[Ru(6Mesbpy)(CO),Cl] which does not dimerize
because of the steric hindrance of the ligand has been examined. The ruthenium complex
selectively produces CO in the photochemical CO, reduction, and it demonstrates that the
dimerization of the catalyst relates on the HCOO™ production. It is suggested that the cata-
lyst concentration dependence is not observed in a DMA/ethanol solution. It indicates that
HCOO-" also produces in the cycle consisting of mono-nuclear ruthenium complexes as pro-
posed for the electrocatalytic CO, reduction (Figure 14, left cycle) [31].
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Figure 14. A proposed reaction mechanism for photocatalytic CO, reduction by trans(Cl)-[Ru(bpy)(CO),CL].

The photochemical CO, reduction catalyzed by trans(Cl)-[Ru(2,2'-bipyridine)(CO),Cl,] bear-
ing two methyl groups at 4,4'- or 5,5"-positions in the ligand has been recently reported [64].
As the catalytic activities of these complexes at low catalyst concentrations are almost the
same, the intrinsic activities are considered to be identical. However, the catalytic activities
of these complexes are different at high catalyst concentration, where the rate-determining
step is not in the catalytic cycle but in the electron relay cycle: the ruthenium complex with
dimethyl groups at 5,5-positions in the 2,2"-bipyridyl ligand is higher than that at 4,4'-posi-
tions. The efficiency of the back-electron transfer from the reduced catalyst to the photosen-
sitizer is lower, or the cage escape yield for the sensitizer-catalyst complex is higher in the
5,5'-dimethyl complex than in the 4,4"-complex.

These phenomena have not been observed in electrochemical CO, reduction. It is probably
because that the homogenous photocatalytic CO, reduction contains the diffusion process of
the electron relay between the photosensitizer and the catalyst. The speed of the electron sup-
ply also sometimes affects the reaction mechanisms [16, 37].

3.3. Application to heterogeneous catalysts

Heterogeneous catalysts are industrially important because they are useful for separating the
starting materials and the products from the catalyst and can be recovered and reused. The
molecular catalysts can be utilized to develop the heterogeneous catalysts. For photocatalysts
of CO, reduction, combining the molecular catalysts with semiconductor [32, 94, 95], metal-
organic frameworks (MOFs) [96, 97] or periodic mesoporous organosilicas (PMOs) [98-101]
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Figure 15. Photocatalytic CO, reduction by periodic mesoporous organosilica (PMO) containing two different ruthenium
complexes as photosensitizing and catalytic sites.

are actively researched. We have also developed a novel PMO consisting of 2,2'-bipyridyl
framework by introducing two different ruthenium complexes as a photosensitizing site
(Ru(PS)) and a catalytic site (Ru(Cat)) as shown in Figure 15 [99]. Photochemical CO, reduc-
tion by the PMO catalyst has catalytically produced CO and formate. The product selectivity
(CO/formate) becomes large with increasing the ratio of Ru(PS) to Ru(Cat) (x/y). The photo-
catalysts can be recycled at least three times without losing the catalytic activity, demonstrat-
ing that the Ru(PS) and Ru(Cat) units are strongly immobilized on the BPy-PMO framework.

4. Future prospects

The molecular catalysts are applicable to various photocatalytic systems. Ultimately, our
goal is to construct an artificial photosynthetic system. An example is shown in Figure 16. In
the system, the electrons are not supplied from the sacrificial electron donor but from water
which is the same as in natural photosynthetic system. As the CO, reduction requires a high
potential, two photosensitizing systems would be combined as the Z-scheme mechanism
in the natural photosynthesis. In order to realize the artificial photosynthesis, we have to
overcome some problems. One is to perform these reactions (water oxidation, photo-induced
electron transfer and CO, reduction, etc.) under the similar conditions or in the separated
circumstances. Another is to match the velocities among the reactions; even if the efficient
catalyst for CO, reduction was obtained, the speeds for the water oxidation and the electron
supply have to match with that of CO, reduction.
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Figure 16. A schematic drawing for an artificial photosynthetic system.
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There would be many other problems to construct the artificial photosynthesis. However, the
real system which can efficiently work has already existed in nature. We will realize it with a
lot of ideas to overcome many problems one by one.
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Abstract

Greenhouse gases mitigation is one of most important challenges facing societies nowa-
days. Therefore, the way to reduce greenhouse gas emissions should be using carbon free
sources that do not generate extra CO, to the atmosphere. However, there is a great
potential in energy carriers and other materials from CO,, with many challenges to
overcome. It has been suggested that the reduction of CO, and conversion to renewable
fuels and valuable chemicals may be considered as a promising solution to reduce the
greenhouse gas emissions. This chapter discusses the recent developments and remaining
challenges of CO, utilization for the efficient production of methanol. This includes novel
technologies, approaches, and current barriers for the conversion of CO, to methanol
through heterogeneous catalysis, homogenous catalysis, electrochemical, photochemical,
and photoelectrochemical conversion, which will contribute to the economic growth and
mitigate the hazardous emissions for cleaner environment. A review of various state-
of-the-art technologies for CO, conversion to methanol was carried out aiming to establish
the advances in this area and present an overview of the recent research trend for future
development of new ideas for CO, reduction into methanol in a large scale.

Keywords: CO, utilization, heterogeneous catalysis, homogeneous catalysis,
electrochemical conversion, photochemical conversion, photoelectrochemical conversion

1. Introduction

Nowadays, the demand for energy is rapidly increasing because of the economic growth
worldwide. In order to meet this growing demand, an abundant amount of fossil fuel (oil,
coal, and natural gas) is needed [1]. Fossil fuel combustion is often considered as one of the
main threats to the environment because of the CO, release in the atmosphere. CO,, which is
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considered as a primary greenhouse-gas (GHG), is periodically exchanged within land surface,
ocean, and atmosphere where a variety of creatures, including animals, plants, and microor-
ganisms absorb and produce it daily. However, the process of releasing and consuming CO,
trends has to be balanced by nature. Since 1750, when the industrial revolution began, so did
climate change following the activities related to industries. In order to reduce the greenhouse
gas emissions, CO, sequestration and storage (CSS) processes gained a widespread attention.
However, it will increase the amount of available captured CO, as feedstock of zero cost.
Therefore, utilizing CO, and converting it into fuels and chemicals, which is called carbon
capture and recycling (CCR) process, is an active option used worldwide to convert usable
products into valuable products, and it is used to mitigate CO, emissions which is more
preferable compared to CSS option [2-5]. During the last years, conversion of CO, into value-
added chemicals (i.e., ethanol, methanol, and formic acid) using different ways has received a
great attention from the researchers as it can be seen as a solution to reduce the global warming
[6-8], energy crisis (i.e., fossil fuels depletion) [9-11], and the storage of energy [12] problems.
Methanol is a renewable energy source that can be produced from any raw material containing
carbon (mainly CO,), as well as it is a clean source of energy that can be used as transportation
fuel. In general, for a fuel to satisfy the market demand, it must be sustainable material, clean,
and able to be synthesized from available resources. Nowadays, as a matter of fact, most of the
production companies around the world use methanol as a raw material to produce different
products. Methanol is used in producing solvents like the acetic acid, which represents 10% of
the global demand [13]. Methanol can also be used in direct methanol fuel cells (DMFC), which
is used for the conversion of chemical energy in methanol directly to electrical power under
ambient conditions [14]. Methanol is considered to be one of the most important organic
feedstocks that can be used in the industries with an annual production of 65 million tons
worldwide [15]. However, “Methanol Economy” term includes an anthropogenic carbon cycle
for methanol production as shown in Figure 1, which can be used as a renewable fuel or to

Anthropogenic

Fossil Bridge Sequestration
(CH,) ]
: Anthropogenic
Upgrading carbo: Ei‘dﬂ CO, Capture

Point
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Photosynthesis
(Biomass)

Figure 1. Anthropogenic carbon cycle for methanol production [20].
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Figure 2. Green methanol production by Carbon Recycling International [18].

Catalytic/

Electrochemical/

Catalytic

Photo-
electrochemical/

Photochemical/

Catalytic Catalytic

Figure 3. Outline of chemical conversion processes of COs.

43



44 Carbon Dioxide Chemistry, Capture and Oil Recovery

produce nearly all products that are derived from fossil fuels [16, 17]. Carbon Recycling
International (CRI)’s George Olah plant is considered to be the world’s largest CO, methanol
plant. In 2015, Carbon Recycling International (CRI) scaled up the plant from a capacity of 1.3
million liters of methanol per year to more than 5 million liters a year. The plant now recycles
5.5 thousand tons of CO, a year. All energy used in the plant comes from the Icelandic grid
that is generated from geothermal and hydro energy [18]. As shown in Figure 2, the plant uses
electricity to make H, which reacts with CO, in a catalytic reaction for methanol production.
The various pathways and processes for CO, conversion to methanol are described schemati-
cally in Figure 3. There are different CO, conversion routes such as the catalytic method which
comes in the form of conventional, electrocatalytic, photocatalytic, and photoelectrocatalytic
conversion [19].

2. Methods to convert CO, into methanol

2.1. Chemical conversion

The catalytic hydrogenation of CO, with H; is considered to be the most straightforward way
for methanol and DME production from CO,, as shown in Eq. (1). During the 1920s and 1930s,
the earliest methanol production plants were operated in the USA, which were using CO, and
H, to produce methanol. Both heterogeneous and homogeneous catalysts systems have been
studied by many researchers for CO, hydrogenation process. However, heterogeneous cata-
lysts have many advantages in terms of separation, stability, handling, cost, and recycling of
the catalyst. Heterogeneous and homogeneous catalysts systems are discussed in the following
sections [21-23].

COZ + 3H2 — CH3OH + Hzo AHzggK = —119 % (1)

2.1.1. Heterogeneous catalytic conversion

Although homogeneous catalysis is also used for methanol production from CO,, heteroge-
neous catalysis is the preferred choice for chemical reaction engineers due to the advantages of
heterogeneous catalysis. This includes easy separation of fluid from solid catalyst, convenient
handling in different types of reactors (i.e., fixed-, fluidized- or moving-bed), and the used
catalyst can be regenerated. Recently, a large number of experiments have been conducted for
the development of stable and efficient heterogeneous catalysts for the reduction of CO, to
produce methanol. However, many studies proved that the Cu based catalysts with different
additives such as ZrO, and ZrO play an important role to improve the stability and activity of
the heterogeneous catalyst (Figure 4). Therefore, some of the catalysts, that are shown in
Figure 4, are already exist and used in demonstration and pilot plants. Some of the metals
(i.e., Cu and Zn) and their oxides have been developed to be used as an efficient heterogeneous
catalyst for the conversion of CO, to methanol [24, 25]. This type of catalyst is similar to
Cu/ZnO/ALO; based catalysts that are used to produce methanol in the industry. However, it
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Others
such as Ga,
Cr, B, In,
La, Ce, etc.

Figure 4. Supports and additives used for Cu-based catalysts.

has been proved that the commercial methanol catalyst such as the heterogeneous mixture of
zinc oxide, alumina, and copper (30, 10, and 60%, respectively) produces very little amount of
methanol [26]. Various reviews discussed the different factors that may affect the methanol
production from syngas such as catalyst preparation, catalyst design, reaction kinetics, reactor
design, and catalyst deactivation [22, 27-30]. Therefore, the future research works should be
focused on the methanol production from CO, and H, in which the amount of produced
methanol by this way is higher compared to the syngas. In order to sustain high plant output,
the catalyst should remain active to be used for several years. Moreover, improving the activity
and stability of catalyst over time is very important in the economics of any methanol plant
[31]. Recently, Lurgi, which is the leader in methanol synthesis process technology, has been
collaborated with Siid-Chemie using a high activity catalyst (C79-05-GL, based on Cu/ZnO) to
convert CO, and H, into methanol [24, 32]. The Lurgi methanol reactor is a tube-based
converter which contains the catalysts in fixed tubes and uses a steam pressure control to
achieve the controlled temperature reaction. This type of reactor is able to achieve low recycle
ratios and high yield. Therefore, Lurgi has been developed to two-stage converter system
which uses two combined Lurgi reactors for high methanol capacities. However, the space
velocities and temperatures in the first converter will be higher than the single-stage converter
in which it needs to achieve only partial conversion of synthesis gas to methanol. This makes
the converter to be smaller and produces high-pressure steam due to the high temperatures
which will help in saving the energy costs. The exit gas, from the first converter, contains
methanol, and it will be directly sent to the second reaction stage that operates at a lower
reaction rate [31]. Even if the operating temperature of the Lurgi system is around 260°C which
is higher than that used for conventional catalysts to produce methanol, but the methanol
selectivity of this system is excellent. However, the activity of this catalyst is decreased with the
same rate as commercial catalyst’s activity, which is currently used in the industries to produce
methanol. There are different companies commercializing high stable catalysts for methanol
production such as Mitsubishi Gas Chemical, Sinetix, and Haldor Topsge. Arena et al. [33]
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studied the solid-state interactions, functionality, and adsorption sites of Cu-ZnO/ZrO; cata-
lysts and its ability for the conversion of CO, to methanol. Characterization data indicated that
the strong Cu—ZnO interaction effectively promotes the dispersion and reactivity of metal
copper to oxygen. The metal/oxide interface in Cu-ZnO/ZrO, catalysts plays an important
role in hydrogenation of CO, to methanol. As shown in Figure 5, the dual-site nature of the
reaction path explains the formal structure-insensitive character of CO, conversion over Cu-
ZnO/ZrO, catalysts.

2.1.2. Homogenous catalytic conversion
2.1.2.1. Homogeneous catalysts for CO, Hydrogenation to produce methanol

Although different heterogeneous catalysts were tested for the direct CO, conversion to meth-
anol, yet very limited homogeneous catalysts have been mentioned in the literature. Tominaga
et al. [34] reported an example of direct CO, conversion to methanol using homogeneous
catalysts. They studied the ability of Rus(CO);» catalyst precursor in the presence of KI addi-
tive for the CO, hydrogenation to form methane, methanol, and CO. Also, it was proved by
the same authors that the performance of Ru;(CO),,-KI for CO, conversion is much better
than the other transition metal carbonyl catalysts such as W(CO)s,, Fes(CO)o, Ir4(CO)12, Mo
(CO)s, Cox(CO)s, and Rhy(CO)15 [35]. Recently, cascade process has been used to reduce CO, to

Cu/ZrO, CH,OH

Figure 5. Heterogeneous catalytic process for conversion of CO, to methanol using Cu/ZrO, and Cu-ZnO/ZrO, [33].
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methanol instead of six electrons process [36]. Cascade process using homogeneous catalysts
can be divided into three steps, which are hydrogenation of CO, to formic acid; then, the
formic acid will be esterified to generate formate esters; and finally, the formate ester will be
hydrogenated to produce methanol (Figure 6) as mentioned by Huff and Sanford [36].

Different catalysts will be used in each step of this approach under specific reaction conditions
which are high temperature (135°C) and pressure (40 bars). Wesselbaum et al. [37] reported the
hydrogenation of CO, with 60 bars of H, and 20 bars of CO, at 140°C in the presence of
[(triphos)Ru-(TMM)] (TMM = trimethylenemethane, Triphos = 1,1,1-tris(diphenylphosphi-
nomethyl) ethane) giving a maximum turnover number of 221. Therefore, it has been proved
by the same authors that this catalyst can be used in the hydrogenation process to covert
formate esters to methanol. In addition to the direct CO, conversion to methanol, the conver-
sion of CO, derivatives by hydrogenation, such as polycarbonates, carbonates, formates, and
carbamates, has gained a huge attention due to the small barriers of these reactions (Figure 7)
[38, 39].

Homogeneous catalysis

3H; + CO, - CH;0OH + H,0
Cat. A | (i) H, (i -I:Ef-l Cat. C
: (i) ROH, -H,0
HCO4H - HCO;R
Cat. B-1: HOTs, Cat.B-2: Sc(OTf),
Fe(BF,)s*6H,0/
PMEﬂ th G! th ( 4]2 2
MesP._! _-PMeg P PPh,
“Ru = H = :‘:s
MegP " | ~OAc P~
(A-1) (A-2) (A-3) ) 2
Ph,P
H, H Hz
|
Ph, E';, Ph,
(C-2) (C-3)

Figure 6. CO, hydrogenation to produce methanol via cascade system [36].
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Figure 7. Indirect hydrogenation of CO, for methanol production [39].

2.1.2.2. Homogeneous chemical conversion of CO, to methanol

Silanes and hydrides are the main reducing agents to be used in the homogeneous chemical
reduction of CO, to methanol in the presence of organocatalysts such as N-heterocyclic
carbenes (NHC). Although the cost of the silanes is high, it was proved that the NHC-catalyst
has the ability to reduce CO, to methoxides under ambient conditions as mentioned by Zhang
et al. [40]. As shown in Figure 8, the derivatives of silanol and methanol will be produced by
the hydrolysis of methoxysilanes.

The application of frustrated Lewis pairs to reduce CO, to methanol is considered to be
another example of the metal-free catalysis (Figure 9) [41]. In the first step, the formatoborate
derivative is produced via the reaction between CO, and [TMPH] + [HB(C¢F5)s]”. The
coordinatively unsaturated B(C¢Fs); attacks the nucleophile and formato-bridged intermediate
forms.

After that, the latter will react with [TMPH] + [HB(C¢Fs)s] ™ to produce the formaldehyde acetal
derivative. Schwartz’s reagent ((Cp).Zr(H)(CI)) was used as a hydride source for the two-step

NHC X X
. NHC _ .
CO, + 3R,SIH ——»  R3SIOCH; + RySIOSIR,

R1 ;__; R1
N VN
H,0 .
R! R
RySIOH + CH4OH o

R'=R=Me, X=H:R'=i-Pr,R? =X =H:
R'=iPr,R?=H, X=Cl

Figure 8. NHC-catalyzed CO, conversion and the subsequent methanol hydrolytic [40].
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Figure 9. Lewis acid/Lewis base-catalyzed CO, hydrogenation [44].

reduction of CO, to formaldehyde and methanol, respectively as shown in (Figure 10) [42, 43].
In the first step, the conversion of CO, to formaldehyde produces some of the m-oxo com-
plexes. Then, the deeper reduction of formaldehyde can be achieved by adding more
Schwartz’s reagent which leads to form zirconium methoxide in the second step.

2.2. Electrochemical reduction of CO, to methanol

During the last decades, electrochemical CO, conversion has been widely used on a laboratory
scale, but it has not yet been successfully used in the industrial processes (large scale). The
electrochemical reduction method is used for CO, conversion to valuable chemicals and fuels

THF
2Cp,ZrH)(Cl) + €O, ——= CH,O *+ Cpy(CZr-O-Zr(Cl)Cps

THF ,OCH,4
Cp,Zr(H)(Cl) * CH,O0O —/= CpoZr,
H Methanol
Zr == CpaZr(H)(CI) precursor

%fm

Figure 10. Two-step CO, reduction to methanol with Schwarz’s reagent [44].
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Half-cell reaction E° vs. SHE
CO, +8H" +8¢~ — CHy +2H,0 +0.17

CO, + 6H" + 6e~ — CH30H + H,0 +0.031
CO, +4H" +4¢~ — CH,0 + H,0 —0.028
CO, +2H" +2¢~ — CO+ H,0 -0.10

CO, +2H" +2¢~ — HCOOH —0.11

Table 1. Standard potentials for CO, reduction [49].

such as methanol using electricity as the main source of energy [45-47]. Many experiments
with different conditions and electrocatalysts have been conducted for CO, reduction on metal
electrodes [48]. Different reduced products can be formed electrochemically from CO,, and
some of these products are presented in Table 1. The selection of catalyst and reaction condi-
tions plays a significant role as compared to the potential in controlling between various
reduced products. However, all the listed standard potentials in Table 1 are relatively close to
the hydrogen evolution standard potential [49]. The hydrogen evolution reaction (HER) is very
important during CO, electrocatalyst reduction in which H,O is typically present as an elec-
trolyte (and proton source). For this reason, the reported metals that can be used as an
electrocatalyst for CO, reduction have relatively high HER overpotentials. A huge effort must
be conducted in order to find the optimum electrode for CO, electrochemical reduction which
will reduce the selectivity of CO, at low overpotentials and high rates without reducing water
simultaneously [44].

There is a distinct advantage of directly converting the captured CO, into methanol of produc-
ing a useful product that can be used in many energy-consuming devices. This process allows
for recycling captured CO, and produce methanol that could be used as a renewable energy
instead of fossil fuel in energy-consuming devices. In other words, by electroreduction process,
CO, could be reduced directly in the electrolysis cell back to methanol in one step. Different
electrodes can be used to achieve methanol directly from CO, [44], as shown in Table 2. In
1983, Canfield and Frese [50] proved that some semiconductors such as n-GaAs, p-InP, and p-
GaAs have the ability to produce methanol directly from CO, although at extremely low
current densities and faradaic efficiencies (FEs). Many other researchers did some efforts to
increase both the current density as well as faradaic efficiency of the process. Seshadri et al. [51]
found that the pyridinium ion is a novel homogeneous electrocatalyst for CO, reduction to
methanol at low overpotential. Recently, Pyridine has been widely explored in which it is used
to act as co-catalyst to form the active pyridinium species in situ [52-56]. Generally, the one-
electron reduction products of CO, show lower current density than the two-electron reduc-
tion products such as CO. The direct electrochemical reduction of CO, to methanol is a
promising process to reduce the amount of captured CO..

Popic et al. [57] proved that the Ru and Ru modified by Cd and Cu adatoms can be used as an
electrode for CO, reduction at relatively small overpotentials. The obtained results showed
that on the surface of pure Ru, Ru modified by Cu and Cd adatoms, and RuOx+IrOx modified
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Electrode Type of Evs. Current density Faradaic Electrolyte Reference
electrode NHE (V) (mA ecm?) efficiency (%)

p-InP Semiconductor —1.06 0.06 0.8 Sat. NaySOy4 [50]

n-GaAs 0.16 1.0

p-GaAs 0.08 0.52

CuO Metal oxide -1.3 6.9 28 0.5 M KHCO;3 [59]

RuO,/TiO, —-0.6 1 60 0.5 M NaHCO; [58]

Nanotubes

Pt-Ru/C Alloy —0.06 0.4 7.5 Flow cell [60]

n-GaP Homogeneous  —0.06 0.27 90 10 mM pyridine at  [61]
catalyst pH=52

Pd —-0.51 0.04 30 0.5 M NaClO4 with  [51]

pyridine

Table 2. CO, electrochemical reduction to methanol.

by Cu and Cd adatoms, the reduction of CO, was achieved to produce methanol during 8 h of
holding the potential at —0.8 V. Therefore, in case of CO, reduction on Ru modified by Cu and
Cd adatoms, the production of methanol was depended on the presence of adatoms at the
surface of ruthenium. RuQO, is a promising material to be used as an electrode for CO,
reduction to methanol due to its high electrochemical stability and electrical conductivity. For
that reason, Qu et al. [58] prepared RuO,/TiO, nanoparticles (NPs) and nanotubes (NTs)
composite electrodes by loading of RuO, on TiO, nanoparticles and nanotubes, respectively.
The obtained results showed that the current efficiency of producing methanol from CO, was
up to 60.5% on the RuO,/TiO, NTs modified Pt electrode. Therefore, RuO, and RuO,/TiO, NPs
composite electrodes showed lower electrocatalytic activity than RuO,/TiO, NTs composite
modified Pt electrode for the electrochemical reduction of CO, to methanol. In order to
increase the selectivity and efficiency of CO, electrochemical reduction process, nanotubes
structure is suggested to be used as an electrode as the studies proved.

2.3. Photochemical reduction of CO, to methanol

Typically, the photochemical (or photocatalytic) CO, conversion method is used to convert
captured CO, to methanol and other valuable products by using solar energy such as light or
laser [62, 63]. Even if the selectivity for methanol is relatively low, the direct conversion of CO,
to methanol using photocatalytic method has been studied [64]. However, recently, this
method has received a great attention, and it is considered to be as the most attractive method
for CO, utilization. The photocatalytic CO, conversion process is a complex combination of
photophysical and photochemical processes together [62]. Therefore, this method has some
similarities with electrocatalytic CO, reduction in which the molecular catalysts are used in
both cases. Sacrificial hydride source is considered to be the major limitation to reduce CO, by
photocatalytic method. Ascorbic acid, amine, and 1-benzyl-1,4-dihydronicotinamide are exam-
ples of sacrificial hydride source, which must be added to the solution to substitute for the



52 Carbon Dioxide Chemistry, Capture and Oil Recovery

anode, that would be used in electrocatalytic CO, reduction process [65]. Several experiments
have been conducted to test the ability of some semiconductors and metal oxides for CO2
conversion to methanol. This include silicon carbide [66], TiO, [67-70], WOs3 [71], NiO [70],
ZnO [70], and InTaO, [72] either by themselves or they can be combined with different
heterogeneous catalysts to achieve the same goal. The main challenge in methanol production
on semiconductors by using solar energy is that the formation reaction is reversible. Thus, in
order to mitigate the methanol oxidation, it is very essential to find new strategies to achieve a
practical industrial process [66, 70].

Gondal et al. [66] proved that the granular silicon carbide is a promising photocatalyst for CO,
reduction to methanol. The granular silicon carbide (a6H-SiC) has been tested as a
photocatalyst to reduce CO, and convert it into methanol using a 355-nm laser. The reaction
cell was filled with a6H-SiC granules, pressurized with CO, gas at 50 psi and distilled water.
Therefore, they mentioned that a pair of competitive reactions which are photo-oxidation and
photo-reduction are existed in the photochemical process, as shown in Figure 11. When the
reaction starts, the photooxidation rates (Ko) will be slower than the photoreduction rates (Kr)
because of the low concentration of produced methanol. The obtained results showed that the
maximum molar concentration of methanol and photonic efficiencies of CO, conversion into
methanol achieved was around 1.25 mmol/l and 1.95%, respectively.

CdS/TiO, and BiyS3/TiO, nanotube photocatalysts were tested by Li et al. [67], and their
photocatalytic activities that reduce CO, to methanol under visible light irradiation have been
studied. The obtained results proved that the synthetical TNTs are almost a good material to be
act as photoreduction to convert CO, into methanol. The largest methanol production on

CO,
£ CB
SiC (3.17 eV)

A+
P h CO,

ko

Incident laser

VB h*’

CH;0H

Figure 11. Schematic illustration of the photoreduction and photooxidation reactions in the photochemical process [67].
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TNTs—-CdS and TNTs-Bi,S; photocatalysts by using visible light irradiation for 5 h were 159.5
and 224.6 umol/L, respectively. Luo et al. [68] studied the ability of Nd/TiO,, which is synthe-
sized via the sol-gel method, to reduce CO, into methanol in an aqueous solution under UV
irradiation. The experiment showed that the maximum methanol yield under UV irradiation
for 8 h was 184.8 pumol/g, proving that the Nd/TiO, can increase the efficiency of CO,
photocatalytic reduction compared to pure titanium oxide.

2.4. Photoelectrochemical reduction of CO, to methanol

The photoelectrocatalytic CO, reduction process is a combination of the photocatalytic and
electrocatalytic methods together. Many research works were focused to find the best semi-
conductor material that can be used as a photoelectrode to convert CO, into methanol using
any solar energy in PEC cell; however, no tested semiconductor met the desired stability and
efficiency [73]. In fact, the photoelectrochemically reduction of CO, need around 1.5 eV of
thermodynamic energy input. Therefore, the PEC cell needs greater energy input to make up
the losses that causes by band bending (which is needed for charge separation at the surface of
semiconductor), overvoltage potentials, and resistance losses [61, 74-81]. The first important
step for the reduction of CO, to methanol by the photoelectrochemical (PEC) method is the
hydrogen ions and electrons generation by the solar irradiance of semiconductor which is used
as photocathode. The semiconductor (e.g., GaP, SiC) is illuminated by light as the source of
energy that is higher than the semiconductor’s band gap. In that case, the electrons in semi-
conductor will be excited and transferred to conduction band from the valance band, and it
will reach the cathode counter electrode through an external electrical wire. Furthermore, in
order to produce the electrochemical reduction and oxidation reactions, the produced electron-
hole pairs at or near the interface will be separated by the semiconductor and will be injected
into the electrolyte [82-84]. A major problem in using the photoelectrochemical cells is the
ability of n-type semiconductor materials to generate holes on the surface that can oxidize the

H,0,+ 2Ht5—~ 2H*+ CO, |

H,0 | HCOOH &7

F

FTO/TiO,/Pt Ru complexes/InP

Figure 12. The two-compartment photoelectrochemical cell for CO, reduction [87].
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Solar simulating light 0,
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Figure 13. The one-compartment photoelectrochemical cell for CO, reduction [87].

semiconductor itself [85]. Recently, the hybrid system which consists of a semiconductor light
harvester and a complex of metal co-catalyst has received a huge attention. In this system, the
water is considered the main source of electron donors and protons for the reduction of CO, at
the surface of cathode. An example of hybrid system has been discussed by Zhao et al. [86].
They studied the full cell of photocathode with InP/Ru-complexes that was coupled with a
TiO2/Pt based photoanode, as shown in Figure 12. In this full cell, in order to avoid the
formate re-oxidation at the surface of photoanode, the proton exchange membrane was used
as a separator. However, Arai et al. constructed a wireless full cell for photoelectrochemical
CO; reduction in which the system consists of the InP/Ru-complex as a hybrid photocathode
and a photoanode of SrTiO; (Figure 13). In this system, the redox reactions of CO, and H,O
will occur via sunlight irradiation without applying any bias. The obtained results showed that
the conversion efficiency from solar to chemical energy in these two full cells was 0.03% and
0.14% for TiO2-InP/[RuCP] and SrTiO3-InP/[RuCP], respectively. Barton et al. [61] success-
fully reduced CO, to methanol by using catalyzed p-GaP-based photoelectrochemical (PEC)
cell in a process called chemical carbon mitigation. Chemical carbon mitigation term describes
the photoinduced CO, conversion to methanol without the use of additional CO, generating
power source. The obtained results showed that the methanol selectivity and CO, conversion
were found to be 100 and 95%, respectively.

3. Future prospective and conclusions

Carbon dioxide conversion is presenting both an opportunity and a challenge worldwide for
the sustainability of environment and energy. The main strategies of CO, reduction should
focus on the utilization of CO,, the CO, recycling combined with the renewable energy to save
carbon sources, and the useful chemicals production from CO,. Therefore, the conversion of
CO; into energy product such as methanol will consume large amount of captured CO, in
which the market scale of methanol is potentially extensive. Furthermore, the generated
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methanol can be used instead of the fossil fuel, thus reducing the dependence on fossil fuel and
contribute in the market growth of CO, utilization. Herein, a complete literature of different
methods for CO, conversion into methanol is reported in this section. This include homoge-
neous/heterogeneous catalytic, electrochemical, photochemical, and photoelectrochemical
reduction. However, the high performance in CO, conversion process can be achieved by
using an effective catalyst. In general, the development of required catalyst can be used as a
solution if the catalyst is already used, but it is required high cost to be scaled up or it does not
exist and await discovery thus the challenges in catalytic processes are huge indeed. The poor
product selectivity and the low/high reaction temperatures are considered to be the main
barriers in the heterogeneous CO, reduction process. However, the above discussion shows
that among various methods proposed for CO, conversion to methanol or to any valuable
chemical, the electrochemical cells are the preferable over other methods. Nevertheless, many
barriers still exist in the CO, electrochemical reduction in which the electrocatalyst is needed to
be used at higher selectivity as well as lower over potentials. Various heterogeneous
electrocatalysts are selective, fast and energy-efficient, but they are considered to be unstable
catalysts. Therefore, in the future, the electricity needed for electrochemical CO, reduction
process on a large scale can come from different renewable energy sources such as hydro,
wind, wave, geothermal, tides, and so on. In this sense, many research works should be
focused on new electrocatalytic materials that can be used to allow working at higher current
densities without loss of Faradaic efficiency. On the other hand, photochemical processes offer
an attractive approach to reduce CO, to methanol using solar energy. However, this method is
not widely used due to its critical conditions to absorb the required amount of solar energy.
Otherwise, the prospects to develop the successful technologies for the efficient CO, conver-
sion using solar energy are certainly long term (>5 years out). Nonetheless, photoelectro-
chemical reduction processes are discovered to be attractive approaches for the reduction of
CO, to methanol. At present, the applications of solar photoelectrochemical devices are very
limited due to its high cost and several reasons, as discussed above. However, it is very
important for research efforts to continue in these areas because this technology will be
extremely needed for efficient reduction of CO, in the coming years.
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Abstract

Fe-doped TiO, (Fe/TiO,) film photocatalyst was prepared by sol-gel and dip-coating pro-
cess to respond to the visible spectrum. Netlike glass fiber and Cu disc that are base
materials used for coating Fe/TiO, were investigated to promote the CO, reduction per-
formance of the photocatalyst. The prepared Fe/TiO, film coated on netlike glass fiber and
Cu disc was characterized by scanning electron microscope (SEM) and electron probe
micro analyzer (EPMA). Additionally, the CO, reduction experiment using Fe/TiO, film
coated on netlike glass disc, Cu disc, and their overlap was carried out by illuminating
an Xe lamp or without ultraviolet (UV) light, respectively. As a result, the concentration
of produced CO increases by Fe doping irrespective of base material used under the illu-
mination condition with UV light as well as without UV light. The peak concentration of
CO for the Fe/TiO, double overlapping is approximately 1.5 times as large as the Fe/TiO,
single overlapping under the illumination condition with UV light due to the promotion
of electron transfer between the two overlapped photocatalysts. However, the promotion
ratio is approximately 1.1 times under the illumination condition without UV light.

Keywords: photocatalyst, Fe-doped TiO,, CO, reduction, base material, overlapping
effect

1. Introduction

After the industrial revolution, the averaged concentration of CO, which causes the global
warming in the world, has been increased from 278 to 400 ppmV by 2015 [1]. Therefore, it
requested a new CO, reduction or utilization technology in order to recycle CO.,.

According to the review of CO, conversion technologies [2], there are six vital CO, conver-
sions: chemical conversions, electrochemical reductions, biological conversions, reforming,
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inorganic conversions, and photochemical reductions [3]. Recently, artificial photosynthesis
or the photochemical reduction of CO, to fuel has become an attractive route due to its eco-
nomically and environmentally friendly behavior [2].

TiO, is the principal catalyst for almost all types of photocatalytic reaction. It is well known
that CO, can be reduced into fuels such as CO, CH,, CH,OH and H,, and so forth by using
TiO, as the photocatalyst under ultraviolet (UV) light illumination [4-9]. After practical appli-
cation of this technology, a carbon circulation system would then be established: CO, from the
combustion of fuel produced by TiO, is reformed to fuels again using solar energy, and true
zero emission can be achieved. However, the CO, reduction performance of TiO, is still low.
One of the barriers to realize a carbon circulation system utilizing solar energy is that TiO, is
only photoactive at the wavelength below 400 nm due to its relatively large band gap energy
(~3.2eV) [10].

Recently, studies on CO, photochemical reduction by TiO, have been carried out from the
viewpoint of performance promotion by extending absorption range toward visible region
[11-15]. Noble metal doping such as Pt, Pd, Rh, Au and Ag [11], nanocomposite CdS/TiO,
combining two different band gap photocatalysts [12], N -modified TiO, [13], light harvesting
complex of green plant-assisted Rh-doped TiO, [14] and dye-sensitized TiO, [15] have been
developed for this process. However, the concentration in the products achieved is still low,
ranging from 10 to 1000 ppmV [4, 6-9] or from 1 to 100 pmol/g-cat [11-15]. Therefore, the big
breakthrough for increasing the concentration level of products is necessary to advance the
CQO, reduction technology in order to make the technology practically useful.

In the present paper, TiO, sol-gel and dip-coating process with doping is adopted in order
to extend its photoresponsivity to the visible spectrum to promote the CO, reduction perfor-
mance. This process can incorporate dopants into TiO, lattice, resulting in better optical and
catalytic properties [16]. In addition, the integration of dopants into the sol during the gelation
process facilitates direct interaction between TiO, and dopants during the sol-gel process [17].

It was reported that doping transition metal was a useful technique for extending the
absorbance of TiO, into the visible region [18]. For doping, various metal ions have been
used, but among them, Fe* is considered as a strong candidate as it has a similar radius
to Ti*" (Fe** =78.5 pm, Ti*" = 74.5 pm) [19] and can easily fit into the crystal lattice of TiO,
[18, 20, 21]. Moreover, the redox potential (energy differential) of Fe?/Fe® is close to that
of Ti**/Ti*, resulting in shifting its optical absorption into the visible region [18, 20, 21].
Due to easy availability as well as the above-described characteristics, Fe is selected as the
dopant in the present study.

In the present study, a net glass fiber (SILIGLASS U, produced by Nihonmuki Co.) and Cu disc
are used as base materials for coating TiO, film by sol-gel and dip-coating process. Figure 1shows
the netlike glass disc, Cu disc, and two overlapped base materials. The netlike glass fiber is a net
composed of glass fiber whose diameter is about 10 um. The fine glass fibers are knitted, result-
ing in the diameter of aggregate fiber about 1 mm. According to the manufacture specifications
of netlike glass fiber, the porous diameter of glass fiber is about 1 nm and the specific surface is
about 400 m*/g. The netlike glass fiber consists of SiO, whose purity is over 96 wt%. The aperture
of net is about 2 x 2 mm. Since the netlike glass fiber has a porous characteristic, it is believed
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Netlike glass disc Cu disc Overlapping

Figure 1. The base materials used for coating TiO, film.

that TiO, film and doped metal are captured by netlike glass fiber easily during sol-gel and dip-
coating process. In addition, it can be expected that a CO, absorption performance of prepared
photocatalyst is promoted due to the porous structure of netlike glass fiber. On the other hand,
Cu disc is also adopted since the recombination of electron and hole produced by photochemi-
cal reaction can be prevented by a free electron emitted from Cu disc. The coupling effect of
prepared photocatalysts coated on overlapped netlike glass fiber and Cu disc on CO, reduction
performance is investigated. The illumination light is able to penetrate through the netlike glass
fiber and reach on Cu disc. If the synergy effect between the photocatalyst coated on netlike
glass fiber and that on Cu disc was obtained due to an active electron transfer between them, the
promotion of CO, reduction performance would be achieved. There is no previous study on the
coupling effect on CO, reduction performance of metal-doped TiO, or nondoped TiO,.

In the present study, TiO, film doped with Fe (Fe/TiO,) was prepared and characterized by
scanning electron microscope (SEM) and electron probe micro analyzer (EPMA) analysis. The
CO, reduction characteristics of Fe/TiO, coated on netlike glass fiber and/or Cu disc under the
condition of illuminating Xe lamp with or without UV light were investigated.

2. Experimental

2.1. Procedure to prepare Fe/TiO, film

Sol-gel and dip-coating process, which is a general procedure, was selected to prepare Fe/TiO,
film. TiO, sol solution consists of [(CH,),CHO,] Ti (purity of 95 wt%, produced by Nacalai
Tesque Co.) of 0.3 mol, anhydrous C,H,OH (purity of 99.5 wt%, produced by Nacalai Tesque
Co.) of 2.4 mol, distilled water of 0.3 mol and HCI (purity of 35 wt%, produced by Nacalai
Tesque Co.) of 0.07 mol. Fe particles (produced by Merck KGaA, particle size below 10 pum)
were added to TiO, sol solution. Netlike glass fiber was cut to disc, and its diameter and thick-
ness were 50 and 1 mm, respectively. The Cu disc used has diameter and thickness of 50 and
1 mm, respectively. The base material was dipped into Fe/TiO, sol solution at the speed of
1.5 mm/s and pulled up at the fixed speed of 0.22 mm/s. Then, it was dried out and fired
under the controlled firing temperature (FT) and firing duration time (FD), with Fe/TiO, film

65



66 Carbon Dioxide Chemistry, Capture and Oil Recovery

fastened on the base material. FT and FD were set at 623 K and 180 s, respectively. The ratio of
amount of added Fe to amount of TiO, sol solution (R) was set at 10 wt%.

2.2. Characterization of Fe/TiO, film

The surface structure and crystallization characteristics of Fe/TiO, film were evaluated by
SEM (JXA-8530F, produced by JEOL Ltd.) and EPMA (JXA-8530F, produced by JEOL Ltd.).
Since these two measuring instruments use electron for analysis, the sample should be an
electron conductor. Though Cu disc is a good electron conductor, netlike glass disc is not an
electron conductor. In this study, the carbon vapor deposition was conducted by the dedi-
cated device (JEE-420, produced by JEOL Lt.) for Fe/TiO, coated on netlike glass disc before
analysis by SEM and EPMA. The thickness of carbon deposited on sample was approximately
20-30 nm. The electron probe emits the electron to the sample under an acceleration voltage
of 15kV and a current of 3.0 x 10® A; the surface structure of sample is analyzed by SEM. The
characteristics of X-ray are detected by EPMA at the same time, resulting in the concentra-
tion of chemical element analyzed according to the relationship between the characteristics of
X-ray energy and the atomic number. The spatial resolution of SEM and EPMA is 10 um. The
EPMA analysis helps not only to understand the coating state of prepared photocatalyst but
also to measure the amount of doped metal within TiO, film on the base material.

2.3. CO, reduction experiment

Figure 2 shows that experimental setup of the reactor consisting of stainless pipe (100 mm
(H) x 50 mm (ID)), a netlike glass or Cu that is disc shaped (50 mm (D) x 1 mm (t)) with Fe/
TiO, film placed on the Teflon cylinder (50 mm (H) x 50 mm (D)), a quartz glass disc (84 mm

4 .
s | $504D) |
6—J @ 9 | 100

1. Xe lamp, 2. Sharp eut filter, 3. Quartz glass dise, 4. Stamnless pipe.
5. Gas sampling tap, 6. Photocatalyst, 7. Teflon cylinder, 8. Valve,
9. CO, gas eylinder (99,995 vol%)

Figure 2. Schematic drawing of CO, reduction experimental setup.
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(D) x 10 mm (t)), a sharp cut filter cutting off the light whose wavelength is below 400 nm (SCF-
49.5C-42 L, produced by SIGMA KOKI Co. Ltd.), Xe lamp (L2175, produced by Hamamatsu
Photonics K. K.) and CO, gas cylinder (purity of 99.995 vol%).

The size of reactor for charging CO, is 1.25 x 10* m®. The Xe lamp illuminates the netlike glass
disc or Cu disc coated with Fe/TiO, film, which is located inside the stainless pipe, through
the sharp cut filter and the quartz glass disc that are at the top of the stainless pipe. The Xe
lamp illuminates the light whose wavelength ranged from 185 to 2000 nm. A sharp cut filter
can remove UV components of the light, resulting in the wavelength of light from Xe lamp
ranging from 401 to 2000 nm. Figure 3 indicates that the sharp cut filter can remove the light
whose wavelength ranged below 400 nm. During the experiment, the light intensity of Xe
lamp illuminating the photocatalyst without and with setting the sharp cut filter is estimated
at 81.9 and 60.7 mW/cm?, respectively.

To start CO, reduction experiment in this study, CO, gas whose purity was 99.995 vol% was
flowed through the reactor as a purged gas for approximately 15 min. The valves at the inlet
and the outlet of reactor were closed after charging CO,. The gas pressure and gas tempera-
ture in the reactor were set at 0.1 MPa and 298 K, respectively, the distilled water of 100 puL
was injected into the reactor through a gas pipe and Xe lamp was started to illuminate at the
same time. The water injected vaporized completely in the reactor. Since Xe lamp emits the
heat, the gas temperature in reactor was attained at 343 K within an hour and maintained at
approximately 343 K during the experiment. The water of 5.56 mmol and CO, of 576 mmol
were in the reactor. The gas in the reactor was sampled by a gas syringe every 24 h dur-
ing the experiment, which was analyzed by FID gas chromatograph (GC353B, produced by
GL Science) and methanizer (MT221, produced by GL Science). FID gas chromatograph and
methanizer can detect a gas whose concentration is 1 ppmV order level.
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Figure 3. Light transmittance data of sharp cut filter.
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3. Results and discussion

3.1. Characterization of Fe/TiO, film by SEM and EPMA

Figures 4 and 5 show SEM images of TiO, and Fe/TiO, film coated on netlike glass disc,
respectively. The SEM images were taken at 1500 times magnification under the acceleration
voltage of 15 kV and the current of 3.0 x 10® A.

Figures 6 and 7 show EPMA images of TiO, and Fe/TiO, film coated on netlike glass disc,
respectively. The EPMA analysis was carried out to obtain 1500 times magnified SEM images
as shown in Figures 4 and 5. In EPMA image, the concentrations of each element in observa-
tion area are indicated by different colors. Dilute colors indicate that the amount of element is
large, while dense colors indicate that the amount of element is small.

To identify the position of each element, the colored circles are added to these SEM and EPMA
images. The red circles shown in SEM images of Figures 4 and 5 indicate that the amount of
Ti is large as pointed out in EPMA images of Figures 6 and 7. From these figures, it can be
observed that TiO, film with teethlike shape is coated on netlike glass fiber. It is also seen that
TiO, film builds a bridge among several glass fibers. It is believed that the temperature profile
of TiO, solution adhered on the netlike glass disc is not uniform because the thermal conduc-
tivities of Ti and SiO, are different during firing process. The thermal conductivities of Ti and
SiO, at 600 K are 19.4 and 1.82 W/(mK), respectively [22]. Since the thermal expansion and
shrinkage around netlike glass fiber occur, thermal crack of TiO, film is caused. Therefore,
TiO, film on netlike glass fiber is teethlike.

The yellow circle shown in SEM image of Figure 5 indicates the existence of metal particles as
pointed out in EPMA images of Figure 7. It is observed from Figure 5 that Fe particles adhere
on the netlike glass fiber directly. According to Figure 5, the size of doped metal is below

— 10 pum

Figure 4. The SEM image of TiO, film coated on netlike glass disc.
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— 10 um

Figure 5. The SEM image of Fe/TiO, film coated on netlike glass disc.

Figure 6. The EPMA image of TiO, film coated on netlike glass disc.
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— 10 pm

Figure 7. The EPMA image of Fe/TiO, film coated on netlike glass disc.

10 um. Since the Fe particles used have diameters below 10 pm, it is confirmed that the Fe
particles can be loaded without agglomeration by the sol-gel and dip-coating process.

Figures 8 and 9 show SEM image of TiO, and Fe/TiO, film coated on Cu disc, respectively. The
SEM images were taken at 1500 times magnification under an acceleration voltage of 15 kV
and a current of 3.0 x 10 A.

Figures 10 and 11 show EPMA images of TiO, and Fe/TiO, film coated on Cu disc, respec-
tively. EPMA analysis was carried out to obtain 1500 times magnified SEM images as shown
in Figures 8 and 9.

According to Figures 9 and 11, the TiO, film is contracted around Fe particles. The surface
characteristics of TiO, or Fe/TiO, are explained as follows [23]:

i. Before firing process, TiO, or Fe/TiO, sol solution is adhered on Cu disc uniformly.

ii. The temperature profile of TiO, or Fe/TiO, sol solution adhered on Cu disc is not uni-
form during firing process since the thermal conductivities of Cu, Ti and Fe are differ-
ent. Thermal conductivities of Cu, Ti and Fe at 600 K are 383, 19.4, and 54.7 W/(mK),
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Figure 8. SEM image of TiO, film coated on Cu disc.

Figure 9. SEM image of Fe/TiO, film coated on Cu disc.

iii.

respectively [22]. Therefore, the thermal expansion around Fe particles and the ther-
mal shrinkage around the other areas of TiO, sol occur for Fe/TiOZ, while the thermal
expansion and shrinkage between TiO, and Cu disc occur for nonmetal-doped TiO,
film.

Because of thermal stress caused by the uneven distribution of temperature, the cracks
around Fe and the shrinkage of TiO, film around the cracks occur after firing process.
Therefore, a large amount of Cu pointed out by orange circles, which is an element of ba-
sis Cu disc, around Fe is observed in Figure 11. In addition, a large amount of Ti around
Fe is also seen in the same figure.
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Figure 10. EPMA image of TiO, film coated on Cu disc.

The center of netlike glass disc or Cu disc whose diameter is 300 pm is analyzed by EPMA
to evaluate the amount of doped Fe within TiO, film quantitatively. The ratio of Fe to Ti is
measured by averaging the data detected by EPMA.

Table 1 lists weight percentages of elements Fe and Ti in the Fe/TiO, film coated on net-
like glass disc or Cu disc. From this table, it can be seen that more Fe is contained in the
Fe/TiO, film on netlike glass disc than that on Cu disc, under the doping condition, that
is, R of 10 wt%. As expected, the netlike glass fiber can capture the dopant metal powder
well during dip-coating process due to the porous structure. However, Cu disc hardly
captures the dopant metal powder during dip-coating process since the surface of Cu disc
is smooth. From these results, it is clear that the amount of dopants that could be doped
is influenced by the base material when the sol-gel and dip-coating process is adopted for
metal doping.
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Figure 11. EPMA image of Fe/TiO, film coated on Cu disc.

Photocatalyst type Weight ratio

Ti (Wt%) Fe (wt%) Total (wt%)

Fe/TiO coated on 74.76 25.24 100
netlike glass disc

Fe/TiO coated on Cu disc 98.15 1.85 100

Table 1. Weight ratio of elements Fe and Ti within the prepared metal-doped TiO, film.
3.2. CO, reduction characteristics of Fe/TiO, coated on netlike glass disc or Cu disc

Figure 12 shows the concentration changes of CO produced in the reactor along the time
under the Xe lamp with UV light on, for TiO, or Fe/TiO, film coated on netlike glass disc or
Cu disc or their overlap. In this figure, a single overlapping means the photocatalyst coated
on the upper surface of netlike glass disc is overlapped over the photocatalyst coated on Cu
disc, while a double overlapping means that the photocatalyst coated on both the upper and
lower surfaces of netlike glass disc is overlapped over the photocatalyst coated on Cu disc. In
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this experiment, CO is the only fuel produced from the reactions. The reaction scheme for CO
production by the photochemical reaction with CO, and H,O is shown as follows [4, 7, 24-26]:

TiO, + hv. - h'+ e (1)
HO+ h* - -OH + H* )
‘OH + HO +h* - O, + 3H" (3)
CO, +2H"+2e” —» CO+ HO 4)

In the first step, hole h* and electron e™ are generated by illuminating light on photocatalyst as
shown in Eq. (1). The generated hole reacts with H,O in the oxidation reaction step, resulting
in proton H* produced as shown in Egs. (2) and (3). The proton and electron react with CO, in
the reduction reaction step, resulting that CO is produced as shown in Eq. (4).

Since the concentrations of CO in most experiments started to decrease after illumination of
48-72 hours for illumination conditions with UV light due to the reverse reaction by CO and
O,, which is a by-product as shown in Eq. (3). Figure 12 shows only the concentration up to
72 h. Before the experiments, a blank test, which was running the same experiment without
illumination of Xe lamp, had been carried out to set up a reference case. No fuel was produced
in the blank test as expected.

According to Figure 12, the concentration of CO increases due to Fe doping irrespective of
base material. The improvement of photocatalytic performance by Fe doping under the illu-
mination condition with UV light can be caused by the generation of shallow charge traps in
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Figure 12. Comparison of concentrations of produced CO among photocatalysts coated on different base materials
under the illumination condition with UV light.
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the crystal structure, which decreases the recombination rate of electron-hole pairs [20]. In
addition, the concentration of CO produced by Fe/TiO, coated on Cu disc is higher than that
on netlike glass disc. Though the weight ratio of Fe for Fe/TiO, coated on netlike glass disc is
larger than that on Cu disc as shown in Table 1, the reaction surface area, which can receive
the light, is small due to aperture of net. Therefore, the photocatalytic performance of Fe/
TiO2 coated on netlike glass disc is lower than that on Cu disc. Moreover, the Fe/TiOZ single
overlapping shows the small superiority over Fe/TiO, coated on netlike glass disc and Fe/TiO,
coated on Cu disc. Although the present study expected the positive synergy effect of combi-
nation of two photocatalysts coated on different base materials, the positive effect observed
was very small. Since the netlike glass fiber consists of SiO,, which is an electrical insula-
tion material, the electron transfer between the two overlapped photocatalysts might not be
realized well. However, in the experiment of Fe/TiO, double overlapping, the photocatalytic
performance is promoted, resulting that the peak concentration of CO is approximately 1.5
times as large as the Fe/TiO, single overlapping. The reason is thought to be that the electron
transfer between two overlapped photocatalysts is promoted, resulting that the synergy effect
of combination of two photocatalysts coated on different base materials is obtained.

Figure 13 illustrates the difference of electron transfer phenomenon between single and dou-
ble overlapping. In this figure, the hole produced by photochemical reaction is not shown
mainly to clarify the electron transfer phenomenon. It is believed that the path for electron
transfer is constructed by double overlapping.

Figure 14 shows the comparison of molar quantities of CO per weight of photocatalyst among
the prepared photocatalysts. These values are estimated based on the maximum CO obtained
under the illumination condition with UV light up to 72 h. According to this figure, the molar
quantity of CO per weight of Fe/TiO, coated on Cu disc shows the highest performance since
the weight of Fe/TiO, coated on Cu disc (= 0.02 g-cat) is smaller than that on netlike glass disc
(= 0.25 g-cat). Though the netlike glass fiber captures the large amount of TiO, sol and Fe
particle during dipping process well, some Fe/TiO, adhered in the pores of netlike glass fiber
might not be activated well due to the lack of light illumination. Although it is believed that

\\R\ Light -

() ) () Photocatalyst
G L

NLlhkL glu:.a

. ) ( u dlsc: )
Single overlapping Double averlapping

Figure 13. Comparison of electron transfer phenomena between single and double overlapping.
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Figure 14. Comparison of CO, reduction performances per weight of photocatalyst under the illumination condition
with UV light.

the Fe doping could assist CO, reduction if the light could illuminate inside the pore of net-
like glass disc, the positive effect of Fe doping on CO, reduction performance per weight of
photocatalyst base under the overlapping condition was not as significant as that in the case
of Fe/TiO, coated on netlike glass disc. In addition, the mass transfer in the space between the
two photocatalysts coated on netlike glass disc and Cu disc should be enhanced in order to
meet the photoreaction rate under the overlapping condition. If the produced fuel remains in
the space between two photocatalysts, the reactant of CO, and H,O could be blocked to reach
the surface of photocatalyst, resulting that the photochemical reaction could not be carried
out well even though the light is illuminated for the photocatalyst. Therefore, it is necessary to
control the amount of doped Fe, which is coated on the surface and on the pore of the netlike
glass fiber, as well as to optimize the aperture of netlike glass fiber.

Figure 15 shows the concentration changes of CO produced in the reactor along the time
under the Xe lamp illumination without UV light, for TiO, or Fe/TiO, film coated on netlike
glass disc or Cu disc or their overlap. In this experiment, CO is the only fuel produced from
the reactions. Since the concentration of CO almost started to decrease after illumination of
72-96 h for all cases due to the reverse reaction by CO and O,, which is the by-product as
shown in Eq. (3), Figure 15 shows the concentration only up to 96 h.

From Figure 15, it can be seen that the CO, reduction performance of TiO, is promoted
by Fe doping due to extension of the photoresponsivity of TiO, to the visible spectrum
as well as decrease in the recombination rate of electron-hole pairs by the generation of
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Figure 15. Comparison of concentrations of produced CO among the photocatalysts coated on different base materials
under the illumination condition without UV light.

shallow charge traps in the crystal structure. In addition, the maximum concentration of
CO obtained by Fe/TiO, coated on netlike glass disc is almost the same as that by Fe/TiO,
coated on Cu disc, which has a different tendency from the results obtained under the UV
illumination condition. Under the illumination condition without UV light, it is believed
that the amount of doped Fe is important to absorb the visible light to perform the photo-
catalytic reaction. Since the amount of doped Fe for Fe/TiO, coated on netlike glass disc is
much larger than that for Fe/TiO, coated on Cu disc as shown in Table 1, the CO, reduction
performance of Fe/TiO, coated on netlike glass disc equals that on Cu disc, while that on
netlike glass disc is lower than that on Cu disc under the illumination condition with UV
light.

Furthermore, according to Figure 15, the positive effect of overlapping is obtained, especially
under the double overlapping condition. As mentioned before, since the netlike glass fiber
consists of SiO,, which is an electrical insulation material, the electron transfer between the
two overlapped photocatalysts might not be realized well. However, the photocatalytic per-
formance is promoted up to approximately 1.1 times by double overlapping when the maxi-
mum concentrations of CO are compared between the single and the double overlapping
condition. The electron transfer between the two overlapped photocatalysts is promoted by
double overlapping. However, compared to the previous cases with UV illumination, the
improvement effect by double overlapping is small. Since the wavelength of illuminating
light penetrating through netlike glass disc becomes longer due to losing energy, the electron
produced by the Fe/TiO, coated on Cu disc, which is positioned under the netlike glass disc,
decreases. The range of wavelength of light illuminating after penetrating through netlike
glass disc is narrower than that in the UV illumination condition cases. Therefore, the effect
of electron transfer promotion between the two overlapped photocatalysts is small compared
with that in the UV illumination cases.
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Figure 16 shows the comparison of molar quantities of CO per weight of photocatalyst among
the prepared photocatalysts. These values are estimated based on the maximum CO obtained
under the no-UV illumination condition up to 96 h. It reveals that the molar quantity of CO
per weight of Fe/TiO, under the double overlapping condition is the highest among all experi-
mental conditions. In addition, it also reveals the positive effect of overlapping on CO, reduc-
tion performance in terms of molar quantity of CO per weight of photocatalyst is achieved in
both single and double overlapping cases. It is believed that Fe/TiO, coated on Cu disc, which
is positioned under the netlike glass disc, can utilize at least some of the light penetrating
through the aperture of netlike glass disc for photochemical reactions, although the wave-
length of the penetrating light becomes long.

The bigger synergy effect in terms of molar quantity of CO per weight of photocatalyst for
two overlapped photocatalysts in no-UV cases is achieved when comparing with UV illumi-
nation cases. Since the photochemical reaction rate and the amount of produced fuel are small
under the no-UV illumination condition compared to those under UV light, it would be ben-
eficial to the mass transfer between produced fuel and reactant of CO, and H,O on the surface
of photocatalyst in no-UV cases. As a result, the mass transfer and photochemical reaction
are carried out effectively in no-UV cases. Therefore, the molar quantity of CO per weight of
photocatalyst for overlapping cases is large in no-UV cases. According to previous reports
[27, 28], the mass transfer is an inhibition factor to promote the CO, reduction performance of
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Figure 16. Comparison of CO, reduction performances per weight of photocatalyst under the illumination condition
without UV light.
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Figure 17. Comparison of mass and electron transfer within two overlapped photocatalysts between the illumination
condition with UV light and that without UV light.

photocatalyst and it is necessary to control the mass transfer rate to meet the photochemical
reaction rate. Figure 17 illustrates the comparison of mass and electron transfer within two
overlapped photocatalysts in UV and no-UV illumination cases.

Compared to the previous researches [4, 6-9, 11-15], the CO, reduction performance of pho-
tocatalysts prepared in the present study is almost at the same level. However, the present
study clarifies that the double overlapping arrangement is effective in improving the CO,
reduction performance of Fe/TiO,. It, therefore, proposes that the netlike porous metal hav-
ing an appropriate area of aperture can be a good base material for overlapping arrangement
instead of netlike glass fiber since the former has a good electrical conductivity, light per-
meability, and gas diffusivity. In addition, the dopant like Cu, which can absorb the longer
wavelength light than Fe [21], should be used in the layers at lower positioned photocatalysts
in overlapping conditions. This proposal is similar to the concept of the hybrid photocatalyst
using two photocatalysts having different band gaps [29-31].

4. Conclusions

Based on the investigation into this study, the following conclusions can be drawn:

1. TiO, film with teethlike shape could be coated on netlike glass fiber, and Fe fine particles
are loaded without agglomeration. However, TiO, film would contract around Fe particles
when Fe/TiO, was coated on the Cu disc.
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2. The amount of dopants that could be coated is influenced by the base material used.

3. Under the UV illumination condition, the concentration of produced CO increases due to
Fe doping irrespective of the base material used. The photocatalytic performance of Fe/
TiO, coated on the netlike glass disc is lower than that on the Cu disc. The peak concentra-
tion of CO for the Fe/TiO, double overlapping is approximately 1.5 times as large as the
Fe/TiO, single overlapping.

4. Under the illumination condition without UV light, the CO, reduction performance of TiO,
is also promoted by Fe doping due to extension of the photoresponsibility of TiO, to the
visible spectrum as well as decrease in the recombination rate of electron-hole pairs by the
generation of shallow charge traps in the crystal structure. The positive effect of overlap-
ping is obtained especially under the double overlapping condition. From the viewpoint
of the molar quantity of CO per weight of photocatalyst, the Fe/TiO, double overlapping
shows the highest performance. It is believed that the mass transfer rates between pro-
duced fuel and reactants on the surface of photocatalyst are better matched with the pho-
tochemical reaction rates when Fe/TiO, is double overlapped.

5. The double overlapping arrangement is effective for improving the CO, reduction perfor-
mance of Fe/TiO,.
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Abstract

Reforming of CO, and CH, into syngas (mixture of H,/CO) can be an economical way to
reduce anthropogenic emission of CO, and CH, and to generate alternative fuel. Up to
date, catalysis and nonthermal plasma are two feasible techniques for CO,/CH, reform-
ing. However, both techniques face some obstacles which limit their applications. For
catalysis, high energy consumption and catalyst deactivation are the major disadvantages
while nonthermal plasma has the drawbacks of low selectivity and unwanted byproduct
formation. To overcome the above obstacles, combining catalyst and nonthermal plasma
as a hybrid system can induce synergistic effects to enhance syngas production rate and
stability of the operating system. For the purpose of enhancing CO, utilization efficiency,
understanding the interactions between catalyst and nonthermal plasma is essential.

Keywords: reforming of CO,, syngas, plasma catalysis, synergistic effects

1. Introduction

Utilization of carbon dioxide is imperative and there is urgent demand for effective carbon
dioxide reducing techniques. Reforming of carbon with methane, which is also called dry
reforming of methane (DRM, the term “dry” is to distinguish from steam reforming which is
to reform methane with water vapor) can be a feasible process to convert CO, and CH, into
syngas (mixture of H,/CO). Currently, catalysis and nonthermal plasma are two essential
techniques for DRM to generate syngas and to reduce the anthropogenic emissions of green-
house gases (GHGs). Catalytic reforming of CH,/CQO, is a high-selectivity, high production
rate and well developed technique to generate syngas. Up to date, several types of catalysts
have been investigated for their catalytic activity toward DRM, including noble metal cata-
lysts [1], nickel-based catalysts [2], cobalt-based catalysts [3], spinels [4] and perovskites [5].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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However, high operating temperature is required for effective conversion. Moreover, coke
deposition leads to subsequent catalyst deactivation. Thus, how to effectively reduce operat-
ing temperature and coke deposition remains the big challenge for catalytic reforming [6, 7].
On the other hand, nonthermal plasma stands for an energy-saving reforming for GHGs
reduction and many kinds of nonthermal plasma reactor have been designed and developed
to enhance CO,/CH, conversion efficiency. Nonthermal plasma can generate syngas at a lower
operating temperature since the driving force of nonthermal plasma is electric energy instead
of thermal energy [8]. Even so, nonthermal plasma has some limitations including low GHGs
conversions, low syngas selectivity and byproduct formation, e.g. carbon soot. The above
disadvantages reduce the applicability of nonthermal plasma for DRM [9]. To overcome the
shortcomings of catalytic reforming and nonthermal plasma reforming, combining catalyst
and nonthermal plasma as a hybrid reactor can be a solution since various interactions can
be induced between catalyst and nonthermal, including the change of physicochemical prop-
erties of catalyst, enhancement of electric field and activation of catalysis [10]. Based on the
interactions between catalysis and nonthermal plasma, limitations of catalytic reforming and
nonthermal plasma reforming including catalyst deactivation and byproduct formation can
be resolved due to enhancement of reforming performance toward DRM [11-13].

In this chapter, application of three types of DRM system, i.e. catalysis, nonthermal plasma
and hybrid plasma catalysis will be introduced and discussed for their fundamental concepts,
including reaction mechanism, state-of-the-art development, opportunities and shortcom-
ings. Some important features for various reactors will also be highlighted in this chapter as
a reference.

2. Catalytic reforming

CQO, and CH, are stable molecules under atmospheric pressure, thus the temperature required
for inducing spontaneous dissociation of CO, and CH, is comparatively high. Figure 1 shows
thermodynamic equilibrium for CO,/CH, reforming without catalyst achieved with Gibbs
free energy minimization algorithm [14]. In indicates thermodynamic equilibrium of reac-
tants (CO, and CH,) and products (CO, H,, C and HZO(g)) with the assumption that carbon
formation is inhibited. Assuming that carbon formation is inhibited, the temperature required
for effective conversion of CO,/CH, is comparatively high (> 550°C) while water vapor can be
generated simultaneously. Actually, carbon stands for the major byproduct during reforming
and influences thermodynamics as well. At a lower operating temperature, water vapor and
carbon are the major products and their formation can be inhibited when operating tempera-
ture is increased to over 700°C. Generally speaking, to generate syngas efficiently, operating
temperature should be higher than 700°C, which is energy-consuming.

Catalyst is required to reduce the operating temperature of DRM since both CO, and CH,
are stable and a great amount of thermal energy is needed to induce reforming. Noble metal-
based catalysts including Pt, Pd, Ir, Rh and Ru have been investigated for their activities.
They possess great activities toward DRM and good resistivities for coke deposition. The
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Figure 1. Thermodynamic equilibrium plots for DRM at 1 atm, from 0-10000C and at inlet feed ratio of CO,/CH, =1 (a)
Assuming no carbon formation occurs, (b) assuming carbon formation occurs. These plots were created by using Gibbs
free energy minimization algorithm on HSC Chemistry 7.1 software [14].

activity order of the above metal catalysts also depends on support and preparation method.
Generally, Rh and Ru catalysts are good candidates since they have better catalytic activities
and durabilities than other noble metals [15, 16]. However, their costs are also high which
limits their industrial applicability. Hence, transition metal-based catalysts such as nickel,
cobalt-based catalysts are frequently developed and investigated. Ni-based catalysts are most
applied for DRM since they have high adsorption capacities toward CO, and CH, and many
researches have been conducted for the purpose of increasing selectivity of syngas and stabil-
ity of catalyst in terms of resistivity of coke deposition [17,18].

Generally, pathways of catalytic reactions can be divided into three categories: Langmuir-
Hinshelwood (L-H), Eley-Rideal (E-R) and Mars-van Krevelen (MVK), as described in Table 1
[19]. Kinetic studies point out that DRM follows the reaction route of L-H mechanism. The reac-
tion mechanism of DRM can be described as Figure 2, density functional theory (DFT) simu-
lation results of DRM kinetics achieved with Pd/MgO catalyst indicate that CH, and CO, are
firstly adsorbed on Pd and MgO surface and then dissociated into CO, O, C and H atoms [20]. It

Carbon structure Designation Temperature range (°C)
Surface carbide C, 200-400

Amorphous carbon films G 250-500

Bulk Ni carbide C, 150-250

Vermicular filaments/whiskers C, 300-1000

Graphite platelet films C 500-550

2

Table 1. Details of different carbon species formed on the catalyst surface [21].
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Figure 2. Results from DFT studies on the multifunctional CH, reforming mechanism under dry reforming conditions
(a) and an H,0 atmosphere (b). The reaction proceeds in clockwise direction. Pd dissociates CH, and MgO binds and
activates CO,. MgO opens a favorable CO production pathway. H,O byproducts are attributed to H, production. Pd
dissociates H,O into PAOH and PdH, PdOH and PdC were combined into PdCOH. H, association from PACOH and
PdH is easier than direct H, association from two PdH. These CO and H, production pathways are accessible at low
temperature and assure low-temperature activity of Pd-MgO/SiO, (ME) [20].

is noted that CO desorption is an endothermic reaction, thus desorption of CO plays the role of
rate-limiting reaction of DRM. Also, H atoms can further recombine to form H, and desorb onto
effluent gas stream. Moreover, if water vapor is added into the gas stream, water molecules par-
ticipate in catalysis and more active species can be generated such as OH', H" and COH’ radicals,
providing more formation routes of H,, resulting in higher generation rate of H..

In terms of long-term operation of scaled-up catalytic reforming, coke deposition is the serious
problem to shorten the duration of operation. Coke can be generated via several ways dur-
ing reforming, as described in Table 2. Carbon formation can be classified into 5 categories,
including the form of surface carbide, amorphous carbon films, metal carbide, whiskers and

Mechanism Description
Langmuir- Both reactants are adsorbed on catalyst surface firstly. Next, adsorbed reactants can react with
Hinshelwood each other and form products. The final step is desorption of products and regeneration of

active sites.

Eley-Rideal One of reactants is firstly adsorbed on catalyst surface. Further reaction takes place between
adsorbed specie and gas phase-specie.

Mars-van Krevelen One of reactants is chemisorbed on catalyst, and then diffuses to lattice to react with the other
adsorbed reactant.

Table 2. Categories of catalysis mechanisms.
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Figure 3. Mechanism of carbon formation at the catalyst surface [21].

platelet films, depending on the carbon source, temperature, structure and deposition site.
Generally, C_is firstly formed via dissociation of CO, and CH, and this reaction is feasible at
a lower temperature. Other carbon species including Cﬁ, CY, C, and C_can be further synthe-
sized via several ways as listed in Figure 3 [21]. It is noted that carbon can be transferred from
one form to another. For example, amorphous carbon film can be transformed into graphite
platelet films when the temperature is increased. Another example is that carbon whiskers
can be easily formed from many types of carbon at a high temperature. To effectively reduce
the formation of C , operating temperature is suggested to be high. However, high operating
temperature leads to formation of other carbon species. As a result, carbon deposition inevi-
tably takes place since formation routes are various. Many works are conducted to reduce the
problem of coke deposition, including catalyst modification via partial metal substitution,
introduction of support and surface pre-treatment and reactor designing. Nevertheless, coke
deposition still plays an important role in limiting performance and the increase of the cost
of catalytic reforming.

3. Nonthermal plasma reforming

Nonthermal plasma stands for an alternative to treat GHGs since the driving force of non-
thermal plasma is electronic energy instead of thermal energy. With the existence of exter-
nal electric field, electrons can be accelerated and then collide with gas particles including
CO,, CH,, intermediates, radicals and ions. When energy is transferred from electron to
the above species, chemical reactions take place such as electron impact excitation, dis-
sociation and ionization, Penny ionization and electron attachment. CH, and CO, can be
directly dissociated into smaller fractions when the transferred energy exceeds 8.8 and
4.5 eV, respectively [22, 23]. The dissociated products including methyl radical, methylene,
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Figure 4. Possible reaction mechanisms in a nonthermal plasma reactor [24].

oxygen and hydrogen radical can further react with each other to form H,, CO and other
byproducts, e.g. ethylene, water vapor and methanol. Figure 4 depicts possible reaction
routes for nonthermal plasma reforming [24]. CH, can be dissociated into various radicals,
depending on how much energy is transferred from electron. On the other hand, CO, can
also be dissociated into CO and O simultaneously. The above reactive species including
radicals, H and O atoms can further react to form hydrocarbon radicals and molecules.
Radicals mentioned beforehand can react with CH, and CO, to enhance their dissociation
rates. It is noted that electrons can react with those particles to dissociate them into smaller
fragments and the more important point is that radicals are unstable to have high activity
toward other particles.

Actually, direct dissociation of CO,/CH, is difficult to take place in nonthermal plasma due to
high energy demand. In terms of CO,, vibrational excited and electron excited CO, are more
easily generated and participate in DRM since the energy required for excitation is lower than
CQ, dissociation. Those excited CO, possess higher energy, thus, energy required to generate
CO, O, CO," and O," can be reduced as illustrated in Figure 5. In terms of CH,, CH_(x =1-3)
radicals especially CH, (methyl radical) and CH, (methylene) are formed with different lev-
els. These species are unstable and tend to react with other species [26]. When two or more
radicals react with each other, higher hydrocarbons can be generated [25]. For example, when
two CH," radicals react with each other, ethane can be formed as illustrated in Figure 6 [27].
From the perspective of DRM, hydrocarbons are byproducts since the purpose of DRM is to
generate syngas. However, this process can be useful for generating hydrocarbons, such as
plasma polymerization [28].
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4. Hybrid plasma catalysis

Combining nonthermal plasma with catalyst to form a hybrid system is expected to solve the
obstacles of catalysis and nonthermal plasma due to the induction of various interactions.
Figure 7 shows a conventional plasma catalysis reactor, catalyst is placed inside the discharge
region of plasma reactor [29]. With this manner of reactor designing, various interactions can be
induced to enhance the performance of reforming. Up to date, many interactions are discovered
while some synergies are still vague. Many works are focusing on elucidation of synergies of
plasma-catalysis interactions including experimental and simulation studies. Currently, those
known interactions can be divided into two categories: plasma influencing catalyst and catalyst
influencing plasma. Some interactions have positive effects on DRM, thus some researches are
dedicated to modify those synergies. Those synergies will be briefly introduced below.

4.1. Plasma influencing catalyst

During discharge, a large amount of particles including electrons, ions, intermediates, excited
species and radicals are generated. These particles may collide with catalyst and some energy

91
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Figure 7. Schematic representation of the catalyst-packed dielectric barrier discharge reactor [29].

can be transferred onto catalyst surface. The most important part of transferred energy is
thermal energy. Thermal energy can be transferred from electrons to particles on catalyst sur-
face to heat up the particle, forming a hot spot, as shown in Figure 8. It is observed that with
the packing of catalyst on the electrode, the surface temperature of electrode is increased since
catalyst can absorb thermal energy transferred from particles [30]. As a result, catalytic reform-
ing may take place on catalyst surface if local temperature (hot spot) exceeds the temperature
required for catalysis. Next, local high temperature may induce restructuring of metal oxide
clusters since their internal energy is increased. The result is that physicochemical properties of
catalyst can be altered during reforming, such as particle size, pore structure, valence of metal,
metal-support interactions, surface area, surface free energy, surface acidity/basicity and oxy-
gen vacancy. In terms of catalysis, the above characteristics influence its catalytic activity well:
firstly, particle size influences adsorption heat and thus adsorption and desorption rate are fur-
ther changed. Electron bombardments can result in smaller average metal cluster size (Figure 9)
and adsorption heat between CO,/CH, and catalyst and further enhance CO,/CH, adsorption
and H,/CO desorption rate [31]. Secondly, pore structure also affects CO,/CH, adsorption on
surface and inside pores. Larger pore size may be feasible for reforming since the resistance of
diffusion can be lower and leads to better desorption. However, the relationship between pore
size and operating parameter of nonthermal plasma is still unclear, thus, how to control the
pore size remains a challenging task [32]. Thirdly, larger surface area and density of oxygen

45°C
40

35

25

Figure 8. Absolute temperature distribution in a DBD, showing the occurrence of surface hot spots [30].
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Figure 9. Particle size distribution achieved with TEM of (a) Plasma treated Ni/MgO and (b) conventional Ni/MgO
catalysts [31].

vacancy are beneficial toward DRM since the former provides more adsorption sites and the
latter provides more oxidizing agent [33]. Moreover, electron and ion bombardments can alter
the chemical bonding between metal and oxygen, hence, density of oxygen in catalyst lattice can
be increased. Fourthly, nonthermal plasma can affect the surface acidity/basicity since acidic
and basic active species can be generated and then collide with catalyst. For catalytic reform-
ing, surface acidity plays an important role since adsorbed CO, is acidic. In other words, cata-
lyst possesses surface basicity are favorable for CO, adsorption and further dissociation [34].
Lastly, nonthermal plasma generates various stable and active species. Those active species
can react with other species or can be adsorbed on catalyst surface, as presented in Figure 10.
In plasma catalysis system, alternate reaction routes are provided since various active species
are generated. Active species such as ions, radicals and electrons can be adsorbed to react
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Figure 10. Three key steps in (a) thermal catalysis and (b) plasma-catalysis [10].
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with other active species or can react with adsorbed species directly without prior adsorption.
Hence, DRM does not necessarily follow L-H mechanism, which requires both two reactants are
adsorbed on catalyst surface. In summary, nonthermal plasma can be applied for catalyst modi-
fication due to its capability to improve the physicochemical properties of catalyst. Also, non-
thermal plasma can be combined with catalyst and the dissipated energy during discharge can
possibly induce catalytic reforming. The most important advantage is that nonthermal plasma
provides more reaction routes and more active species participating in DRM.

4.2. Catalyst influencing plasma

Packing catalyst into discharge region can affect plasma properties including electric field,
electron density and energy distribution. Most of catalysts are dielectrics, which can be polar-
ized to form electric dipole, i.e. surface electric potential. Electric potential can further interact
with external electric field, electron and other charged particles. Thus, discharge behavior of
plasma is influenced by the existence of catalyst and its dielectric constant. Figure 11 shows
the dependence of deposited power, current density and electron temperature on the dielec-
tric constant (¢ ) of packing catalyst [35]. Since the catalyst with a higher dielectric constant
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Figure 11. Simulation results of (a) time averaged input power, (b) time averaged discharge current and (c) time- and
space-averaged electron temperature as a function of applied voltage for various pellet dielectric constant [35].
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leads to higher polarization, plasma catalysis reactor with the catalyst possessing a higher
dielectric constant has higher deposited energy, current density and electron temperature.

Catalysts generally possess various types of pores, e.g. micropore or macropore, the geometry and
distribution of pores can also influence discharge properties. Local discharge may take place inside the
pore if the size of pore is appropriate (larger than Debye’s length), which is called microdischarge. Once
discharge takes place inside the pore, species adsorbed inside the pore can be dissociated or excited
into smaller fragments or active species to further provide alternative routes for CO,/CH, reforming.

During discharge, photons can be generated via excitation-relaxation. Photons may be
absorbed by catalyst if the catalyst possesses a band structure similar to photocatalyst, i.e. a
valence band (VB) and a conduction band (CB). The photons with kinetic energy higher or
equal to the gap between VB and CV can transfer its energy to catalyst to activate electron
near VB edge to CB and leave a hole in VB. Hence, electron-hole pair is formed at CB and VB,
respectively. Electron at CB can induce reduction of CO, into CO, and electron hole at VB can
oxidize CH, into CO and H, as indicated in Figure 12 [36]. As a result, syngas generation can
be enhanced if photocatalytic conversion of CO,/CH, can be activated. Unfortunately, pho-
tocatalysis has an important obstacle: recombination of electron-hole pair. Excited electron
at CB is very stable and tends to return to VB, which is recombination of electron-hole pair.
Recombination leads to lower energy utilization rate, as a result, how to reduce recombination
rate is essential.
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Figure 12. Mechanism and pathways for photocatalytic oxidation and reduction processes on the surface of heterogeneous
photocatalyst [36].
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Chung and Chang (2016) combined BaZr, Ti, O, (BZT) catalyst (particle size ranging from
210 to 420 um) and spark plasma reactor to form a hybrid system [37]. Results show that
packing catalyst BZT into discharge region can increase electric field and current density,
indicating that more kinetic electrons are generated in hybrid reactor. CO, and CH, conver-
sions can be enhanced since the energy and amount of free electrons are increased, as shown
in Figure 13 [37]. Next, the selectivities of H, and CO are also increased after packing BZT, and
this can be attributed to the fact that catalyst provides formation site for H, and CO. Last, in
terms of energy efficiency (moles of syngas generated per kilowatt-hour input), packing BZT
into plasma reactor leads to higher energy consumption, thus, the energy efficiency achieved
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Figure 14. Energy efficiencies achieved with various reactors [37].
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with the hybrid reactor is not necessarily higher than plasma reactor at a low reactant feeding
rate. Increasing feeding rate can result in higher energy utilization rate to generate syngas and
further enhance synergies between plasma and catalyst as shown in Figure 14 [37].

Overall, interactions between nonthermal plasma and catalysis are presented in Figure 15.
Since electrons can be generated via nonthermal plasma to attain high kinetic energy. Energetic
electrons can hit on catalyst surface to transfer energy and further influence the physicochemi-
cal properties of catalyst including particle size, surface area and pore structure. On the other
hand, packing catalyst into plasma reactor can alter discharge behavior of plasma, depending
on electrical and geometrical properties of catalyst. However, there remains unclear synergies
and requires more works to discover and elucidate detailed interactions.

5. Conclusions

Catalysis and nonthermal plasma are two efficient approaches to generate syngas from
CO, and CH,. Catalytic conversion of CO, and CH, follows the mechanism of L-H mecha-
nism and CO desorption is the rate-determining step. Coke formation via multiple routes
is the most important obstacle to limit the application of catalytic reforming. On the other
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hand, nonthermal plasma provides an alternative reaction mechanism to convert CO,
and CH,. During discharge, various active species can be generated to dissociate CO,
and CH,, including free electron, radicals and vibrational excited species. However, the
above phenomenon leads to byproducts formation that reduces syngas production rate.
Combining catalyst and nonthermal plasma to form a hybrid system is a promising way
to enhance converting efficiency of CO, and CH, into syngas, since various interactions
can be induced in the hybrid system. The form and the degree of interactions depend on
properties of catalyst, nonthermal plasma and the way of combination. Hence, properties
of catalyst and nonthermal plasma should be taken into account when designing a hybrid
system. For catalyst, surface structure, band structure, thermal stability, catalytic activ-
ity and dielectric constant are important. In other words, temperature, electron density
and energy are key factors to be considered. Even though detailed synergistic effects are
unknown, the development of plasma catalysis system is optimistic for the future applica-
tion on DRM.

Author details

Wei Chieh Chung and Moo Been Chang?*
*Address all correspondence to: mbchang@ncuen.ncu.edu.tw

Graduate Institute of Environmental Engineering, National Central University,
Taoyuan City, Taiwan

References

[1] Pakhare D, Spivey ]. A review of dry (CO,) reforming of methane over noble metal cata-
lysts. Chemical Society Reviews. 2014;43:7813-7837. DOI: 10.1039/c3cs60395d

[2] Bian ZF, Das S, Wai MH, Hongmanorom P, Kawi S. A review on bimetallic Ni-based
catalysts for CO, reforming of methane. ChemPhysChem. 2017;18(22):3117-3134.

[3] Budiman AH, Song SH, Chang TS, Shin CH, Choi M]. Dry reforming of methane over
cobalt catalysts: A literature review of catalyst development. Catalysis Surveys from
Asia. 2012;16:183-197. DOI: 10.1007/s10563-012-9143-2

[4] Nair MM, Kaliaguine S. Structured catalysts for dry reforming of methane. New Journal
of Chemistry. 2016,40:40494060. DOI: 10.1039/c5nj03268g

[5] Batiot-Dupeyrat C. Dry reforming of methane. In: Granger P, Parvulescu VI, Parvulescu VI,
Prellier W, editors. Perovskites and Related Mixed Oxides Concepts and Applications.
Weinheim, Germany: Wiley-VCH Verlag GmbH & Co; 2015. pp. 501-516. DOI: 10.1002/
9783527686605.ch22



[6]

[7]

%]

(10]

[11]

[12]

[13]

(14]

[15]

[16]

CO, Reforming with CH, via Plasma Catalysis System
http://dx.doi.org/10.5772/intechopen.73579

Wolfbeisser A, Sophiphun O, Bernardi J, Wittayakun ], Fottinger K, Rupprechter G.
Methane dry reforming over ceria-zirconia supported Ni catalysts. Catalysis Today.
2016;277(2):234-245. DOI: 10.1016/j.cattod.2016.04.0255u

Su Y], Pan KL, Chang MB. Modifying perovskite-type oxide catalyst LaNiO, with Ce
for carbon dioxide reforming of methane. International Journal of Hydrogen Energy.
2014;39:4917-4925. DOI: 10.1016/j.ijhydene.2014.01.077

Mao SY, Tan ZX, Zhang LM, Huang QY. Plasma-assisted biogas reforming to syngas
at room temperature condition. Journal of the Energy Institute. Forthcoming. DOI: 10.
1016/.joei.2017.01.003

Snoeckx R, Heijkers S, Wesenbeeck KV, Lenaerts S, Bogaerts A. CO, conversion in a
dielectric barrier discharge plasma: N, in the mix as a helping hand or problematic
impurity?. Energy & Environmental Science. 2016;9:999-1011. DOI: 10.1039/c5ee03304g

Kim HH, Teramoto Y, Negish N, Ogata A. A multidisciplinary approach to under-
stand the interactions of nonthermal plasma and catalyst: A review. Catalysis Today
2015;256:13-22. DOL: 10.1016/j.cattod.2015.04.009

Chen HL, Lee HM, Chen SH, Chao Y, Chang MB. Review of plasma catalysis on hydro-
carbon reforming for hydrogen production — Interaction, integration, and prospects.
Applied Catalysis B: Environmental. 2008;85:1-9. DOI: 10.1016/j.apcatb.2008.06.021

Chen HL, Lee HM, Chen SH, Chang MB. Review of packed-bed plasma reactor for ozone
generation and air pollution control. Industrial and Engineering Chemistry Research.
2008;47:2122-2130. DOI: 10.1021/ie071411s

Chen HL, Lee HM, Chen SH, Chang MB, Yu 5], Li SN. Removal of volatile organic
compounds by single-stage and two-stage plasma catalysis systems: A review of the
performance enhancement mechanisms, current status, and suitable applications.
Environmental Science & Technology. 2009;43:2216-2227. DOI: 10.1021/es802679b

Pakhare D, Shaw C, Haynes D, Shekhawat D, Spivey J. Effect of reaction temperature on
activity of Pt- and Ru-substituted lanthanum zirconate pyrochlores (La,Zr,0,) for dry
(CO,) reforming of methane (DRM). Journal of CO, Utilization. 2013;1:37-42. DOI: doi.org/
10.1016/j.jcou.2013.04.001

Carrara C, Munera ], Lombardo EA, Cornaglia LM. Kinetic and stability studies of Ru/
La,O, used in the dry reforming of methane. Topics in Catalysis. 2008;51:98-106. DOIL:
10.1007/s11244-008-9131-y

Jones G, Jakobsen JG, Shim SS, Kleis J, Andersson MP, Rossmeisl J, Abild-Pedersen F,
Bligaard T, Helveg S, Hinnemann B, Rostrup-Nielsen JR, Chorkendorff I, Sehested J,
Norskov JK. First principles calculations and experimental insight into methane steam
reforming over transition metal catalysts. Journal of Catalysis. 2008;259(1):147-160. DOI:
10.1016/j.jcat.2008.08.003

99



100 Carbon Dioxide Chemistry, Capture and Qil Recovery

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

Cheng CK, Chan HJ. Potential of empty fruit bunch clinker as a support for nickel and
cobalt catalysts in methane dry reforming: Waste to wealth approach. Journal of the
Taiwan Institute of Chemical Engineers. 2016;62:76-83

Budiman AW, Song SH, Chang TS, Shin CH, Choi MJ. Dry reforming of methane over
cobalt catalysts: A literature review of catalyst development. Catalysis Surveys from
Asia. 2012;16:83-97. DOI: 10.1007/510563-012-9143-2

Kamal MS, Hossain M, Razzak SA. Catalytic oxidation of volatile organic compounds
(VOCs) — A review. Atmospheric Environment. 2016,140:117-134. DOI: 10.1016/j.atmosenv.
2016.05.031

Kim HY, Park JN, Henkelman G, Kim JM. Design of a highly nanodispersed Pd-MgO/
SiO, composite catalyst with multifunctional activity for CH, reforming. ChemSusChem.
2012;5:1474-1481. DOI: 10.1002/cssc.201100798

Arora S, Prasad R. An overview on dry reforming of methane: Strategies to reduce car-
bonaceous deactivation of catalysts. RSC Advances. 2016;6:108668. DOI: 10.1039/c6ra20
450c

Bora B, Soto L. Influence of finite geometrical asymmetry of the electrodes in capacitively
coupled radio frequency plasma. Physics of Plasmas. 2014;21(8):083509. DOI: 10.1063/
1.4893148

Silva T, Britun N, Godfroid T, Snyders R. Optical characterization of a microwave
pulsed discharge used for dissociation of CO,. Plasma Sources Science and Technology.
2014;23(2):025009. DOI: 10.1088/0963-0252/23/2/025009

Winanti WS, Bismo S, Purwanto WW. Carbon dioxide conversion to synthesis gas when
combined with methane using a new designed of non-thermal plasma reactor. Journal
of Environmental Science and Technology 2014;7:226-235. DOI: 10.3923/jest.2014.226.235

de la Fuente JF, Moreno SH, Stankiewicz Al Stefanidis GD. A new methodology for the
reduction of vibrational kinetics in non-equilibrium microwave plasma: Application to
CO, dissociation. Reaction Chemistry & Engineering 2016;1:540-554. DOI: 10.1039/c6re000
44dKim

Kim HH, Teramoto Y, Ogatal A, Takagil H, Nanba T. Plasma catalysis for environ-
mental treatment and energy applications. Plasma Chemistry and Plasma Processing.
2016;36:45-72. DOI: 10.1007/s11090-015-9652-7

Huang YC, Yu QS, Huang C. The study of creation of polymerizable species in radio
frequency hydrocarbon plasma polymerization in a closed reactor system. Thin Solid
Films. 2016;618(A):213-218. DOI: 10.1016/j.tsf.2016.02.038

Scarduelli G, Guella G, Ascenzi D, Tosi P. Synthesis of liquid organic compounds from
CH, and CO, in a dielectric barrier discharge operating at atmospheric pressure. Plasma
Processes and Polymers. 2011;8:2531. DOI: 10.1002/ppap.201000044



[29]

(30]

[31]

(32]

[33]

[34]

[35]

[36]

[37]

CO, Reforming with CH, via Plasma Catalysis System
http://dx.doi.org/10.5772/intechopen.73579

Mahammadunnisa S, Reddy PMK, Ramaraju B, Subrahmanyam C. Catalytic nonther-
mal plasma reactor for dry reforming of methane. Energy & Fuels. 2013;27:4441-4447.
DOI: 10.1021/ef302193e

Tirumala R, Benard N, Moreau E, Fenot M, Lalizel G, Dorignac E. Temperature charac-
terization of dielectric barrier discharge actuators: Influence of electrical and geomet-
ric parameters. Journal of Physics D: Applied Physics 2014;47(25):255203. DOI: 10.1088/
0022-3727/47/25/255203

Hua W, Jin L], He XF, Liu JH, Hu HQ. Preparation of Ni/MgO catalyst for CO, reform-
ing of methane by dielectric-barrier. Catalysis Communications. 2010;11:968-972. DOI:
10.1016/j.catcom.2010.04.007

Neyts EC, Ostrikov KK, Sunkara MK, Bogaerts A. Plasma catalysis: Synergistic effects at the
nanoscale. Chemical Reviews 2015;115:13408-13446. DOI: 10.1021/acs.chemrev.5b00362

Chung WC, Chang MB. Review of catalysis and plasma performance on dry reform-
ing of CH, and possible synergistic effects. Renewable and Sustainable Energy Reviews.
2016;62:13-31. DOI: 10.1016/j.rser.2016.04.007

LiY, Chu W, Chen C, Hu JY. Preparation of the supported heteropolyacids catalyst by
ultrasound-plasma treatment. Journal of Wuhan University of Technology-Materials
Science Edition. 2008;23(2):234-238. DOI: 10.1007/s11595-006-2234-z

Takaki K, Chang JS. Atmospheric pressure of nitrogen plasmas in a ferroelectric packed
bed barrier discharge reactor. IEEE Transactions on Dielectrics and Electrical Insulation.
2004;11(3):481-490. DOI: 10.1109/TDEI.2004.1306726

Tahir M, Amin NAS. Recycling of carbon dioxide to renewable fuels by photocatalysis:
Prospects and challenges. Renewable and Sustainable Energy Reviews. 2013;25:560-579.
DOI: 10.1016/j.rser.2013.05.027

Chung WC, Chang MB. Dry reforming of methane by combined spark discharge with
a ferroelectric. Energy Conversion and Management. 2016;124:305-314. DOI: 10.1016/j.
enconman.2016.07.023

101






Section 3

Theoretical Approach and Labeling of CO2







Chapter 6

Understanding Interaction Capacity of CO, with
Organic Compounds at Molecular Level: A Theoretical
Approach

Pham Ngoc Khanh and Nguyen Tien Trung

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.71878

Abstract

In this chapter, interactions of CO, with a number of organic compounds at molecu-
lar level are discussed in detail. The naked and substituted hydrocarbons along with
compounds functionalized by hydroxyl, carbonyl, thiocarbonyl, carboxyl, sulfonyl, and
amide groups have attracted much attention as CO,-philic agents. In general, interaction
capacity between the functionalized organic compounds with CO, is stronger than the
hydrocarbon and its derivatives. An addition of more CO, molecules into the interaction
system formed by the functionalized organic compounds and CO, leads to an increase in
the stability of the complexes. The obtained results indicate that t...7 linkages between
CO, and aromatic rings can significantly contribute to the interactions between CO, and
MOF/ZIF materials. Formic acid (HCOOH) is likely to be the most soluble compound as
compared to the remaining host molecules (CH,OH, CH,NH,, HCHO, HCOOCH,, and
CH,COCH,) when dissolved in CO,. The carbonyl (>C=0, >C=S) and sulfonyl (>5=0,
>5=S5) compounds have presented a higher stability, as compared to other functionalized
groups, when they interact with CO,. Therefore, they can be valuable candidates in the
design of CO,-philic materials and in the search of materials to adsorb CO,.

Keywords: supercritical carbon dioxide, Lewis acid-base, hydrogen bond, weak
interaction

1. Introduction

Carbon dioxide (CO,) causes negative effect on global climate due to its “greenhouse effect”
property multiplying by its high level in the atmosphere. Currently, its concentration is
increasing due to the fossil fuels combustion process by human activities [1]. Nevertheless,
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it is usually regarded as an environmentally benign solvent because of its less hazardous
property. Furthermore, it is an attractive solvent owing to the ease of its removal capacity,
abundance, inexpensive, and flexibility of the solvent parameters [2]. Consequently, super-
critical CO, (sc-CO,) is well known as an efficient solvent over conventional organic ones in
many chemical processes, and is expected to be useful in many applications of green chemis-
try such as extraction, separation, chemical reaction, and material processes [3-6]. Recently,
sc-CO, has been employed in direct sol-gel reactions for the synthesis of oxide nanomaterials,
oligomers, and polymers, etc. [7-10]. It is noteworthy that due to a lack of polarity, sc-CO,
is a very feeble solvent for most polar solutes [11]. Nevertheless, due to the possession of a
substantial quadrupole moment and a polar C=0 bond, the majority of materials attached
by carbonyl functional or fluoride groups are soluble in sc-CO,. In the context, continuing
efforts have been reported for the purpose of enhancement in applicability of sc-CO, solvent
through the use of “CO,-philes”, which makes insoluble or poorly soluble materials becom-
ing more soluble in sc-CO, at an acceptable level of low temperature and pressure conditions
[3, 12]. Experimental works have aimed at better understanding of behavior of the sc-CO, as
solvent for organic compounds [13-18]. It might be assumed that CO, is a green yet feeble
solvent because its full potential could not be realized without a thorough understanding of
its solvent behavior at molecular level. Accordingly, numerous results on the CO,-philes have
been reported during the 1990s [19, 20]. These CO,_-philes are less favorable and effective both
economically and environmentally because most of them are fluorinated polymers. Thus, in
attempts to avoid expensive cost and environmental impacts of the fluorous materials, during
the last three decades, large-scale studies have focused on the design of nonfluorous CO,-
philes, specifically hydrocarbon-based and oxygenated hydrocarbon-based polymers [21, 22].
In 1996, Kazarian et al. discovered the formation of Lewis acid-base (LA-LB) type of inter-
action between CO, with the O atom of a number of carbonyl compounds (>C=0) for the
first time [23]. Soon later, Beckman et al. successfully synthesized copolymer of nonfluorous-
ete-carbonate in sc-CO, at low pressure [21]. Interaction of CO, with delocalized 7 aromatic
systems in the gas phase have been theoretically studied for the purpose of ranking in a data-
base of a large variety of organic ligands, which would be valuable candidates for design-
ing new metal-organic framework materials with enhanced affinity for CO, adsorption at
low pressure. Accordingly, some extensive studies have been reported on the interactions of
CO, with mt-systems at level of theory and experiment [24-29]. In recent years, interactions of
simple functionalized organic molecules, including CH,OH, CH,CH,OH [30-32], CH,OCH,,
CH,OCH,CH,OCH, [33-35], HCHO, CH,CHO, CH,COOCH,, CH,COCH,, CH,COOH [36-
41], and XCHZ (X =CH,, H, F, Cl, Br; Z= O, S) [42] CH,SZCH, (Z = O, S) [43] with CO, have
been carried out using quantum chemical methods. Today, the interest in CO, computational
chemistry is the interaction capacity of a solute molecule surrounded by a number of CO,
molecules. Despite the fact that numerous studies have been performed, a full understanding
of the CO, characteristics as a solvent remains a challenging task [1]. It is therefore clear that
we need more systematic studies to gain a better understanding on the nature of the interac-
tions involved, rather than considering the origin for a few disparate systems. Furthermore,
there is also a great interest in deep understanding of the origin of the interactions between
different types of organic compounds with CO, at molecular level for an effective use of CO,
in different states.
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This chapter focuses on evaluating interaction capacity of CO, with model organic compounds
at level of molecule using theoretical approaches. Section 2 provides us with a brief summary of
theoretical methods and computational techniques. Section 3 reviews the remarkable results of
the investigation of interactions between CO, with organic compounds and is divided into two
parts: (3.1) interactions of CO, with selected models of saturated and unsaturated hydrocarbons
and their substituted derivatives, and modeled aromatic hydrocarbons; (3.2) interactions of CO,
and modeled organic compounds with different functional groups and their substituted deriva-
tives. Obtained results presented in Section 4 support for the enhancement of sc-CO, solvent
used as a replacement for toxic classical organic solvents in industrial applications. In addition,
the functional groups that present the more stable interaction with CO, at molecular level are
revealed, which could be attached on the surface of materials to absorb and store CO, gas.

2. Computational details

Geometrical parameters of all the considered structures including monomers and complexes
are optimized using suitable quantum-chemical methods such as the molecular orbital theory
(MO) and density functional theory (DFT) and large basis sets, depending on investigated sys-
tems, such as 6-311++G(2d,2p), 6-311++G(3df,2pd), aug-cc-pVDZ, aug-cc-pVTZ, which have suc-
ceeded in investigating noncovalent interactions, especially hydrogen bonds [44, 45]. Harmonic
vibrational frequencies are subsequently calculated at investigated level of theory to ensure that
the optimized structures are local minima on the potential energy surfaces, and to estimate their
zero-point energy (ZPE). The stabilization energy of each complex is calculated using the super-
molecular method as the difference in total energies between that of each complex and the sum
of the relevant monomers at the selected level of theory. The interaction energy is corrected by
zero-point energy (ZPE) and basis set superposition errors (BSSE). The latter is computed using
the function counterpoise procedure of Boys and Bernardi [46]. The “atoms-in-molecules” (AIM)
[47] analyses are applied to identify critical points and to calculate their characteristics including
electron density (p(r)), Laplacian, electron potential and kinetic energy density, and total energy
density. The GenNBO 5.G program [48] is used to perform NBO calculations, which is exten-
sively applied to investigate chemical essences of hydrogen bonds and other weak interaction,
and can provide information about natural hybrid orbitals, natural bond orbitals, natural popu-
lation, occupancies in NBOs, hyperconjugation energies, rehybridization, and repolarization.

3. Interaction capacity of CO, with organic compounds

3.1. Interaction of CO, with model hydrocarbons

3.1.1. Interaction of CO, with saturated hydrocarbons and their substituted derivatives

Saturated hydrocarbons are a primary energy source for our civilization. Fluorocarbons have
been currently used as CO,-philic functionalities in many potential applications of chemistry
utilizing liquid and supercritical CO, as a “green” alternative to conventional organic solvents
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for chemical processes [20, 49-52]. The miscibility and dissolution of organic molecules in
sc-CO, generally increase when the hydrogen atoms in molecules are substituted by fluorine
atoms [49, 53]. It is crucial, therefore, to investigate interaction of CO, with saturated hydro-
carbons and its substituted derivatives. A study [54] on density-dependent 'H and YFNMR
chemical shift of hydrocarbons and fluorocarbons in sc-CO, pointed out that there is a dis-
tinct difference in the chemical shift changes, as a function of density, for the two nuclei. In
addition, the authors suggested a specific interaction of type “solute-solvent” in the system
formed by the fluorocarbons and CO,, and a site specificity for the ’F shifts due to the surface
accessibility of the individual fluorine atoms. In 1996, interactions between CO, with ethane
(C,H,) and hexafluoroethane (C,F,), in particular the (CO,) -+-C,H, and (CO,) -CF, interac-
tions, with n = 1-4, were examined using restricted Hartree-Fock method [55]. The interaction
energy for the CO,-C,F, complex was calculated to be -3.35 k].mol™, while it was —1.26 kJ.
mol™ for the CO,C,H, complex, indicating that the interaction of CO, with C,F, is stronger
than that with C,H,. The obtained results showed key differences between the interaction of
hydrocarbons and fluorocarbons with CO,. The interaction of the fluorocarbon with CO, is
predominantly electrostatic in nature. Thus, the positively charged carbon atom in CO, has a
strong attraction with the negatively charged fluorine atoms of the fluorocarbons, resulting
in a favorable binding energy of 3.14-3.35 k].mol™ for each CO, molecule in the first solvent
shell. The interaction of CO, with hydrocarbons is quite weak due to the noble nature of the
hydrocarbons molecule. Nevertheless, Han and Jeong [56] pointed out that the results in Ref.
[55] were incorrect because the calculations for interaction energy of the complexes were not
corrected by the basis set superposition error.

In 1998, interactions of CO, with small hydrocarbons (CH, and C,H,) and fluorocarbons (CF,
and CF ) were reinvestigated using second-order many-body perturbation theory (MP2)
methods by Diep et al. [57]. These authors surprisingly did not find any enhanced attraction
between CO, and perfluorocarbons relative to the analogous hydrocarbons as in the pub-
lication of Cece et al. [55]. On the contrary, interaction energies of the obtained complexes
range from -3.31 to —4.90 k].mol™, in which the interaction energies are slightly more nega-
tive for the CO,-hydrocarbon complexes than for the corresponding CO,-perfluorocarbon
ones, suggesting that the interaction capacity of CO, and hydrocarbons is stronger than
that of fluorocarbons and CO,. Yonker and Palmer [58] studied the nuclear shielding of 'H
and "F nuclei in CH,F and CHF, by NMR and molecular dynamics simulations. Obtained
results showed that there is no distinct or specific interaction between fluoromethane and
CQ,. A various work by Yee et al. [59] reported that the polarizability of CF, and C,F,, which

27 ¢
is derived from dielectric constant measurement, is larger than that of CH, and C,H,, and
noted that this reason should result in a proportional difference in the magnitude of the
interaction between the induced dipoles. Consequently, they suggested that the repulsion
of CO, is greater for CF, than for CH,. However, Diep et al. [57] argued that only the elec-
tronic component of the total polarizability cited by Yee et al. [59] is the adequate reason
for the induced dipole-induced dipole interactions between the molecules. They showed
that the electronic polarizability is comparable between the perfluorocarbons and the alike
hydrocarbons. The CO,-philicity of fluorinated compounds with varying numbers of fluo-

rine atoms in the system was investigated by Wallen et al. [60]. By using correlated ab-initio
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calculations and studying effect of stepwise substitution of H atom of methane by fluorine,
the authors explored origin of fluorocarbon and hydrocarbon interactions with CO,. The
results suggested an optimum density of fluorine atoms that can be viewed as a maximum
CO,-philicity, and CO, molecule plays both weak Lewis acid and base in these systems. In
this work, the authors suggested the fundamentally different nature of interaction between
CO,fluorocarbon and CO,-hydrocarbon, in spite of comparable interaction energy. For
complexes formed by fluorocarbons and CO,, their stability is contributed by interaction of
carbon in CO, and fluorine in fluorocarbons, while the stability of complexes of hydrocar-
bons and CQO, is thanks to two oxygen of CO,. It should be noteworthy that the stability of
complex is also contributed by the C—H--O weak hydrogen. In summary, these molecular
modeling computations have shed some light on the interaction of hydrocarbons and fluo-
rocarbons with CO,, which may help to explain the difference in solubility of various satu-
rated hydrocarbons and their substituted derivatives in sc-CO,.

3.1.2. Interaction of CO, with unsaturated hydrocarbons and its substituted derivatives

Unsaturated hydrocarbons is one of the most important classes of materials for synthesiz-
ing polymers; and sc-CO, has been seen as a good solvent for this kind of synthesis. In 2009,
interaction between C,H, with CO, was investigated by Alkorta et al. [61] and interaction
energy was evaluated to be ca. -4.70 k].mol™" at M05-2x/6-311++G(d,p) and -5.99 k].mol ™ at
MP2/aug-cc-pVTZ, implying that the complex C,H,~CQO, is stable on the potential energy
surface. The stability of complex is determined by weak C:-C interaction and is confirmed
by AIM and NBO analyses. Indeed, AIM analysis shows the presence of this intermolecular
contact owing to the values of electron density (p(r)) and Laplacian (Vp(r)) at its BCP to be
0.0067 and 0.0246 au. Furthermore, the NBO analysis also indicates that upon complexation
the electron-rich carbon atom of CO, transfers electrons to the anti-bonding orbital of C,H,
having electron-poor carbon atoms. In order to understand deeply origin of interaction of
unsaturated hydrocarbons with CO,, the complexes of C,H, and CO, were investigated by
our group in 2016 [1]. It is remarkable that the interaction energies corrected by both ZPE and
BSSE for the C,H,--CO, complexes are in the range from -1.1 to —4.9 k].mol™. The most stable
structure of C,H,-~-CQO, is in line with the report by Miller et al. that CO,’s main axis parallels
the plane of C,H,, but is not parallel to its C—C axis [62]. Obtained results showed that the
p-m* and 7--m* interactions play more important role than the C—H--O hydrogen bond in
stabilizing the C,H,-CO, complexes. Remarkably, contribution of the m-7* interaction to
stabilization of the complex formed by CO,-philic compounds and CO, has been observed for
the first time in this literature. The stability of complex C,H,-CO, (-4.9 k].mol™) is more stable
than the complexes of interaction between CO, with hydrocarbons and fluorinated hydrocar-
bons such as CH,, CH,, CF,, C,F, (from -3.7 to —4.9 k].mol™ at the MP2/aug-cc-pVDZ) [56, 57,
61]. This review indicates that interaction capacity of CO, with unsaturated hydrocarbons is
stronger than that of CO, with saturated hydrocarbons.

Our group [1] continued to investigate the interactions of the 1,2-dihalogenated derivatives of
ethylene (XCH=CHX) with CO, in order to evaluate the substituent effects on the interactions.
Six stable shapes of the optimized structures of XCH=CHX--CO, (X =F, Cl and Br) at the MP2/
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aug-cc-pVDZ level are showed in Figure 1, which are denoted hereafter by C1X, C2X and C3X
for cis-XCH=CHX:-CQ, pairs, and T1X, T2X and T3X for trans-XCH=CHX:--CO, pairs.

The obtained results showed that stability of the complexes C1X and C3X is determined by
the C—H:--O hydrogen bonded interaction, whereas the presence of both the C—H-:O hydro-
gen bond and C—X--C Lewis acid-base interaction leads to stabilization of the complexes
C2X, T1X and T2X. For T3X, their stability is induced by a p--n* interaction from the lone
pair n(O) to the *(C=C) orbital and a m--7* interaction from MO-r(C=0) to MO-7*(C=C)
orbital. The two H atoms in C,H, substituted by two alike halogen atoms X results in an
additional presence of C—X--C Lewis acid-base interaction, thus contributing supplemen-
tary to the stabilization of the investigated complexes. In general, the cis-XCH=CHX:--CO,
complexes are more stable than the trans counterparts. In addition, CH,CH,-CO, is less
stable than both trans-XCH=CHX--CO, and cis-XCH=CHX:-CO,. Thus, the interaction
energies with both ZPE and BSSE corrections are calculated to be from -1.7 to -7.5 k].mol™
for cis-XCH=CHX--CO, and from -4.4 to —6.8 k].mol™ for trans-XCH=CHX:--CO,. Hence
replacement of the two H atoms in CH,=CH, by the same halogen atoms actually increases
the stability of complexes formed by interaction of XCH=CHX with CO, and causes a
decrease of the role of the rt---7* interaction in stabilization of the parent C,H,--CO, complex
in comparison with the XCH=CHX:--CO, ones.

a) cis-XCH=CHX:--CO, complexes

"HNNH-‘-
T2X

Figure 1. The stable geometries of the complexes of CO, and XCH=CHX derivatives (X = F, Cl, and Br). (a) cis-
XCH=CHX:CO, complexes, (b) trans-XCH=CHX--CO, complexes.
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3.1.3. Interaction of CO, with some model aromatic hydrocarbons

Key aromatic hydrocarbons of commercial interests such as benzene, toluene, and xylene play
a key role in the biochemistry of all living things. They are used to produce a range of impor-
tant chemicals and polymers. In 2009, interactions between CO, and a large number of func-
tionalized aromatic molecules were investigated by means of using density functional theory
by Torrisi et al. [24] with the aim of ranking a large variety of organic ligands in a database,
which could be suitable candidates for designing new metal organic framework materials
with enhanced CO, adsorption capacity at ambient pressure. Two groups of substituted ben-
zene derivatives including the electron-withdrawing halogen groups (tetrafluoro-, chloro-,
bromo-, and dibromobenzene) and methyl electron donor (mono-, di-, and tetramethylben-
zene) were considered since these substituents are very common components of aromatic
ligands in MOF,. The results of interaction energy showed that halogen substitution causes
relatively strong destabilization of complexes formed, which is increased with number of
substituting groups, and thus reduces the magnitude of the aromatic ring adsorption toward
CQO,. Nevertheless, a decrease of electron density of the aromatic ring induces an increase
in acidity for some of the aromatic hydrogen atoms, which helps weak hydrogen bond-like
interactions of these hydrogen atoms with oxygen atom of CO, formed. On the other hand,
substitution of hydrogen atom in aromatic ring by methyl group clearly strengthens its inter-
action capacity with CO,, which is usually very accessible on the internal surface of a MOF
cavity, and hence it can be seen as a promising way to enhance the CO, affinity of the MOF,
in which tetramethyl substitution manifests a maximum advantage of this particular class of
ligand.

In 2013, Chen et al., by using high-level ab initio methods, suggested the 77t interaction between
CO, and three aromatic molecules, namely benzene (C.H,), pyridine (CCHN), and pyrrole
(C,H,N), which serve as common functional groups in metal-organic/zeoliticimidazolate frame-
work materials [63]. The interaction energies for the complexes of CO, with aromatic hydro-
carbons calculated at MP2/aug-cc-pVTZ are in the range from —11.9 to -15.4 k].mol”, which
are twice more negative than the most stable complex of the C H,--CO, system (-4.9 k].mol™" at
CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVDZ level). This result implies that interaction capacity
of CO, with aromatic hydrocarbons is stronger than that of CO, with unsaturated hydrocar-
bons. These authors also optimized the side-on structures of all possible complexes to compare
the interaction strength of side-on configurations and -7t top-on configurations. This work
obtained the three most-stable side-on configurations, specifically S-C.H,CO,, S-CH.N--CO,,
and S-C H.N--CO,, as illustrated in Figure 2.

The side-on interaction is significantly weaker than the 77 interaction in CH,CO, and
C,H,N--CO, pairs. On the contrary, for the CHN--CO, pair the 77 interaction [-11.6 k].mol™
for T-C.H.N--CO,(N) and -11.5 k].mol™ for TC.H,N---CO,(C)] is weaker than the side-on interac-
tion (-18.0 k].mol™"). The obtained results showed that the EDA-type interactions are not avail-
able in real MOF/ZIF materials because the central cationic metal of MOF/ZIF materials is linked
to the exposed aromatic N atom of the EDA-type interaction in S-C.H.N--CO,. In short, the
results indicate that 77t interaction between CO, and aromatic rings can significantly contrib-
ute to the interactions between CO, and MOFs/ZIFs.
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§-CiHyCO, §-CHeN-C O,

2.20A [V x )]

02T a
S5-C.H:N-CO,

Figure 2. Optimized structures of S—C6H5~-~COZ, S—C5H5N~~~COZ, and S—C4H5N~~COZ.

3.1.4. Concluding remarks on interaction of CO, with model hydrocarbons

Interactions of CO, with model hydrocarbons including saturated, unsaturated, aromatic
hydrocarbons and theirs substituted derivatives were investigated using high-level ab initio
methods. In general, the strength of the complexes increases in going from the interaction of
the saturated hydrocarbons with carbon dioxide to unsaturated hydrocarbons with carbon
dioxide and finally to the parent aromatic hydrocarbons with carbon dioxide. The stability of
the obtained complexes is determined by the C—H:-O hydrogen bonded interaction, C—X:---C
Lewis acid-base interaction, rt+-m, p--t* and m---7t* interactions. The contribution of the t---rt*
interaction to the formation of the complexes between CO,-philic compounds and CO, has
been observed. The r+-t interactions were significantly stronger than the side-on hydrogen-
bond interactions but weaker than EDA-type interaction. The 77 interactions can signifi-
cantly contribute to adsorption of CO, in practical applications. Consequently, approach
to the increase in the aromaticity of the linker should be an effective way with purpose of
increasing the CO, adsorption in MOF/ZIF materials.

3.2. Interaction of CO, with model functionalized organic compounds and their
substituted derivatives

3.2.1. Interaction of CO, with model functionalized organic compounds

Up to now, a large number of complexes for interactions of CO, with simple function-
alized organic molecules have been studied using quantum chemical methods [33-43].
In more recent investigations, the Lewis acid-base interaction between CO, and some
carbonyl-functionalized compounds has been reported [34, 44, 64-67]. The existence of
the C—H---O hydrogen bond in complexes was confirmed clearly by Wallen et al. [38, 39,
60]. However, it is necessary to perform systematic studies to elucidate the nature of the
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interactions formed in complexes, rather than considering the results obtained from few
specific systems. We investigated complexes of CO, and some typically functionalized
organic molecules such as methanol (CH,OH), methylamine (CH,NH,), formaldehyde
(HCHO), formic acid (HCOOH), dimethylether (CH,OCH,), acetone (CH,COCH,) and
methyl formate (HCOOCH,) [40] Obtained results showed that the Lewis acid-base inter-
action such as C—N---C(CO,), C=0--C(CO,) plays a more dominant role compared to the
C—H:--O blue-shifting hydrogen bond in stabilizing most of the complexes. However, the
stability of the HCOOH:--CO, pair is mainly determined by O—H:--O red-shifting hydro-
gen bond. All interaction energies are significantly negative, indicating that obtained
complexes are quite stable. Particularly, the interaction energies with both ZPE and BSSE
corrections are in the range from -3.3 to —14.2 k].mol™', in which the HCOOH---CO, pair
is the most stable, whereas the weakest one is the HCHO--CO, pair. As a consequence,
solubility of HCOOH in sc-CO, is likely to be the largest in all the considered compounds.
The interaction energies of some considered complexes are more negative than the values
reported in the previous works [35, 64]. Thus, for the pair (CH,OH, CO,), its interaction
energy of —13.3 k].mol™" with only ZPE correction, and -11.4 k].mol™ with both ZPE and
BSSE corrections is more negative than that of —11.3 k].mol™ obtained with only BSSE
correction at the MP2/aug-cc-pVTZ level [64]. Another example is that the BSSE corrected
interaction energy of the CH,OCH,--CO, pair was computed to be —13.1 k].mol™ at the
MP2/6-311++G(2d,2p)//MP2/6-311++G(d,p) level [35] while it is -13.7 kJ.mol™ with ZPE
and BSSE corrections, and -16.3 k].mol™ with only ZPE correction in the present work.

In 2011, our group investigated the interactions of CO, with substituted derivatives of formal-
dehyde and thioformaldehyde [42]. The interaction energies (with ZPE and BSSE corrections)
of -10.5 k].mol™" for CH,CHO--CO, and -9.1 k].mol™ for CH,CHS--CO, are more negative
than for complexes of HCHO--CO, and HCHS:-CO,, respectively. The obtained results sup-
ported that both O and S atoms act as Lewis bases and the >C=X (X = O, S) groups should
be considered as potential candidates for the design of CO,-philic materials. The interactions
between carbonyl compounds and CO, are stronger than those of fluorocarbons and fluoro-
carbonyl compounds. Obtained results suggested that the Lewis acid-base and hydrogen
bonded interactions should be the key factors in governing the solubility of isolated mono-
mers in sc-CO,, in which the crucial role of the former is suggested. The function of these
interactions in the solvation of >C=0 and >C=S compounds in sc-CO, may be important in
terms of the specific solute-solvent.

In 2014, we investigated the interactions between some carbonyl compounds including
acetone (CH,COCH,) with CO, [41]. Interaction energies of obtained complexes which are
denoted by H1, H2, H3, and H4 at the CCSD(T)/6-311++G(3df,2pd)//MP2/6-311++G(2d,2p)
level are gathered in Table 1. The results indicate that the stability of studied complexes
is contributed by both Lewis acid-base and hydrogen bonded interactions. As shown in
Table 1, the interaction energy for H1 (-10.3 k].mol™) is less negative than that reported
in Ref. [40] (-11.1 kJ.mol™") at CCSD(T)/aug-cc-pVTZ but is more negative than that in Ref.
[64] (-8.8 kJ.mol™") at MP2/aug-cc-pVDZ. Notably, complex H3 is less stable than H1 in
this work, which is different from the results reported by Ruiz-Lopez et al [68]. By using
the levels of theory MP2/aug-cc-pVDZ and CCSD(T)/aug-cc-pVDZ, the authors suggested
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H1 H2 H3 H4
AE -12.7 -11.3 -12.7 -4.7
AE -10.3 -9.4 -9.2 -2.4

Source: Dai et al. [41].

Table 1. Interaction energies (k].mol™) corrected for only ZPE and for both ZPE and BSSE of the complexes.

that H1 is ca. 1.0 k].mol ™ higher in interaction energy than H3. These authors conclusively
suggested that the >C=0 group can be a valuable candidate in the design of CO,-philic and
adsorbent materials.

Further, interactions of CO, with CH,SZCH, (Z = O, S) were also investigated by our group
[43]. Three stable shapes of the complexes at MP2/6-311++G(2d,2p) are presented in Figure 3,
denoted hereafter by T1, T2 and T3. Interaction energies of complexes at two different levels
of theory are also given in the Table 2.

The CH,SZCH,-CO, (Z = O, S) complexes are in general stabilized by the Lewis acid-base,
chalcogen-chalcogen and hydrogen bonded interactions. However, the crucial role con-
tributing to the overall stabilization energy should be the Lewis acid-base interaction. The
obtained results pointed out a slight difference in the interaction energies between the two
employed levels of theory. Thus, the interaction energies of the examined complexes range
from -13.8 to -17.2 and -9.8 to -14.4 k].mol™* (at MP2/aug-cc-pVTZ//MP2/6-311++G(2d,2p)),
and -13.6 to -17.7 and -9.6 to -14.5 k].mol™ (at CCSD(T)/6-311++G(3df,2pd)//MP2/6-
311++G(2d,2p)) for only ZPE correction and for both ZPE and BSSE corrections, respec-
tively (cf. Table 2). The results indicate that the formed complexes are significantly stable,
and more stable than the complexes of the >C=0 or >C=S functionalized compounds with
CQO, reported in Refs. [38, 40, 42]. This implies a stronger interaction of CO, with the >5=0
and >S=S functional groups relative to the >C=0 and >C=S counterparts. In addition, we

TI

Figure 3. Stable shapes of complexes between CH,SZCH, (Z =0, S) and CO,.
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Structures Z=0 Z=S

T1 T2 T3 T1 T2 T3
AE? -17.2 -14.3 -174 -17.1 -13.8 -16.9
AEP -17.6 -14.8 -17.7 -16.8 -13.6 -16.4
AE* -14.4 -10.9 -13.7 -14.2 -9.8 -13.2
AE* -14.5 -11.3 -14.0 -13.5 -9.6 -12.0

“Taken from MP2/aug-cc-pVTZ//MP2/6-311++G(2d,2p).
*Taken from CCSD(T)/6-311++G(3df,2pd)//MP2/6-311++G(2d,2p).
Source: Phuong et al. [43].

Table 2. Interaction energies corrected for ZPE (AE’, in k].mol™) and for ZPE and BSSE (AE*, in k].mol™) of obtained
complexes.

also suggested a stronger interaction of CO, with the >5=0 moiety compared to the >5=5
one, and they both should be candidates for designing CO,-philic materials, CO, adsorp-
tion and storage materials in the future.

For the CH,SOCH,-CO, complexes, the strength of T3 is close to that of T1 reported by
Wallen et al. [38]. Thus, the interaction energies of T1 in this work are —14.4 k].mol at MP2/
aug-cc-pVTZ//MP2/6-311++G(2d,2p) and -14.5 kJ.mol? at CCSD(T)/6-311++G(3df,2pd)//
MP2/6-311++G(2d,2p), which are in consistent with the value of -14.3 k].mol ™ at MP2/aug-cc-
pVDZ//MP2/6-31+G(d) reported in Ref. [38].

3.2.2. Effect of various substituted groups to strength the complexes formed by interaction of
CO, with model functionalized organic compounds

We now continue to discuss in some details the effects of substitution to the overall inter-
action energy in obtained complexes between CO, with model functionalized organic
compounds. The complexes of the interactions of CO, with CH,SZCHX, (X = H, CH,, F,
Cl, Br; Z = O, S) were studied by our group and reported in Ref. [43]. In general, the
CH,SOCHX,-CO, complexes are more stable than the CH,SSCHX,--CO, complexes.
This firmly indicates that the >5=0, as compared to the >5=S, has a stronger interac-
tion with CO,, which originates from a contribution of a larger attractive electrostatic
interaction of the former than the latter in stabilizing the examined complexes. For the
CH,SOCHX,-CO, complexes, the strength is enhanced by the X substitution in the order
from H via F to Cl to Br and finally to CH,. Therefore, the substitution of two H atoms in
a CH, group of CH,SOCH, by two alike X groups significantly influences the strength
of CH,SOCHX,-CO, complexes relative to CH,SOCH,---CO, complexes. The replacement
also leads to a slight enhancement of stability of the CH,SSCHX,:-CO, complexes in the
sequence from F, H, Cl, Br to CH,. In Ref. [41], we replaced two H atoms in a CH, group of
CH,COCH, by two alike CH,, F, Cl and Br groups, and the results showed that interaction
energies of complexes are in the range from —9.2 to —10.7 k].mol™ with both ZPE and BSSE
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corrections, which are more negative than that of interactions of CO, with hydrocarbons
and fluorocarbons. Thus, the interaction energies range from -3.7 to —4.9 kJ.mol™ for the
complexes of CO, with the hydrocarbons such as CH,, CH, CF,, C,F; and from -2.4 to
=7.8 k].mol™ for the complexes of CO, with CH, F_(n =0 +4) [57, 60] at the MP2/aug-cc-
pVDZ level. These results are in line with the suggestion on larger stability of carbonyl
relative to fluorocarbons and other functionalized compounds in interacting with CO,.
Generally, the strength of CH,COCHR,-CO, complexes is gently increased when R = CH,

as compared to CH,COCH,-CO,, while it is slightly decreased with R =F, Cl and Br.

3.2.3. Interaction of nCO, (n = 1:3) with model functionalized organic compounds

It is important to investigate the strength of interactions between CO, and carbonyl-con-
taining molecules, as well as the underlying their chemical nature. Due to a strong interest
in CO, as a solvent, it is imperative to consider aggregates in which a solute molecule is
surrounded by a number of CO, molecules, an unexplored area at present [69]. Expansion
of the system by adding more CO, molecules shows how the geometry and bonding in the
heterodimer is affected by placement of the solute in an environment. This would make our
simulation more akin to solvation phenomenon, and particularly the magnitude of coop-
erative effects. The complexes formed by H,CO, CH,CHO, and (CH,),CO with two and
three molecules of CO, are studied using ab initio calculations by Scheniner et al. [69]. There
are a host of different geometries adopted by the complexes of the carbonyl with two or
three CO, molecules, with small energy differences. The bonding features of the heterodi-
mers are generally carried over to these larger heterotrimers and tetramers, although the
linear C=0-+-C arrangement of the binary complexes is largely absent. The O---O chalcogen
bonds, absent in the heterodimers, play a major role in many of the larger complexes. The
degree of cooperativity in these oligomers is generally rather small, with a maximal posi-
tive cooperativity of only 1.1 kJ/mol. The binding energies of heterotetramers complexes
range from -39.0 to -50.7 kJ.mol™, which are more negative than heterodimers (-8.8 to
-12.5 kJ.mol ™) and trimers complexes (-23.1 to —=34.2 k].mol™). These results suggest that
the addition of more carbon dioxide molecules into systems leads to a larger increase in
stability of complexes.

3.2.4. Concluding remarks on interaction capacity of CO, with model functionalized organic
compounds

The organic compounds functionalized by hydroxyl, carbonyl, thiocarbonyl, carboxyl
and amide groups have been paid much attention as CO,-philic compounds. The car-
bonyl and thiocarbonyl compounds have presented a higher stability, as compared to
other functionalized ones, when they interact with CO,. This durability has been assigned
to a main contribution of the >C=Z---C (Z = O, S) Lewis acid-base interaction and/or an
additional cooperation of the C—H:---O hydrogen bonded interaction, except for the case
of the HCOOH--CO, complex, where the role of the O—H:--O hydrogen bond was found
to be more important than the >C=0---C Lewis acid-base interaction. We have also found
that there is a stronger interaction of CO, with the >5=0 and >5=S containing compounds
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relative to the >C=0 and >C=S counterparts, and therefore it should be suggested that
they would be potential groups attached on the surface of materials to adsorb CO, and
used to design CO,-philic materials.

4. Concluding remarks

From the contents mentioned above, we can draw some key conclusions for this chapter:

i

ii.

iii.

Interaction capacity of CO, with various organic compounds including hydrocarbons
and functionalized organic compounds along with its derivatives were investigated by
using ab initio calculations. The obtained results show that interaction capacity between
functionalized organic compounds with CO, is stronger than that of model hydrocarbons
with CO,. For interactions of CO, with model hydrocarbons, the larger stability of com-
plexes is found for interaction of aromatic relative to saturated and unsaturated hydro-
carbons with carbon dioxide. In the case of interactions between functionalized organic
compounds with CO,, interaction capacity of the carbonyl and sulfonyl compounds with
CQ, is stronger than that of other functionalized compounds. Obtained results on interac-
tion of nCO, (n = 1-3) with functionalized organic compounds indicate that the addition
of more CO, into systems leads to an increase in the stability of complexes formed.

The stability of examined complexes is determined by weakly noncovalent interaction
including C—H--O, O—H-O of hydrogen bonds, X--C Lewis acid-base interaction, O---O
chalcogen-chalcogen, m-m, p-m*, and m-m* interactions. Remarkably, contribution of
the mt--7t* interaction to the complex formed between CO,-philic compounds and CO,
has been revealed in our work. The 77 interactions can significantly contribute to the
adsorption of CO, in MOF/ZIF materials. Obtained results show the strength of intermo-
lecular interaction tends to decrease in going from >C=S--C via > C=0--C to >C=X--C
(X=F, Cl, Br). This observation points out enormous applicability of CO,-philic materials
based on thiocarbonyls.

It is found that the functional groups such as carbonyl and sulfonyl give a more stable
interaction with CO, than other functionalized groups, in which a stronger interaction
of CO, with the >5=0 and >5=S counterparts relative to the >C=0 and >C=S ones is re-
vealed, and they should be valuable candidates for synthesizing CO,-philic materials and
finding new materials to adsorb CO,.
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Abstract

Positron emission tomography (PET) is a powerful in vivo imaging technique capable of
providing dynamic information on biochemical processes in the living human subject.
Applications of PET in oncology, neurology, psychiatry, cardiology and other medical
specialties continue to grow. The use of PET relies on the characteristics and availabil-
ity of appropriately labeled radiopharmaceuticals. Carbon-11 is one of the most useful
radionuclides for PET chemistry, since its introduction into a biologically active mol-
ecule dose not modify the biochemical properties of the compound. ["C]Carbon dioxide
("CO,), produced by cyclotron, is the most common and versatile primary labeling pre-
cursor in the production of 'C-labeled radiopharmaceuticals.

Keywords: positron emission tomography, Carbon-11, radiopharmaceutical, molecular
imaging, cyclotron

1. Introduction

Carbon-11 (*'C) is an artificial radioisotope of carbon. Crane and Lauristen made the production
of this short-lived radionuclide and investigated its physical properties in 1934 [1]. They dem-
onstrated that carbon-11 decays by positron emission to the stable nuclide "B [Eq. (1)]. Due to
its favorable decay characteristics (t,, = 20.33 min, 98.1% by {3* emission, 0.19% by electron cap-
ture), carbon-11 was considered as a useful labeling tool for medical purposes. The first biologi-
cal application of carbon-11 was published by Ruben in 1939 who investigated photosynthesis
in plants using [''C]carbon dioxide [2]. The potential of ''C-labeled compounds for non-invasive
probing of physiological and biochemical processes in humans was subsequently realized [3].
The first carbon-11 experiment on humans was performed by Tobias in 1945 who studied the
fixation of [""C]carbon monoxide by red blood cells [4]. However, the use of carbon-11 was

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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limited in next 20 years [5]. This delay was a consequence of easy access to reactor-produced
carbon-14 from the 1950s, which superseded the use of cyclotron-produced carbon-11. Until
late 1950s, the concepts of emission and transmission tomography were introduced by David
Kuhl and Roy Edwards. The interest in carbon-11 was renewed and the application of carbon-11
was extended in 1960s.

HC "B + B+ v, + 09 MeV 98.1%

HC+e ="B+v, +198 MeV 0.19% (1)

Decay of carbon-11 by positron emission or electron capture.

Positron emission tomography (PET) is a type of functional molecular imaging technique
using probes, known as radiotracers, consisting of bioactive molecules tagged with positron-
emitting radionuclides [6]. As carbon-11 undergoes positron emission decay, it emits a posi-
tron. The positron travels a short distance in the surrounding tissue until it collides with
an electron. The annihilation produces a pair of gamma rays, which are emitted simultane-
ously in nearly opposite directions with energy of 511 keV each. The photons can be detected
by pairs of collinearly aligned detectors in coincidence. The detectors of a PET system are
installed in a ring-like pattern, which allows measurement of radioactivity through the organ
of interesting at large angles and radial distances. The three-dimensional images can be gen-
erated by reconstruction (Figure 1). The ability to image and monitor molecular events in vivo
and in real time is of great value for unveiling a detailed picture of fundamental biochemical
and physiological processes in living organisms [7]. Information about metabolism, receptor/
enzyme function, and biochemical mechanisms in living subjects can be obtained directly
from PET imaging studies. The recent development of hybrid instrument combines func-
tional PET with an anatomical modality such as computerized tomography (CT) or magnetic

CELLLET T
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l"-‘

L] a¥®
taagamannnt®

Figure 1. The principle behind PET imaging: (a) the injection of radiopharmaceuticals; (b) positron travels a short
distance and collides with an electron, then two 511 keV gamma rays emit simultaneously at approximately 180° to each
other after annihilation; (c) system detects gamma rays and then generates three-dimensional images.
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Scheme 1. Representative transformations in [''C]carbon dioxide radiochemistry.

resonance imaging (MRI). The fusion offers more precise images with accurate functional
assessment from PET and anatomical information form CT or MRI. Applications of PET in
oncology [8-12], neurology [13-16], psychiatry [17-19], cardiology [20, 21] and other medical
specialties [22-24] became one of the fastest growing area in radiology [25].

The use of PET relies on the availability of appropriately labeled radiopharmaceuticals.
Carbon-11 is one of the most useful radionuclides for PET chemistry, since the carbon is pres-
ent in any organic molecule so that the introduction of carbon-11 in a molecule does not
modify the properties of this molecule. In addition, the short half-life of carbon-11 allows for
1 consecutive in vivo studies with injections of various radiotracers in the same subject on the
same day. The pioneering work in the area of radiochemistry at the Washington University
in 1960s demonstrated the great potential of 'C-labeled compounds in biological sciences [5].
The simple cyclotron production of [''C]carbon dioxide ("'CO,) made it possible to be exten-
sively used as a starting point for the synthesis of different kinds of ''C-labeled compounds
[26-28]. With the increasing demand of radiotracers and continuous developments of organic
chemistry, a number of methodologies have been developed in recent years to enhance pro-
duction of "C-radiotracers both from a technical and chemical point of view. However, [''C]
carbon dioxide is still the most common and versatile primary labeling precursor in the pro-
duction of "'C-labeled radiopharmaceuticals. This chapter focus on the use of ["'C]carbon
dioxide as the starting point for radiolabeling PET radiopharmaceuticals (Scheme 1).

2. Carbon-11 chemistry

2.1. Cyclotron: generation of carbon-11

Several nuclear reactions can be used to produce carbon-11 [29, 30]. Among these processes the
“N(p,a)"*C nuclear reaction is by far the most convenient and most commonly used method
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Scheme 2. Generation of primary labeling precursors from cyclotron.
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of producing carbon-11. The reaction is performed by high-energy proton bombardment of a
cyclotron target containing nitrogen gas. Depending on the addition of gas (up to 2% of O, or
5-10% of H,) to the nitrogen gas in the target, carbon-11 can be obtained as [''C]CO, or [''C]CH,
(Scheme 2). ['C]Carbon dioxide is the most important and versatile primary labeling precur-
sor for '"C-labeling. Cyclotron-produced [''C]CO, can be used directly for the ""C-labeling of
organic molecules (Scheme 1).

2.2. Radiochemistry: general considerations

Carbon-11is a radionuclide that emits high-energy radiation. Therefore, the traditional hands-
on manipulations used in synthetic chemistry are not feasible. In order to avoid unnecessary
radiation exposure to the operators, the radiosynthesis of PET tracer needs to be undertaken
by automated or remote-controlled synthesis equipment housed inside lead-shielded fume
hoods (hot-cells) [6, 7]. This is also important from the perspective of good manufacturing
practice (GMP) where a reproducible and operator-independent production is required to
control the quality of the radiopharmaceuticals. Figure 2 shows the radiochemistry laboratory
at University of Michigan and a typical carbon-11 radiosynthesis module.

The half-life of carbon-11 is sufficiently long for synthesis and purification. However, the radio-
chemical yield is a function of chemical yield and radioactive decay. Thus the radiosynthesis
time should be kept as short as possible. Ideally, a "C-radiopharmaceutical is synthesized,

Figure 2. Automatical synthesis equipment in lead-shielded fume hoods.
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Radiotracers Labeling methods Targets References
[MC]Acetate Grignard reaction Tricarboxylic acid cycle—Cardiac, [35, 36]
Oncology
["'C]Butanol Grignard reaction Blood flow [37]
[M"C]CFN? Methylation Opioid [36, 38—-40]
["C]Choline Methylation Oncology [36, 41, 42]
[M"C]DASB® Methylation Serotonin transporter [36, 43]
[M"C]DTBZe Methylation Vesicular monoamine transporter 2 [36, 44]
[MC]FMZ¢ Methylation GABA, receptor [36]
[M"CJHED¢ Methylation Adrenergic [36]
[!'C]Methionine Methylation Oncology [36]
[M"C]JOMAR! Methylation Cannabinoid receptor 1 [45]
['C]Palmitate Grignard reaction Cardiac [35]
[""C]PBR288 Methylation Neuro, cardiac and oncology [36, 46-48]
["'C]PiB" Methylation Amyloid [36]
[MC]PMP! Methylation Acetylcholinesterase [36, 49]
["C]Raclopride Methylation Dopamine [36, 40, 43, 50]
["'C]Sarcosine Strecker reaction Prostate cancer [51]
[MCJWAY100635 Grignard reaction 5HT, , receptor [52, 53]

a["'C]Carfentanil.

3-Amino-4-(2-[''C]dimethylaminomethylphenylsulfanyl)-benzonitrile.

¢["C]Dihydrotetrabenazine.

4["'C]Flumazenil.

["C]Meta-hydroxyephedrine.

‘N-acetyl-N-(2-["'C]methoxybenzyl)-2-phenoxy-5-pyridinamine.
81-(2,4-dichlorophenyl)-4-cyano-5-(4-["'C]methoxyphenyl)-N-(piperidin-1-yl)-1H-pyrazole-3-carboxamide.
h[C] Pittsburgh Compound B.

'1-["C]Methyl-piperidin-4-yl propionate.
IN-[2-[4-(2-["C]methoxyphenyl)-1-piperazinyl]ethyl]-N-(2-pyridinyl)cyclohexanecarboxamide).

Table 1. "'C-radiotracers in University of Michigan PET center for clinical application.

purified, formulated and analyzed within a timeframe of roughly 2-3 physical half-lives of
the radionuclide, or 40-60 min for carbon-11. In addition, the strategies for the radiolabeling
should aim to introduce carbon-11 in the synthetic sequence as late as possible [31-33].

The specific radioactivity (SA), a measure of the radioactivity per unit mass of the final radio-
labeled compound, is another important aspect of ''C-chemistry. Since only a trace amount of
['C]carbon dioxide is generated in the cyclotron, the theoretical maximum specific radioac-
tivity for ''C-radiolabeled compound is 3.4 x 10> GBq/umol. However, it is practically impos-
sible to achieve this number, because of unavoidable isotopic dilution by naturally occurring
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carbon-12 species during the processes. Typical specific activities of 'C-radiolabeled com-
pounds are in the order of 50-1000 GBg/umol [34]. For imaging a patient, less than 1 GBq
of radioactivity is normally enough. That means very low amounts of compound need to
be administered for PET imaging, typically in picomolar to nanomolar scale. This prevents
undesired pharmacological or toxic effects during the in vivo studies. Thus, a labeling path-
way should be designed to minimize contamination of carbon-12 species. Furthermore, due to
tracer levels of carbon-11, the amount of the non-radioactive reagents is in large excess (about
10°-10* fold), which drives the reaction at pseudo first order kinetics. By consequence, small
impurities in reagents or solvents may have a significant influence on the reaction outcomes.
Therefore, the quality of regents used in radiosynthesis needs special attention.

Radiopharmaceuticals can range from the small and simple to the large and complex. A tracer
should be designed in such a way that it can be probing a specific function within the organ of
interest [3]. It is important that the physical half-life of the radionuclide matches the biological
half-life of the studied process. For example, carbon-11 is not suitable for radiolabeled peptides
or antibodies, which need a few hours of blood circulation to accumulate the activity in a tumor.

2.3. Application of carbon-11: examples of radiopharmaceuticals

Since its infancy in the early 1960s, PET has attracted increasing attention as a powerful tool
for investigating the biochemical transformations of drugs and molecules in the living sys-
tem. With the development of PET imaging technology and novel synthetic methodology,
"C-labeled radiopharmaceuticals have been extensively used for the highly sensitive non-
invasive measurement of biochemical physiological processes in living human subjects. As
examples, Table 1 summarizes ''C-radiotracers available in University of Michigan PET cen-
ter for routine clinical application.

3. ["'C]Carbon dioxide: starting point for labeling PET
radiopharmaceuticals

The simple cyclotron production of [''C]carbon dioxide gave a starting point for the synthesis
of important classes of compounds such as carboxylic acids [26], aldehydes [27], and alco-
hols [28]. However, due to low chemical reactivity of ['"C]CO,, a broad spectrum of different
'C-labeled synthetic intermediates have been prepared as useful secondary labeling precur-
sors (Scheme 1). With the increasing importance of PET in medical research and continu-
ous developments of novel organic chemical techniques, ''C-labeling methodology is rapidly
growing. This chapter addresses selected commonly used methods and examples. For more
detailed information see comprehensive reviews [7, 54, 55]

3.1. ["CICO, direct incorporation

["C]Carbon dioxide is the most important and versatile primary labeling precursor for
"'C-radiolabeling, since it is produced directly from cyclotron. The electrophilic carbon in [''C]
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CQO, can be used as a carbonyl source and trapped by an appropriate nucleophilic component.
For example, ['C]acetate as a PET radiopharmaceutical for both myocardial imaging and can-
cer detection was synthesized via methyl magnesium chloride with [''C]CO, (Scheme 3) [56].

The ["'C]carboxymagnesium halides also can be converted into more reactive ['!C]carboxylic
acid chloride to form amide with amines. The important 5HT, , receptor ligand WAY100635
was produced by this manner (Scheme 4) [52, 53].

More recently, [''C]CO, fixation further expanded the synthetic possibility for "C-labeling
by direct incorporation of [''C]CO,. The first report on [''C]CO, fixation was the synthesis of
"C-labeled carbamates [57, 58]. The scope of this method was broadened to ["'C]ureas and [*'C]
oxazolidinones via the formation of an ''C-labeled isocyanate or carbamoyl anhydride inter-
mediate [54, 58-60]. For example, the reversible monoamine oxidase B (MAO-B) radioligand,
[MC]SL25.1188, previously prepared using the technical demanding ["'C]phosgene approach,
was radiolabeled in high yield via [''C]CO, fixation [61, 62]. This radioligand was recently
translated for human PET imaging (Scheme 5) [54, 63].

3.2. ['"C]Methylation

The introduction of [''C]methyl iodide as a second labeling precursor 30 years ago was one
of the great milestones in PET radiochemistry [64, 65]. So far, the most common method in
"C-labeling is heteroatom (N, O, S) methylation. Converting [''C]Mel to more reactive [''C]
methyltriflate (["'C]MeOTf) [64, 66] by passing ['C]Mel through a small column containing
silver triflate around 200°C [67] significantly increases efficiencies of "C-methylation. This
innovation makes it possible to ''C-methylate heteroatoms in 3-5 min at room temperature.
["'C]Methyl iodide can be prepared via two methods (Scheme 1). The so-called “wet” method
developed in 1976 [64, 65] is based on reducing [''C]CO, using LiAlH, followed by reaction
with hydroiodic acid. An alternative method, referred to as the “gas phase” method, was
developed in the 1990s. This method exploits the reduction of [''C]CO, by H,/Ni at 350°C
and then conversion of [''C]methane into [''C]Mel by iodination with iodine vapor at high
temperatures (700-750°C) in the gas phase [66, 68].

The incorporation of the ['C]methyl group into a target molecule is generally simply alkylation
on N-, O-, and S-nucleophiles (e.g., HED, DTBZ, methionine). The tracer amount of ["'C]MelIl
or ['C]MeOTf in the reaction leads to extraordinary stoichiometry. The stoichiometric relation
can reach a factor of 10*1 resulting in pseudo-first order kinetics of heteroatom methylation
reactions. Therefore, the conversion rate is highly increased and the reasonable radiochemical
yields can be reached within short reaction times of 3-5 min. The problems with polyalkylation
in normal stoichiometric methylation of amines.do not occur in the "C-methylation processes.

1. HCI _ 1
2.H,0,08% NaCl | ~C gy

[''Clacetate

[''CiIco; + MeMgCl

Scheme 3. Synthesis of [''Cacetate.
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Scheme 4. Synthesis of ["CJWAY100635.
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Scheme 5. Synthesis of [''C]SL25.1188.

The reaction can be performed using a traditional vial-based approach (e.g., CFN, FMZ) or using
solid support either on-cartridge (e.g., choline) or flow-based loop methods (e.g., PIB, DASB,
raclopride) (Figure 3) [39, 41, 43]. All these methods are very convenient from automation pro-
spective. The use of commercially available fully automated synthesis modules for production
of clinical radiopharmaceutical doses enhances the speed, efficiency, reliability, and safety of
radiosyntheses, as well as compliance with GMP regulations. For detail procedures see [38—43].

O NH2
OH "CH; Hs''C 5
HO r:LH HiCog @;
CN
CH, _ N
H OH H3'"C" "CH;
["'cIHED ["'cloTEZ [''cloasE
Hs"G-0 . '*?I MCH, oH O FEH'E
o M Cl M
=
/VQZ:’PH | HJ\E )
M O'CHy
P DA\./ Lzb}‘coosz Ci
["CICFN [M'ciFmz [''c]Raclopride

M "CH, HaC. 1CH MH
’ b, AP 2
“~>—< N N "
Ho/©:s H HO™ ™"<"CH, Hoﬂc’l\/‘“gc"'s
M'cirie ["cicholine ['"cIMethionine

Figure 3. Representative ''C-radiotracers labeled by methylation.
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To further expand the number of 'C-labeled compounds, the development of novel "C-C
bond forming reactions continues to gain attention. For example, several palladium-mediated
cross-coupling reactions have been shown to be effective ''C-labeling. The first application was
reported in 1995 [69]. The feasibility of incorporating ["'C]methyl groups into arenes, alkenes
as well as alkanes was demonstrated by the reaction with the corresponding organostannanes
and boranes in Stille and Suzuki cross-coupling reactions (Scheme 6) [70]. Due to the toxicity
of the precursor and reagents used, the purification and quality control are more complicated
comparing with those of simply methylation. Considering the short half-life of carbon-11, the
application of this method for clinical dose production is currently underexploited. With the
development of techniques and simplification of processes, this labeling strategy could be
more widely adopted.

3.3. ["'C]Cyanation

[M"CJHCN is another important secondary labeling precursor (Scheme 1), because nitriles are
not only frequently present in biologically active molecules but also represent a versatile func-
tional group that can be readily converted into !C-labeled amides, carboxylic acids or amines
(Scheme 7) [54, 71]. ["CJHCN is usually prepared by the reduction of ['C]CO, to [''C]CH,,
using H, over nickel (400°C), and then converted into ["'CJHCN by reaction with NH, over
platinum at elevated temperature (950°C) [72].

["CJHCN canbeused directly to form ["'C]methyl-2-cyanoisonicotinate and [''C]1-succinonitrile
by a Reissert-Kaufmann type reaction (Scheme 7a) and Michael addition (Scheme 7b), respec-
tively [73]. It may convert to [''C]JCuCN and react with aryl halides through the Rosenmund-
von Braun reaction for the synthesis of [''C]LY2232645(Scheme 7d) [74-76]. *'C-labeled amino
acids, for example, [''C]Sarcosine, can be prepared using ['CJHCN in the Strecker reaction
(Scheme 7c¢) [51, 77, 78]. In recent years, palladium-catalyzed and copper-mediated cyanations
have gained increasing attention [79-82]. Vasdev and co-workers employed arylboronic acids
and ["'C]CsCN to prepare aromatic "C-nitriles (Scheme 7f), which was applicable to a broad
range of substrates [80].

3.4. ["C]Carbonylation using ['C]CO

[*C]Carbon monoxide is an attractive secondary precursor for "'C-chemistry since the wide
variety of carbonyl containing molecules can be synthesized through carbonylation reactions.
["C]CO is readily available by the reduction of [''C]CO, over zinc or molybdenum [83, 84].
However, the application of ['C]CO was underexploited due to its poor reactivity and low
solubility in organic solvents. Until recently, new methods have been developed to overcome

5 8 5
. J!.N/:E"'CH: %JLN/}"CHJ __,EN}‘EHI
NC 4 MNE . NG
B ['CICHs. Pozicbals, Plotols, ™ ["CICHy. PaldppiCy, K;PO, O~ ™
= CuCl, KGO, DMF, A = DMF, Microveave SOWY, 50 5 :
SniCHyly “[iH"‘ B{OH);
C]M-MTEB

Scheme 6. Synthesis of ["C]M-MTEB by Suzuki or Stille reactions.
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(MciLY 2232645

Scheme 7. Some transformations in ["C]JHCN radiochemistry: (a) radiosynthesis of ["'C]methyl-2-cyanoisonicotinate
by a Reissert-Kaufmann type reaction; (b) direct formation of ["'C]1-succinonitrile via Michael addition; (c) the Strecker
reaction for the synthesis of [''C]Sarcosine; (d) and (e): ["C]CuCN can be reacted with aryl halides through the
Rosenmund-von Braun reaction to afford ["'"C]LY2232645 and other aromatic ['C]nitriles; (f) copper-mediated synthesis
of aromatic ["'C] nitriles from arylboronic acids.

the shortcomings, from technical and chemical points of the view [85-88]. The first report was
by Kihlberg and co-workers in 1999, where [''C]CO was allowed to react in a small autoclave
under high pressure (>350 Bar) [89]. Low-pressure and ambient temperature techniques have
been achieved lately [90-92]. The most widely applied ''C-carbonylation method used ["'C]
CO is the palladium-mediated carbonylation reaction [93-96]. Rhodium-catalyzed carbon-
ylation reactions provide an alternative route for the introduction of [''C]CO into organic
molecules [97-99]. Free-radical photoinitiated ""C—carbonylation reactions have been used to
synthesize "C-labeled aliphatic acid, esters and amides recently (Scheme 8) [100-104].

Rl +"CO + R'OH v - R''CO;R
sensitizers or base

R = alkyl R'=H, alkyl

Scheme 8. Free-radical photoinitiated '"C-carbonylation reaction.
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4. Future perspectives

This review introduces the field of canbon-11 radiochemistry through a general overview,
but is not meant to be comprehensive. As the field is fast growing, more traditional chemists
join the radiochemistry arena worldwide. Carbon-11, one of the most important radioisotopes
in nuclear medicine, is foreseen to have endless opportunities for further innovation. Due
to the short half-life, efficiency and simplicity is always the key to "C-labeling techniques.
Recently developed transition-metal-mediated reactions have broadened the labeling scope
and allowed "'C-labeling of a range of different bioactive molecules.

1C-chemistry is a hybrid science between organic chemistry and engineering. To meet the
growing demand and increasing regulation of radiopharmaceuticals, the fully automated or
kit-like synthetic devices have been developed and will be required to be used in the manu-
facture of clinical doses to improve the reliability and safety.

Furthermore, synthetic pathways with better economical output and environmental manage-
ment is another important aspect. The first example of a green radiochemistry laboratory at
University of Michigan successfully prepared 11 radiopharmaceuticals for routine clinical
application using ethanol as the only organic solvent [105]. The removal of all other organic
solvents from the process simplifies production and quality control testing. The robust and
reliable methods are increasingly applied in various PET facilities around the world.
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Abstract

Anthropogenic CO, emissions are considered the major contributor of greenhouse gas
emissions worldwide. The mitigation of this kind of CO, emissions relies on a portfolio
of alternatives where CO, absorption appears as the nearest approach to be applied at
industrial scale. Researchers have been focused on developing new formulations of sol-
vents to make more competitive CO, absorption as a carbon capture and storage (CCS)
technology. In this sense, this chapter summarizes both the conventional solvents and the
most recent investigations on this field. Chemical absorption is more suitable for a lot of
industrial process due to the flue gas conditions: ambient pressure, low CO, concentra-
tion and large volume. Therefore numerous novel solvents came up in recent years and
they are further discussed in this chapter. The most recent solvents, their mechanisms
and kinetics and the advantages and disadvantages are also included. Finally, physical
solvents are adequate in high CO, partial pressure applications and they are reported in
the last section. Although physical absorption field is constrained to high-pressure flue
gas, physical solvents provided higher performance in CO, separation process and their
characteristics are also summarized.

Keywords: solvent, CO,, CCS, absorption, capture

1. Introduction

Carbon capture and storage (CCS) is one of the pathways for anthropogenic CO, emission
mitigation. Among the wide portfolio of CCS technologies, physical and chemical absorp-
tion are considered the most close-to-market approaches to be applied at industrial scale,
mainly focused on their implementation in energy production from fossil fuels [1]. Physical
absorption is based on the CO, solubility into the solution without chemical reaction which is

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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based on Henry’s law and hence high CO, partial pressures and low-temperatures are highly
recommended for its application. Chemical absorption is based on the reaction between CO,
and specific compounds—solvents—that lead to form a weak bond between CO, and the sol-
vent. Chemical absorption occurs indeed at low CO, partial pressure. Low-temperature is also
recommended for this mechanism. Numerous solvents have been developed since the first
chemical absorption process was patented in the early 1930s. However, the implementation
of CO, absorption at industrial processes such as cement production, iron and steel manu-
facturing and fossil-fuel power plants requires novel solvent formulations that can address
the main constrains limiting its deployment: the huge volume of treated gas, the low CO,
concentration in the flue gas and the presence of trace components such as NO , SO, and par-
ticulate matter which degrade the solvents [2, 3]. This chapter summarizes both conventional
and newly developed solvents mainly focused on CO, capture processes based on physical
and chemical absorption. A deep revision of the solvents reported from the literature was
made including primary, secondary, tertiary amines and non-amine-based solvents. Novel
solvents such as sterically hindered amines and blends were discussed further. In respect to
physical solvents, authors report the conventional solvents used by licensed processes such us
Rectisol™, Selexol™, Sulfinol™ and Purisol™. Special attention will be paid in ionic liquids
and novel biphasic configurations and their use as CO, capture solvents.

2. Chemical absorption solvents

2.1. Conventional amine-based solvents

The amine-based chemical absorption process has been used for CO, and H,S removal —acid
gas removal —from gas-treating plants since 1950s [4] and are considered to be by far the most
developed CO, capture process. CO, is absorbed typically using amines to form a soluble car-
bonate salt. The absorber operates below 60°C and ambient pressure (step 1 in Figure 1) [4].

This reaction is reversible and the CO, can be released by heating the solution with the carbonate
salt in a separate stripping column. The CO, stripping occurs at 120°C and pressures ranging
between 1.8 and 3 bar [6], as illustrated in the step 2 in Figure 1.

Nowadays, amine-based chemical absorption came up as a potential technology that can be
applied to reduce carbon dioxide emissions in industrial processes such us fossil fuels power
plants, cement production and iron and steel manufacturing. Post-combustion is the nearest
close-to-market and industrially developed carbon capture and storage (CCS) technology.

Specifically, the alkanolamines are volatile, cheap and safe to handle compounds and are com-
monly classified by the degree of substitution on the central nitrogen; a single substitution
denoting a primary amine; a double substitution, a secondary amine; and a triple substitution, a
tertiary amine. Each of the above-mentioned alkanolamines has at least one hydroxyl group and
one amino group. In general, the hydroxyl group serves to reduce vapor pressure and increases
the solubility in water, while the amine group provides the necessary alkalinity in aqueous solu-
tions to promote the reaction with acid gases. Therefore, the molecular structures of primary
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Figure 1. Simplified diagram of a conventional acid gas removal process using chemical absorption adapted from Ref. [5].

and secondary amines are the non-fully substituted alkanolamines and they have hydrogen
atoms at the non-substituted valent sites on the central nitrogen, whereas the tertiary amines are
fully substituted on the central nitrogen. This structural characteristic plays an important role
in the acid gas removal capabilities of the various treating solvents [7]. Table 1 shows the most
widely used amines for the treatment of acid gases, which will be described in detail.

The performance of solvents for CO, absorption can be evaluated from several specific proper-
ties. In particular, the CO, absorption capacity, namely CO, loading, is defined as the amount
of CO, that can be absorbed per mole of solvent (mole CO,/mole solvent). The maximum CO,
absorption capacity can be deducted from the CO, solubility represented by vapour-liquid
equilibrium (VLE) curves of each solvent, depending on the CO, partial pressure in the bulk
gas and the absorption temperature [4]. The cyclic capacity, defined as the difference of the
CQO, loading between the rich solvent and the lean solvent, is also used for easily comparison.
In terms of CO, chemical reactivity, the absorption kinetics is expressed as the rate of the CO,
absorbed from the bulk gas to the bulk liquid that means mole CO, per second. Finally, the
solvent resistance to be degrade in presence of O,, NO,_and SO, and also under elevated tem-
perature is compared by the solvent losses under specific operating conditions.

Primary alkanolamines such as monoethanolamine (MEA) and diglycolamine (DGA), provide
high chemical reactivity, favored kinetics, medium-to-low absorption capacity and acceptable
stability. Monoethanolamine (MEA), the first-generation and the most well-known amine-
based absorbent, is highlighted by its high chemical reactivity with CO, and low cost. These
properties can reduce the absorber height and ensure a feasible operation. Although MEA-
based scrubbing technology is suitable for acid gas removal and, in particular, post-combus-
tion capture from fossil-fired plants flue gas, it suffers from several issues during operation,
including high energy requirements for stripping: high enthalpy of reaction, low absorption
capacity, oxidative and thermal degradation and piping corrosion [8]. Hence, efforts have
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Abbr. Name Industrial process Structural formulae = Chemical structure CO, loading
MEA Mono Natural and NH,-CH,-CH,OH 0.5
ethanol syngas purification 19
amine w
DGA Diglycol Syngas treatment ~ (HO-C,H,)-O- 0.25-0.35
amine (C,H,-NH,)
DEA Diethanol Natural gas (CH,CH,OH),NH T Y. % . 0.7-1
amine containing high -
concentrations of ;
COS and CS,
DIPA Diiso ADIP, Sulfinol: 0.43-0.22
propanol  refinery gas
amine treatment
MDEA Methyl Solvents CH,N(C,H,OH), 0.1-0.3
diethanol ~URCASOL, gas '™
amine washing in Clauss (' b
plants

Gray, C atom; white, H atom; red, O atom; dark blue, N atom.

Table 1. Most commonly amines used in acid gas treatment [4].

focused on the development of attractive solvents to achieve high absorption/desorption
capacities, energy-efficient performance and oxidative and thermal stability. Furthermore,
DGA presents similar properties to MEA in many aspects, except that its low vapor pressure
allows its use at higher concentrations, typically between 40 and 60%wt. in aqueous solution.

Secondary alkanolamines such as diethanolamine (DEA) and diisopropanolamine (DIPA),
which have a hydrogen atom directly bonded to the nitrogen, shows intermediate properties
compared to primary amines and they are considered as an alternative to MEA. DEA is more
resistant to degrade and shows lower corrosion strength than MEA, whereas DIPA has lower
energy requirement for solvent regeneration than MEA.

Finally, tertiary amines such as triethanolamine (TEA) or methyldiethanolamine (MDEA),
that are characterized by having a high equivalent weight, which causes a low absorption
capacity, low reactivity and high stability.

There are three main differences in the performance of primary and secondary amines as they
are compared to tertiary amines for the CO, separation process. Primary and secondary amines
are very reactive; they form carbamate by direct reaction with CO, by Zwitterion mechanism.
Therefore, these amines showed limited thermodynamic capacity to absorb CO, due to the
stable carbamates formation along the absorption process. On the other hand, tertiary amines
can only form a bicarbonate ion and protonated amine by the base-catalyzed hydration of CO,
due to their lack of the necessary N—H bond [9, 10]. Hydration is slower than the direct reaction
by carbamate formation and, hence, tertiary amines show low CO, absorption rates [9].
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In general, the main issues that amine-based chemical absorption has to address to be applied
as industrial scale for carbon dioxide emission mitigation are listed belowr:

¢ High energy consumption during the solvent regeneration.
* Corrosion requires the use of both inhibitors and resistant materials in their application.
* Scale up from actual (800 t/day) to required (8000 t/day) CO, capacity.

* Degradation in the presence of O,, SO _and other impurities such as particles, HCI, HF and Hg.

2.2. Sterically hindered amine solvents

Sterically hindered amines are considered a type of amines which can improve CO, absorp-
tion rates in comparison with the common primary and second amines, usually amino alco-
hols. A sterically hindered amine is formed by a primary or secondary amine in which the
amino group is attached to a tertiary carbon atom in the first case or a secondary or tertiary
carbon atom in the second (Figure 2).

These amines are characterized by forming carbamates of intermediate-to-low stability, introduc-
ing a bulky substituent adjacent to the amino group to lower the stability of the carbamate formed
by CO,-amine reaction. This weaker bond leads to high free-amine concentration in solution, so
the energy consumption to release CO, is lower that the common primary and second amines.
According to Nicole Hiiser et al. [11], a decrease up to 15% can be achieved using hindered amines.

The general reaction scheme of the CO,-primary or secondary amine (AmH) and the CO,-
sterically hindered amine(AmCOQ") is shown in Figure 3. Regarding the primary or second-
ary reaction scheme, the symbol B represents a base that should be another amine molecule
that requires to form the carbamate anion. In this case, two amine molecules are needed to
absorb one CO, molecule, as it is extracted from the overall reaction.

The system CO,-sterically hindered amine requires only one amine molecule to capture one
molecule of CO,. Based on this assumption, the maximum CO, loading using sterically hindered
amines is higher than for unhindered, primary or secondary amines.

< ki

Figure 2. Molecular structure of primary amines on the left (MEA) and a sterically hindered amine on the right (AMP).
Note that gray balls represent C atoms; white balls represent H atoms; red/dark gray balls represent O atoms; dark blue/
black balls represent N atoms [11].
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General reactlon scheme of the COx-Prirmary Genaral reactlon schame of the CO»-5tarlcally
ar Secend amine system hinderad amina system
s el Stunicully hindeed aming fimine malerule
COy 1 Amll |+ AmlI'COO AmC00™ + H, 0 <+ HCOZ + AmH

Stable carbamate anion Ricziarberria ian

AmH'COO0 +B ¢ AmCOD |+ EH' €O, + AmH + H,0 <» HCO; + AmHZ}

Figure 3. General reaction scheme of the CO,-amines system [11].

The use of this type of amines leads to reduce the energy requirement for the amine-based
solvent regeneration up to 20% compared to conventional MEA-based scrubbing, due to the
formation weak bonds [11]. Several sterically hindered amines are shown in Table 2.

2.3. Non-amine-based solvents

Non-amine-based solvents are called to those chemical solvents which do not integrate an amine
group in their structure molecular. The most relevant solvent proposed as an alternative to the
conventional amine-based solvents is the sodium carbonate (Na,CO,). About 30% p/p sodium
carbonate slurry is used to provide a basic environment in which CO, is absorbed as bicarbon-
ate followed by sodium bicarbonate formation [13]. The NaHCQO, precipitation enhances the
bicarbonate formation and, hence, the CO, capture capacity of the solvent is improved.

Sodium carbonate has shown a high performance in CO, separation from flue gas in compari-
son with the MEA benchmark. It produces a high CO, loading capacity (0.73 mole CO,/ mole
CO,”) and a reboiler duty of 3.2 MJ/kg CO, rather than 0.5 mole CO,/mole MEA and 3.5-
4.2 MJ/kg CO, in case MEA is used as a solvent. Furthermore, this chemical solvent can absorb
CQ, in presence of pollutants such as SO, which can enable the cyclic capacity of amine-based
solvents for CO, absorption [13, 14]. Despite those advantages, sodium carbonate can absorb
CQ, at low absorption rates, which lead to higher absorption column height. It assumes that

Abbreviation AMP MDA PE
Name 2-amino-2-methyl-1-propanol 1,8-p-menthanediamine 2-piperidineethanol
Structural formulae  HO-CH,-C-(CH,)(CH,)(NH,) ~ (CH,NH,-C,H,-C,;H NH,) C,H,-NH-CH-(C,H,OH)-
CH,
Chemical structure -
¢ el A
¢

Gray, C atom; white, H atom; red, O atom; dark blue, N atom.

Table 2. Examples of sterically hindered amines [12].
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sodium carbonate requires the use of promotors such as primary amines to enhance its CO,
absorption rates [15-18]. The advantages and disadvantages to use sodium carbonate as an
absorption solvent in a CO, separation process are shown in Table 3.

The potassium carbonate (K,CO,) is other non-amine-based solvents that can be used as a pro-
moter the CO, capture with amine-based solvent or other class of amine, like a sterically hindered
amine [12].

2.4. Solvent blends

Asitwasindicated in previous section, the high energy penalty related to amines regeneration
and solvent degradation are the most significant issues hindering a large deployment of this
technology. Solvent regeneration is a high-intensive energy process. Moreover, the stripper
operating conditions and the solvent used to absorb CO, consume a high amount of energy.
In this sense, amine blends could offer potential improvements in CO, chemical absorption to
reduce the regular reboiler duty and the common solvent circulation rates [14, 19].

However, in view of taking advantage these main benefits, except its low reactivity, the
addition of a small amount tertiary amines (MDEA, TEA) in primary or secondary amines
aqueous solutions (MEA, DEA) to form a solvent blend enhances the overall behavior of the
solvent in terms of lower energy requirements for solvent regeneration and higher resis-
tance to solvent degradation [20, 21]. For this reason, different researchers are studying
novel solvent formulations and blends, involving fast kinetic solvents such as MEA with
other slow kinetic solvents like TEA, 2-amino-2-methyl-1-propanol (AMP), benzylamine
(BZA) and MDEA [22, 23].

A huge number of solvent have been proposed for CO, chemical absorption applied to carbon
capture. The firstamine was combined with faster kineticamines was N-methyldiethanolamine
(MDEA). Amines such a methanolamine (MEA), diethanolamine (DEA) and piperazine (PZ)
have used as promoters for MDEA blends. It is also possible to increase the reaction rate
of fast solvents by combining them with an even faster solvent. For example, MEA is a fast
solvent but it is almost 50 times slower than PZ. The CO, absorption rate of MEA can be sig-
nificantly improved by adding small amounts of PZ as a promoter [24]. This blend improved
the individual CO, absorption rate. Potassium carbonate promoted with PZ is also considered
a promising solvent [25], along with the PZ and 2-amino-2-methyl-1-propanol (AMP) blends
[26]. A summary of the most promising amines blends are given below (Table 4).

Advantages Disadvantage

* Multi-pollutant capture system * Slow absorption rate. The solvent should be promoted
with increasing rate additiveti

® Use of a non-hazardous and non-volatile solvent ¢ Solid and slurry management

¢ Lower fouling and corrosion issues than amine ¢ High pollutant removal
compounds

Table 3. Advantages and disadvantages of CCS based on chemical absorption using Na,CO, [14].
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Solvent Abbreviation Reference
Piperazine and potassium carbonate Pz+K,CO, [25]
2-amino-2-methyl-1-propanol and piperazine AMP+PZ [26]
2-amino-2-methyl-1-propanol and 1,2-ethanediamine AMP+EDA [27]
3-methylamino propylamine and dimethyl-monoethanolamine MAPA + DMMEA [28]

Table 4. A summary of most relevant solvent blends reported from the literature [14].

Some advantages of blending these amines are listed below [29]:
¢ Improved thermodynamic efficiency.
* Reductioninissues relating to degradation and operation of the solvent caused by corrosion.

* Flexibility in the range of amines available to tailor and optimize the composition of the
solvent to achieve the highest absorption efficiency.

* High absorption rates observed in single amine solvents can often be maintained in blends
of the individual components.

* Energy requirement for solvent regeneration can be reduced.

2.5. Ionic liquid

A novel generation of solvents comes recently up as an alternative for traditional amine-based
solvents, namely ionic liquids (ILs). These compounds are organic salts with elevated boiling
points and thus low vapor pressure, which can selectively absorb acid gases such as CO, and
SO,, involving relatively low regeneration energy requirements [3]. Recently this topic was
reviewed extensively by Zhang et al. [30]

ILs are typically formed with the combination of a large organic cation, that is, imidazolium,
pyridinium or phosphonium cation with either an inorganic anion such as ClI-, BF o and PF o
or an organic anion, that is, RCO,- and CF,SO,™ [31]. Special functional groups are also being
under consideration for ILs formulations [30]. In general for conventional ILs, anions have
more impact on the solvent performance during the absorption process, being the influence
of cations considerably lower. Although ILs provide higher CO, solubility and selectivity for
CCS applications, some authors stated the use of functionalized IL are required in order to
make ILs competitive in comparison with amine-based chemical absorption option [30].

Conventional ILs interact with CO, as a physical solvent. They enhance the CO, solubility fol-
lowing a Henry’s law behavior. Functionalized ILs contain an amino group to improve the
CQO, absorption capacity and the kinetics by means of Zwitterion mechanisms as it occurs with
primary and secondary amines. Nowadays, researchers are focusing on the development of ILs
as a promising CCS approach based on their exceptional properties as a solvent for CO, capture.
In this respect, the key property provided by ILs derived from their extremely high capacity to
be synthetized in a large number of configurations. The tuneable solvent characteristic of ILs
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allows them to offer unique molecular structures specifically designed for each application, in
particular for low CO, concentrated flue gas treatment [30, 32, 33]. Other properties such as
their low vapor pressure must be also taking into account due to its impact on the environment.
ILs are non-volatile compounds and therefore the presence of ILs in the cleaned exhaust gas
after CO, separation step is negligible. In this sense, solvent losses associated to ILs are assumed
to be completely avoided in a CO, capture process based on these emerging solvents. This prop-
erty is also related to low energy requirements during the solvent regeneration. Several studies
reported up to 15% of reduction of the specific energy consumption of MEA functionalized ILs
compared to conventional MEA-based scrubbing [33, 34].

Despite their potential for carbon capture, there are some disadvantages that constrain their com-
petitiveness of ILs compared to conventional solvents. ILs show relatively high viscosity, limit-
ing their mass transfer capacities. Indeed, they become excessively viscous once CO, is absorbed,
producing solvent pumping issues as well as mass transfer and operational difficulties during
the overall CO, capture process. According to Luo and Wang [32], the increase of the viscosity
after the CO, absorption is due to the formation of strong and dense hydrogen-bonded networks
between the compounds formed by the Zwitterion and dication mechanisms. Authors proposed
to promote ILs by the use of non-amine functionalized ILS to avoid the formation of hydrogen
bonds [35, 36]. Other proposals such as introducing ether oxygen atoms into the ILs structure
and adding particular molecular solvents to provide IL-based solvents were found in the litera-
ture. For instance, the use of organic amines instead of water decrease also the viscosity without
reducing the CO, absorption capacity [30]. Finally, it is necessary to point out that they are also
relatively expensive in comparison with common amine-based solvents [37]. Other aspect that
should be further investigated in order to address the main knowledge gaps are indicated below:

* Determination of transport properties, physical properties, absorption kinetics of the best
performance ILs.

* Efforts on developing new combinations of IL using membranes.

¢ Development of simulation tools that can predict the chemistry of the interactions in multi-
components systems.

* The evaluation of the toxicity and environmental impact derived from the use of IL and its
derivatives.

* Investigations on the task-specific IL and the mechanisms involved in CO_-IL interactions
in order to improve the feasibility of its use as a potential CO, separation approach.

As it was mentioned previously, numerous ILs formulae have been developed for last 20 years.
Pure ILs configurations, typically referred as room-temperature ionic liquid (RTILs), retain CO,
by physisorption mechanism showing an unfeasible CO, absorption performance in comparison
with conventional amine-based solvents. The next generation of ILs was defined from the combi-
nation of conventional ILs with a functionalized amine group, preferable. Based on this configu-
ration, amine-functionalized IL, also called task-specific IL, reacts with CQO, by chemisorption
showing further improvements on the CO, capture process derived from physisorption-based
ILs. The development of this type of ILs enhanced the performance of IL in both biogas/natural
gas treatment and CCS. Table 5 summarizes the best performance IL reported from the literature.
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IL Abbreviation  Field Ref. W (cP) CO,” load.

1-butylpyridinium tetrafluoroborate [Bpy] [BE,] Post-combustion [34] 150 <0.05™

Tryhexyl(tetradecyl)-phosphonium [Pegera] Post-combustion [35] 223-1077 0.3-0.91

imidazole

1-butyl-3-methyl-imidazolium [bmim][PF,] Post-combustion [38] — 0.75

hexafluorophosphate

(Trifluoromethyl sulfonyl)imide-based IL.  [Tf,N] Biogas/natural gas  [39] — 0.66-0.84
upgrading

1-butyl-3-methyl-imidazolium acetate [bmim][Ac] Biogas/natural gas [39] — —
upgrading

Allyl-pyridinium [Apy] [TE,N] Pre-combustion [40] 17.7-28 —

bis(trifluoromethylsulfonyl)imide

"Viscosity measurements below 300 K.
“Pressure over 1 MPa.

"’ Ambient pressure.

Table 5. Summary of the best performance IL applied as solvents for CO, separation.

The basic of the minimum energy requirement for CO, release from ILs consist of the weak
interaction between both species. In general, some studies indicated that CO,-IL interaction
strongly depend on van der Waals forces in case small and symmetric molecular structures
are provided, whereas electrostatic interactions dominates as large and asymmetric molecu-
lar structures are used. Besides the acid-base interaction also plays a key role as a mechanism
for CO,-IL interaction. It should be noted that some authors state the relevant impact that the
structure of IL has on the CO, solubility. The amount of free space provided by means, that is,
the length chain, the presence of species such as F- increase the CO, capacity of IL. The higher
free volume available, the higher CO, solubility of the IL [30].

Most recent applications of IL involve the use of membranes for CO, separation. Research
on this field demonstrate the combination of IL with membrane significantly reduces the vis-
cosity during the CO, absorption process and also ensures further improvements of the gas
separation performance in terms of CO, permeability and selectivity [30]. The supported IL
membranes (SILM), the poly(ionic liquid)-ionic liquid composite membranes, the combina-
tion of facilitated transport membranes with IL and the incorporation of task-specific IL into
mixed matrix membranes have shown a high potential as a CO, separation approach. Based
on the literature, two main mechanisms are identified for IL-based membranes, namely solu-
tion-diffusion and facilitated transport mechanism [30]. The new pathway discovered regard-
ing IL and its use as a CO, separation approach requires further investigation.

2.6. New generation solvents for carbon dioxide capture

New generation solvents proposed are focused on energetic consumption reduction in order to
make CO, chemical absorption a cost-competitive technology to be deployment at CCS industrial
scale. It is well-known that most of the energy consumption takes place in the regeneration step
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of the CO, capture process. Two main research lines about new generation solvents will be dis-
cussed in this section, namely water-free solvents and biphasic solvents.

2.6.1. Water-free solvents

Despite the benefits of using water as a diluent in order to reduce the corrosion and viscosity
issues along the CO, chemical absorption plant, its presence in solvent formulation increases
the energy requirements in the regeneration stage. In this sense, several novel water-free sol-
vents are being formulated such as non-aqueous organic amine blends, aminosilicones or
amines with superbase [41].

2.6.1.1. Aminosilicones

Aminosilicones are one of the most relevant solvents currently under investigation. Besides
the absence of water in its formulation, the hybrid nature of this type of solvents (physisorb-
ing and chemisorbing) provides a potential improvement in CO, capture due to the possibili-
ties that its chemical nature offers.

Perry et al. developed GAP-0 and GAP-1 aminosilicones formulated as a CO,-philic siloxane
backbone and a CO, reactive amino group (Figure 4) [42, 43]. The absorption capacity of these
compounds is higher than the theoretical of the selected amino group due to the physisorption
phenomenon that occurs in this type of blends. However, the possibility of solid formation
and the increase of viscosity during the absorption process make necessary to use cosolvents
in order to avoid the above-mentioned issues.

2.6.1.2. Non-aqueous organic blends

This type of solvents has been studied by some research groups including, for example, Kim
et al. In this work, sterically hindered amines 2-[(1,1-dimethylethyl)amino]ethanol (TBAE)
and 1-[(1,1-dimethylethyl)amino]-2-propanol (TBAP) were tested using organic compounds
as solvents such as methanol and ethylene glycol [44-47]. The efficiency of this type of sol-
vents is also revealed by Mani et al. In this work, AMP mixed with different alkanolamines
(DEA, MDEA, MMEA and DIPA) and using organic solvents were analyzed [48, 49]. The tests
concluded that, among other considerations, the absorption efficiency at equilibrium ranged
73-96% (Table 6).

08

Figure 4. GAP-0 (on the left) and GAP-1 aminosilicones (on the right). Note that gray balls represent C atoms; white
balls represent H atoms; red/dark gray balls represent O atoms; dark blue/black balls represent N atoms; black small
balls represent Si atoms.
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Entry Amine Solvent Amine conc. Loading capacity Average absorpt. efficiency and
(wt%) (wt%) desorpt. temp (°C)
65 80
1 AMP/DEA DEGMME 18.3 31.7 73.1 91.6
2 AMP/MDEA EG/methanol 20.7 28.7 — 93.5
3 AMP/MMEA EG/methanol 16.9 43.4 76.7 95.9
4 AMP/MMEA EG/ethanol 16.8 40.7 — 92.6
5 AMP/DIPA EG/ethanol 22.6 27.3 — 93.1

Adapted from Ref. [49].

Table 6. CO, loading capacity at 20°C and absorption efficiency by different amines at increasing desorption temperatures.
The overall amine concentration is 2.0 mol dm=.

2.6.1.3. Amines with superbase promoters

Amines with superbase promoters might allow an increase in the CO, capture efficiency.
This type of solvents combines a primary amine and a strong non-nucleophilic base which
enhances the proton transfer from the primary amino group, facilitating the carbamate for-
mation (Figure 5). CO, capture efficiency and the kinetic behavior of a primary amine using
a superbase promoter could be increased over 30%. In addition, several solvents are able to
work even at high temperatures (over 50°C), which make them useful in high temperature
process. Nevertheless, these blends present similar issues than aminosilicones. The possibility
of solid formation and the increase of viscosity during the absorption process make necessary
to use organic cosolvents such as dimethylsulfoxide (DMSQO), especially with nucleophilic
polyamines [50, 51].

2.6.2. Biphasic solvents

In the last decades, it has been assumed that biphasic mixes generation during CO, amine-
based capture processes becomes an operation issue in terms of liquid circulation and homo-
geneity of the solvents, especially in the regeneration step. However, recent studies support the
new idea that a decrease in the energy requirements using biphasic solvents would be possible.

oo, : :
\\.
L- . Lt

17 Aming
[(OH-CH g -NH;] Mixed carbamate
Non-nucleophilic base [POH-CH,)-NH | [NH-
[NE-(Mea N (MM

Figure 5. Reaction of CO,-primary amines in the presence of a strong non-nucleophilic base. Note that gray balls
represent C atoms; black big balls represent dimethyl groups; white balls represent H atoms; red/dark gray balls
represent O atoms; dark blue/black balls represent N atoms.
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Type Absorbent Absorption Desorption Stripping Temp. (°C)
Absorption rate  Rich loading  Cyclic loading Cyclic
(g/(Lh) (g/L) I(g/L) loading
11 (g/L)
Primary solvent DMCA 72 101 71 88 40-70
MDEA 30 59 30 43 40-70
Activator Al 130 124 86 101 40-80
DPA 127 88 65 78 40-80
MEA (30 wt%) 127 122 28 47 40-80
Blend 3:1 DMCA +DPA 89 90 80 86 40-75
DMCA + Al 94 117 105 112 40-75
MDEA + MEA 47 62 26 48 40-75

Table 7. Main properties of selected amines in 3 M aqueous solutions. Adapted from ref. [52].

This argument is based on the optimization of the solvent volume treated in regeneration step,
stripping only the CO,-rich phase [52].

2.6.2.1. TETA/ethanol blends

In recent years, polyamine compounds and blends have been studied in order to improve the
CO, absorption capacity in CCS technologies. A higher amount of amine functional groups,
using water as a dissolvent, provides the polyamines higher absorption rates, but in spite of that
fact, regeneration penalties and solvent circulation costs due to the high viscosity of this kind of
compounds made unfeasible its application in pilot plants. Triethylenetetramine (TETA) using
ethanol as dissolvent was tested by Zheng et al. [53]. In this work, solid generation occurs after
the CO, reaction with TETA. Solid phase generated and separated, containing a total of 81.8% of
the captured CO,, allows a lower cost regeneration process due to the fact that liquid phase can
be recycled back to the absorption process without energy consumption. The precipitate formed
after CO, absorption can be regenerated heating to 90°C and returning to liquid phase TETA. This
new solvent represents an alternative to the usual polyamine-water solvents although the high
vapor pressure of ethanol must be considered in order minimize evaporation losses.

2.6.2.2. Phase change amine blends

Recent studies showed that some types of blended amines have the property of forming two
different liquid phases after reaction with CO, in capture process. This capacity of the solvent,
provides the possibility of perform selective regeneration process, being only the rich amine
treated inside the regeneration reboiler. 3-(methylamino)propylamine (MAPA) and 2-(dieth-
ylamino)ethanol (DEEA) blend was studied by Bruder and Svendsen showing a promising
behavior in the CO, capture process compared with habitual solvents currently used for this
proposal as, for example, 30 wt.% MEA [54].
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2.6.2.3. Lipophilic-amine-based thermomorphic biphasic solvents

Lipophilic-amine-based thermomorphic biphasic solvents have shown potential advantages
in CO, capture compared to conventional alkanolamines in terms of solvent regeneration and
cyclic capacity. The improvements obtained using these types of solvent are based on its ther-
momorphic behavior. This phenomenon consists of the generation of two liquid phases after
heating inside the reboiler. According to Zhang et al. [52], these systems can be regenerated at
lower temperatures than the conventional alkanolamine blends. This temperature reduction
in regeneration step allows a decrease of the energetic consumption in CO, capture processes.
Amine blends used by Zhang were mostly composed of an absorption activator: Al, dipro-
pylamine (DPA) and a regeneration promoter: N, N-dimethylciclohexylamine (DMCA) and
N-ethylpiperidine (EDP) (Table 7).

3. Physical absorption solvents

Physical absorption processes are highly recommended to separate CO, in pre-combustion
processes that commonly operate at elevate CO, partial pressure. Physical solvents are able
to selectively capture CO, in contact with a gas stream without a chemical reaction occurring.
As it was indicated in the introduction section, the high partial pressures of CO, and low-
temperatures are desirable to obtain an optimized performance of the physical absorption
process in terms of absorption rates and solubility equilibrium of CO,. Then, the rich (CO,
loaded) solvent is regenerated [55].

Focusing on the pre-combustion CO, capture process itself, seven processes using physical
solvents are currently commercially available, which are discussed in the following section.

A summary of the most relevant physical properties of each solvent and the list of advantages
and disadvantages can be found at the end of this chapter in Table 8.

3.1. Selexol™

The Selexol™ process has been widely used and effectively proven in the refinery industry,
natural gas sweetening, syngas processing and fertilizer production since the 1960s. Recently,
Selexol™ has also been used in IGCC for H,S, COS and CO, removal.

The Selexol™ process, licensed by Universal Oil Products (UOP), employs a mixture of differ-
ent dimethyl ethers and polyethylene glycol, represented by the formulae (CH,0(C,H,0) CH,),
with n factor ranging from 3 to 9 [2]. This physical solvent was patented by DOW chemical [56].
Selexol™ provides a selective absorption of H,S, COS, mercaptans and CO, from a variety of
natural and synthesis gas streams. It has shown a high performance under high-pressure, low-
temperature and high acid gas process conditions.

In the Selexol™ process, the flue gas must be first dehydrated before being introduced in
the absorption column. After that, the dehydrated flue gas enters the absorber at 30 atm
and 0-5°C and the acid gas components are selectively absorbed into the solvent along the
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Process Advantages Disadvantages

Selexol™ * Non-thermal solvent regeneration * Most efficient at elevated pressures
¢ Non-corrosive solvent

¢ Dry gas leaves from the absorber

Rectisol™ ¢ Non-foaming solvent * High refrigeration costs
Ipexol-2 ™ ¢ High chemical and thermal stability * High capital costs
¢ Non-corrosive solvent * Amalgams formation at low T
Fluor™ ¢ High CO, solubility * High solvent circulation rates
* Non-thermal regeneration * Expensive solvent

¢ Simple operation
¢ Non-corrosive solvent
Purisol™ ¢ Non-foaming solvent * High compression cost
¢ High chemical and thermal stability * Most efficient at high-pressure
¢ Non-corrosive solvent
e Low volatility
Sulfinol™ ¢ High capacity ¢ Foaming issues
¢ Low solvent circulation rate ¢ Corrosive solvent
* Thermal regeneration
Morphysorb™ ¢ High solvent loading capacity * New process
¢ Low energy requirement
¢ Non-corrosive solvent

¢ Low capital and operating costs

Table 8. Main advantages and disadvantages of physical absorption technologies available for CO, capture [58, 59].

column. A pre-treatment absorption column can be used to accomplish the sulfur compound
removal prior to CO, separation. The CO, loaded solvent is then sent to the regeneration pro-
cess from which the solvent recovers its original capacity by either reducing the pressure or
inert gas stripping. The recovered (lean) solvent is recycled back into the absorber, whereas
the high purity CO, exits the regeneration stages to be compressed and stored.

3.2. Rectisol™

The Rectisol™ process is applied in H,S and CO, removal from syngas streams, mainly from
heavy oil and coal gasification. The CO, stream obtained can be used in urea, methanol and
ammonia production, but it is not applied for the food and beverage industry. It has a high selec-
tivity for H,S, CO, and COS and can be configured to accomplish the separation of synthesis gas
into various components depending on the final product specifications and process objectives.

Rectisol™ is licensed by Lurgi AG, which is an affiliated company of Air Liquide. This tech-
nology employs chilled methanol as solvent and can be applied for low and moderate CO,
concentrated gas streams. Due to the high vapor pressure of the solvent, the absorption stage
must be carried out at very low-temperatures to reduce solvent losses [57].
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In the Rectisol™ process, the raw syngas is cooled before being introduced into the absorption
process. The sulfur compounds must be firstly removed using a CO, loaded solvent. After
that, the sulfur exempt syngas contacts with the chilled methanol in the absorber, operating
at 50 atm and temperatures in the range of [-100°C, -30°C]. The rich solvent is then sent to
the regeneration stage where CO, is released by flash desorption, reducing the pressure up to
1 bar. The lean solvent is recycled back to the absorber [2, 57].

3.3. Ifpexol™

The Ifpexol™ process introduced in 1991 can be used for natural gas applications. This process
is based on two steps as follows: Ifpex-1™ removes condensable hydrocarbons and water and
Ifpex-2™ removes acid gas [58]. Ifpexol™ is licensed by Prosernat and uses refrigerated metha-
nol as physical solvent.

The Ifpexol-2™ process for acid gas removal is similar to an amine-based chemical absorption
process except for the operating temperatures. The absorber operates below —29°C to minimize
methanol losses, and the regenerator operates at about 6 bar. Cooling is required on the regen-
erator condenser to recover the methanol releasing during the regeneration step. This process
usually follows the Ifpexol-1™ process so excessive hydrocarbon absorption is not as great a
problem [59].

3.4. Fluor™

Fluor™ process is the most suitable physical absorption process to be applied for high CO, par-
tial pressure syngas streams and has been in use since the late 1950s. Fluor™ is licensed by Fluor
Daniel, Inc. and employs propylene carbonate (C,H,O,) as solvent (available as JEFFSOL™ PC
solvent), which has a lower vapor pressure than those used by Rectisol™ and Selexol™. The
solvent requires neither a low nor no presence of H.,S and can be applied in large CO, removal

applications [60, 61].

In the Fluor™ process, physical absorption occurs at moderate to high-pressure, ranging
between 30 and 80 bar, and at ambient temperature. The flue gas must be dehydrated before
the gas enters into the absorption column to prevent water build-up in the solvent. As indicated
before, H,S must also be removed before the CO, absorption occurs. After CO, is absorbed, the
CQO, loaded solvent is flashed to release CO, and recovers its original capacity. The lean solvent
is recycled back to the absorber, whereas the high purity CO, exits the regeneration stages to
be compressed and stored [62].

3.5. Purisol™

The Purisol™ process is particularly suited to treat high-pressure, high CO, synthesis gas from
IGCC systems because of the high selectivity for H,S. This technology is licensed by Lurgi AG
and employs N-methyl pyrrolidone.



Solvents for Carbon Dioxide Capture
http://dx.doi.org/10.5772/intechopen.71443

In the Purisol™ process, H,S removal is not required prior to CO, absorption occurring.
The process can be operated at 50 bar and either at ambient temperature or with refrigera-
tion down to about -15°C. The CO, desorption is accomplished by stripping with an inert
gas [63].

3.6. Sulfinol™

The Sulfinol™ process can remove H.S, CO,, carbonyl sulfide, mercaptans and organic sulfur
components from natural and synthesis gas from coal or oil gasifiers and steam reformers.
This process accomplishes H,S and CO, separation in a wide variety of compositions up to
around 50%v/v H,S and above 20%v/v CO,. The principle of this process aims at combining
the high absorption potential of alkanolamine (chemical absorption) and the low regeneration
energy requirement of the physical solvent (physical absorption).

Sulfinol™ is licensed by Shell Oil Company and employs mixtures of diisopropylamine
(DIPA) or methyldiethanolamine (MDEA) and tetrahydrothiophene dioxide (SULFOLANE)
in different blends. The physical solvent used (DIPA or MDEA) has a higher absorption capac-
ity and a low energy requirement for regeneration, thus increasing the carrying capacity due
to lower solvent recycled requirements. The absorber is operated at 40°C and a pressure
around 60-70 bar. The rich solvent is then sent to the stripping column where CO, is released
at temperatures over 110°C and vacuum pressure. It should be noted that addition of anti-
foam is needed in the absorber and solvent degrades due to the presence of oxygen and strip-
per temperatures [64].

3.7. Morphysorb™

The Morphysorb™ process is applied for selective removal of H,S, CO,, COS, CS,, mer-
captans and other components from coal/oil gasification syngas at IGCC facilities. This
process is particularly effective for high-pressure and high acid gas applications and offers
substantial savings in investment and operating cost compared to the competitive physi-
cal solvent-based processes. The operational cost is 30-40% lower than that for Selexol™
Process [65, 66].

This technology is developed by Krupp Uhde GmbH in cooperation with the Institute of
Gas Technology (GTI), and employs N-formyl morpholine (NFM) and N-acetyl morpholine
(NAM) mixtures as solvent (manufactured by BASF AG). In comparison with other physical
solvents, the Morphysorb solvent co-absorbs fewer heavier hydrocarbons and is also suited
for simultaneous water removal from the feed gas [67]. In this process, the acid gases are
removed from the absorbent by flashing and the regenerated absorbent is recycled to the
absorbent. The physical absorption occurs at temperatures between -20 and +40°C and at
pressure of 10-150 bar [67]. The key advantage of the Morphysorb™ technology is the high
acid gas capacity together with the low solubility of C1-C3 hydrocarbons, resulting in a
higher product yield and a lower recycle flash stream [68].
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4. Conclusions

Physical and chemical CO, absorption are mature technologies that can be applied to CO,
emission mitigation at large scale, mainly focused on fossil-fuel power plants, cement pro-
duction and steel manufacturing. This chapter summarizes the cutting-edge of the knowl-
edge about absorbents developed for this proposal. The most relevant aspect of conventional
physical and chemical solvents applied to CO, capture was summarized and their physical
properties, absorption mechanisms and kinetics were further discussed. Based on the current
state-of-art in the field of CO, absorption, the novel solvents and blends were also reported
and new applications such as ionic liquids have been deeply discussed along the manuscript
from the specific literature available on this topic.
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Abstract

The steady increase of anthropogenic CO, in ambient air, owing to the fossil fuel, power
plants, chemical processing and deforestation caused by the usage of land, is a key chal-
lenge in the on-going effort to diminish the effect of greenhouse gases on global climate
change by developing efficient techniques for CO, capture. Global warming as a conse-
quence of high CO, level in the atmosphere is considered as one of the major long lasting
problems in the twenty-first century. Concern over these major issues with regard to
severe climate change and ocean acidification motivated us to develop the technologies
that capture the evolved CO, from entering into the carbon cycle. Therefore, CO, capture
and storage technology is attracting increasing interest in order to reduce carbon level in
the atmosphere which in turn mitigates global climate issues. In this regard, highly effi-
cient adsorbents e.g.; zeolites, alkali metal oxides, activated carbon, porous silica show
considerable progress in post combustion CO, capture. Recently, metal-organic frame-
works (MOFs), porous organic polymers (POPs), porous clays, N-doped carbon etc. are
explored as versatile and quite elegant way for next-generation CO, capture. In this chap-
ter, we will discuss the broad prospect of MOFs, POPs, nanoporous clays and porous car-
bon for CO, storage and sequestration through utilization of their nanospace chemistry.

Keywords: CO, capture and sequestration, metal-organic frameworks (MOFs), porous
organic polymers (POPs), nanoporous clays, porous carbon

1. Introduction

In the late nineteenth century, Goddard Institute for Space Studies (GISS) found that global
temperature is increasing on account of global warming at least 0.8°C in every year since
1951, which is continuing to increase still twenty-first century because of the release of green-
house gases [1]. Based on such criteria “The Intergovernmental Panel on Climate Change” (IPCC)

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNNN
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declares that this excessive CO, emission is markedly related to global climate change and
hence could adversely affect global temperature [2]. Furthermore, studies reveal that com-
pared to the CO, level of 280 ppm during pre-industrial era, CO, concentration increases to
401 ppm in 2015, mainly because of human activity and anthropogenic industrial revolution
that needs an ultimatum to check the atmospheric CO, level [3]. Thus, in order to diminish
carbon level, CO, capture and storage/sequestration (CCS) as well as CO, capture and uti-
lization (CCU) should have been implemented for considering a ultra-low carbon content
environment. Regarding CCS processes, physical adsorption, absorption and membrane sepa-
ration technologies are being involved to store CO, in adsorbents which later buried in deep
underground. As for instances, liquid amines like monoethanolamine and diethanolamine
are traditionally being utilized to store CO, through CCS processes [4], however, despite the
wide use of such methods, it suffers from major drawbacks like corrosive nature and volatil-
ity of amines, decomposition of the generated salts as well as expensive regeneration cost [5].
Therefore, the requirement of new supports e.g.; porous organic polymers (POPs) [6], metal
organic frameworks (MOFs) [7], zeolites [8], zeolitic imidazolate frameworks (ZIF) [9], micro-
porous carbon [10], perovskites, hydrotalcites, clathrate hydrates [11], etc. are mandatory to
overcome such drawbacks. It is worth mentioning, porous materials with suitably decorated
narrow micropores/ultra narrow micropores are significant in adsorbing large quantity of CO,
through utilization of hollow nanospace, hence, these materials could be promising in frontier
research in order to check the adverse effect of CO, that is continuously releasing as tens of
billions of tons in each year. Again, MOFs, POPs etc. having wide diversity in structure engi-
neering, can stabilize various organometallic complexes through utilization of their surface
functional sites, which in turn enhances their CO, adsorption efficacy. Although CCS has wide
applications, but only storage in nanopores could partially solve the carbon emission prob-
lems because underground leaking cannot be completely ruled out. This circumstance justifies
the implementation of suitable process that could simultaneously convert the captured CO, to
value-added products [12]. Nevertheless, being cheap and easy availability, CO, is enriched as
C1 feedstock and has broad scope of serving as C1 chemistry to produce important products
e.g. fuels, commodity chemicals, agrochemicals, valuable materials and so on [13].

In this chapter, we describe the fabrication of several important solid materials for controlling
environmental remediation of CO, through CCS techniques and also highlight their potential
utility for CO, adsorption purposes. However, our major aim is to focus the profound appli-
cation and usage of several solid-phase adsorbents like, MOFs, POPs, nanoporous carbon,
porous clays for CO, capture and sequestration study.

2. Promising materials for CO, capture

2.1. Metal-organic frameworks (MOF)

MOFs constitute of a new class of materials which could serve as an ideal platform for
the development of next-generation CO, capture materials because of their large capacity
for adsorption of gases and easy tailorability of their structures [14]. MOFs are also called
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coordination polymers because of their propensity to build up by metal atoms (ions) linked
together by multifunctional organic ligands. Therefore, MOFs synthesis is a consequence of
the linkage between the inorganic and organic chemistry, and it has been considered that
MOFs are pioneered by Hagrman et al. [15], Batten and Robson [16], Zhou and Kitagawa
[17] and Yaghi et al. [18].

It is customary to say that the framework components of MOFs are required to precisely con-
trol for specific type of CO, capture e.g. post-combustion capture, pre-combustion capture,
oxy fuel combustion and potentially even for the specific power plant in which the capture
system is to be installed. In this regard, significant efforts have been made recently in improv-
ing the gas separation performances of MOFs and some studies are therefore being under
consideration for evaluating the prospects of deploying these materials in real-world CO, cap-
ture [19]. This has been predominately invented by Noro et al. [20] and Yaghi et al. [18]. The
wide diversity in its structure makes it possible to construct material with high surface area
[21], tailor the material properties and thus its affinity towards specific gas molecules [22, 23].
Accordingly, it would be possible to develop MOEF-based sorbents with large capacity and
high selectivity for CO, storage purposes.

It can be stated that most of the MOFs are synthesized using non-renewable organic solvents
like N,N-dimethylformamide, dioxane, etc., although few MOFs (CD-MOF) can also be made
from green solvents like ethanol, water etc. [27]. During synthesis, high surface area MOFs
are filled with solvent molecules. Since MOFs are being used for CO, storage, therefore, the
solvent inside the pores are required to remove without any disturbance in its porous struc-
ture. However, special care must be taken to assure that the structure does not collapse. It is
worthy to mention that the thermal stability of the MOF is expected to be lower than that of
zeolites/zeolite analogues because MOFs have lower metal-linker binding energy than that of
zeolites having stronger Si-O, Al-O linkages. In Figure 1, some representative MOF structures
are shown.

The CO, storage capacity of MOFs is being measured at different temperature and pres-
sure. There has also been established a positive connection between storage capacity
and surface area at high pressure. Yaghi et al. [18] were first to explain the relationship
between surface area and CO, uptake capacity. Among several MOFs, MOFs with square

Bio-MOF-11

Figure 1. Crystal structure of several MOFs, e.g.; MOF-5 [24], DA-MOF [25], CO,(adenine),-(CH,CO,), (bio-MOF-11) [26],
with permission from respective references.
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channels (MOF-2) [28], pores with open metal sites (MOF-505, Cu,(BTC),) [29], interpen-
etrated (IRMOF-11) [29], CO, (adenine),-(CH,CO,), functionalized bio-MOF-11 are inter-
esting [30]. It is important to mention that MOF-177 has the high surface area (4500 m* g™)
and possesses high uptake of CO, (60 wt% at 35 bar) at high pressure. Very recently,
ultrahigh porous MOFs are prepared by Furukawa et al. from Zn,0(CO,), unit, contain-
ing one or two organic linkers and among them MOF-210 showed highest BET surface
area (6240 m? g™) and high pore volume (3.6 cm® g™) reported till date [31]. The ultrahigh
porosity of MOF-210 has been achieved mainly because of the expanding organic link-
ers. As for instance, by extending the size of the 1,3,5-benzenetribenzoate (BTC) in MOF-
177 by replacing with larger 4,4',4"-(benzene-1,3,5- triyl-tris(benzene-4,1-iyl)) tribenzoate
(BBC), MOF-200 was obtained with even higher BET than that of MOF-177 [32]. Strikingly,
MOF-210 and MOF-200 show ~71 wt% CO, uptake capacity at 298 K and 50 bar pressure,
which are highest and considered as new record among all solid porous materials. For CO,
capture at ambient condition as well as flue gas condition, CO, capture is not only influ-
enced by surface area but is also dependent on adsorbent-CO, interaction. In this context,
Mg-MOEF-74 [Mg,(DOT); DOT: 2,5-dioxidoterephthalate] consisting of an open framework
with Mg? sites shows high CO, storage capacity of 35.2 wt% at 298 K and 1 bar [32]. It is
pertinent to mention that open metal sites are mandatory in achieving high CO, storage
capacity. In Table 1, we present some MOFs having significance in CO, capture at low and
high pressure.

Chemical formulae BET (m*g™) CO, storage (Wt%) Temp.(K) Pressure (bar) References
MOE-177 4500 60 298 50 [31]
MOF-210 6240 71 298 50 [31]
Mg-MOF-74 1640 35.2 298 1 [32]
Cu,(abtc), — 38.5 273 1 [36]
Dy(BTC) 655 27.2 273 1 [37]
Al (OH),(OCH,),(BDC-NH,), 1268 241 273 1 [38]
Zn,(BTetB) 1370 19.7 273 1 [39]
[In,0(diazDBC)1.5(H,0),](NO,) 892 17.9 273 1 [40]
Co,(OH),(p-CDC), 1080 16.4 273 1 [41]
Cu(bpy),(BF,), — 13.8 273 1 [42]
Cu,(bptb) 1217 12.6 273 1 [43]
Zn,(BTetB)(DMF), 800 12.1 273 1 [30]
Zn,(BDoborDC), 800 12.1 273 1 [44]
Ni(bpy),(BF,), — 119 273 1 [34]
Ni,(bpy),(NO,), — 10.6 273 1 [45]
Cd(mim), 2420 5.6 273 1 [46]

Table 1. CO, adsorption capacity of metal-organic frameworks at low and high pressure.
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On the other hand, thermal degradation of MOFs generally happens on account of metal-ligand
bond breaking. As a consequence, thermal stability of MOFs is predominately dependent on
both the metal-linker bond strength and the number of linkers connected to metal sites. Indeed,
MOFs can be stable up to 300°C without degradation of the framework structure [17, 18], which
is crucial for post-combustion CO, capture from flue gas under moist conditions.

Since open metal sites in MOFs show considerably good CO, uptake property, one common
question that may rise among readers is the effect of water on CO, uptake because water
can easily coordinate to open metal sites. It has been found that in some cases small amount
of water can accelerate CO, adsorption in some MOFs. Yazaydin et al. have observed that
water molecules coordinated to open metal sites of Cu-BTC (HKUST-1) and thus significantly
increase CO, adsorption of this framework [33]. However, in other cases; water could only
destroy the MOF structure and shows a detrimental effect on CO, adsorption. Kizzie et al.
showed the effect of humidity on the CO, capture performance of M/DOBDC series of MOFs
(M = Zn, Ni, Co and Mg; DOBC = 2,5-dioxidobenzene-1,4-dicarboxylate), demonstrating a
significant decrease in the CO, uptake capacities for Mg/DOBC and Zn/DOBC [34]. Recently,
Liu et al. also described water stability of various MOFs after their pretreatment, further sug-
gesting their stability in aqueous condition [35].

2.2. Porous organic polymers (POP)

POPs are recently developed as an important class of porous materials, constructed from light-
weight elements (C, H, O, N) and linked by strong covalent bonds, which show huge potential
in a variety of applications, e.g.; gas storage and separation, catalysis, sensing, energy storage,
optoelectronics and to mention a few [8, 47-49]. A series of vibrant characteristics of POPs, such
as high-specific surface area, good physicochemical stability, tunable pore dimensions, topolo-
gies and chemical functionalities, make them suitable adsorbents for CO, capture.

POPs are widely used and have been classified according to their synthesis conditions, which
includes polymers of intrinsic microporosity (PIMs), conjugated microporous polymers
(CMPs), covalent organic polymers, hypercrosslinked polymers (HCPs), crystalline triazine-
based frameworks (CTFs), porous organic frameworks (POFs), porous aromatic frameworks
(PAFs), polymeric organic networks (PONs) and so on. In each networks, the state-of-the art
development in the design, synthesis, characterization and the CO, adsorption performances
has been reviewed [50, 51]. Additionally, CO, uptake capacity and adsorption enthalpy can
also be controlled through manipulation of POP surface area, pore size and/or its function-
ality at the surfaces. Understanding all these aspects could lead to the development of new
possibilities of novel POP frameworks to target CO, capture, where the amorphous charac-
teristics, high cross-linked ultra-microporous structures could be crucial in determining CO,
adsorption performances. Herein, we describe the critical factors that directly influence the
CQO, uptake property for POPs.

There is a direct correlation between POP surface area and its porous structures. It is said
that CO, uptake capacity is dependent on the high specific surface area. It has also been sug-
gested that CO, uptake of an adsorbent increases with increasing CO, pressure, which dem-
onstrates that controlling of surface property might be advantageous in tailoring CO, uptake
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phenomenon. Significant development in the synthesis of high surface area POP materials
has been done by several researchers, among which the synthesis of porous aromatic frame-
work (PAF-1) developed by Qiu et al. via Yamamoto homocoupling of tetrahedral mono-
mers (tetrakis(4-bromophenyl)methane) is significant [52]. Owing to the in-build generation
of diamondoid framework topology by the cross-linking of tetrahedral monomers, it creates
open and interconnected pores which give rise to high surface area (BET: 5600 m* g™) and
good CO, storage capacity (29.5 mmol g, 298 K, 40 bar). Later significant contribution has
been developed by modifying with other quadricovalent building centers [53], which forms
PPN-3 (with adamantine-system), PPN-4 (replaced tetrahedral carbon by silicon) and PPN-5
(replaced tetrahedral carbon by Germanium), as shown in Figure 2. Importantly, all these
POPs possess exceptionally high surface area. It should be noted that PPN-4 having BET
surface area of 6461 m* g' considers as highest surface area among all reported POPs till date.
The exceptionally high surface area enables PPN-4 to have excellent CO, storage capacity
(48.2 mmol g™) at 50 bar and 295 K.

Therefore, it can be arguably said that the design followed by the synthesis of high surface
area POPs from tetrahedral building block is a promising approach for CO, storage at high
pressure. Apart from BET surface area, porous structure also triggers CO, uptake phenom-
enon, as controlling the pore size similar to the kinetic diameter of CO, molecule (Size: 3.3 A)
can significantly enhance the storage capacity. So far many researches have been made sig-
nificant effort to make POPs from tetrahedral building units as CO, adsorbents and among
them hypercrosslinked (HCPs) amorphous polymers are important. HCPs exhibit unique
property in gas storage capacity due to its highly cross-linked network which prevents the
interconnected porous frameworks from being collapsed [54]. In Figure 3, the formation of
cross-linked HCP is presented.

The unique advantage for the synthesis of HCPs, possesses huge prospect in materials
chemistry research because it requires cheap, readily available precursors and FeCl, as non-
toxic catalyst. Therefore, utilizing this procedure, several aromatic polymers can be eas-
ily prepared as described by Cooper et al. [55] In presence of 1,1-binapthol the resulting
HCP shows 1015 m*> g™ BET surface area with high CO, uptake capacity (3.96 mmol g,
1 bar). The high CO, capture capacity is hardly affected by aqueous environment owing to
strong hydrophobicity of HCPs. Another interesting research has been done by Puthiaraj

,@@ . o
Y

Figure 2. Synthetic routes for high surface area PPN-4 (X: Si), PPN-5 (X: Ge), PAF-1 (X: C) from tetrahedral building
blocks.
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Figure 3. Schematic representation of the formation of hypercrosslinked porous polymers.

et al., where the knitting polymerization has been utilized for binding tetraphenyl aromatic
moieties (Figure 4) [56]. Unlike the conventional Suzuki/Sonogashira coupling reactions,
HCP polymerization promotes the cross-linking between tetrahedral aromatic moieties in
a facile way. In continuation with this research, silicon (Si) and germanium (Ge) containing
nanoscale hyper-cross-linked aromatic polymers (PHAPs) were reported by FeCl, mediated
Friedel — Crafts alkylation between tetraphenylsilane or tetraphenylgermanium as a build-
ing block and formaldehyde dimethyl acetal as a cross-linker, which yields high surface area
(1137-1059 m?* g') stable polymers having high CO, adsorption capacity (104.3-114.4 mg g™)
with an isosteric heat of adsorption in the range of 26.5-27.3 k] mol™ (Figure 4). It is worthy
to mention that controlled synthesis of silicon and germanium-based nanoscale POPs is very
difficult and shows intense research activities because Si and Ge are crucial in influencing
physical properties of these POPs.

Although high BET surface area is necessary for influencing CO, adsorption behavior, how-
ever, it is not the prime reason, indeed adsorbate-adsorbent interaction might be quite effec-
tive for adsorption at low CO, pressure and for selective adsorption of CO, in presence of
other gases. In this regard, N, P, O, S etc. atoms when incorporated into POPs, show dramatic
change in adsorption capacity as well as in the selectivity; because heteroatoms can improve

PHAP-1 [X = 5i], PHAP-2 (X = Ge]

Figure 4. Synthesis of porous hypercrosslinked aromatic polymers (PHAP) containing central hetero atoms Si, Ge other
than carbon. CO, uptake capacity is given at the right; reproduced with permission from Ref. [56].
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isosteric heat of adsorption between sorbent and sorbate. To address this issues POPs with dif-
ferent functional sites e.g. pyridine (PON-2) or thiophene (PON-3) have been prepared, which
exhibit favorable interaction with CO, despite of having low surface areas [PON-2 (189 m> g™)
and PON-3 (44 m? g!)] than only phenyl-based PON (BET 1447 m? g™), clearly explaining the
effect of hetero-atom in POP structure [57]. Based on this proposal, a variety of N-containing
POPs with several functional sites e.g. carbazole, triazine, porphyrin, benzimidazole, azo, etc.
have been reported by several researchers as discussed in the subsequent section.

Microporous polycarbazole (CPOP-1) through polymerization of carbazole has been prepared
by Chen et al. by oxidative polymerization of carbazole with FeCl, as cheap and non-toxic
catalyst [58]. CPOP-1 shows high BET surface area (2220 m? g™!), narrow pore size (0.62 nm)
together with the presence of electron-rich carbazole units and high charge density at N-sites,
which facilitate uptake of polarizable CO, molecule through local dipole-quadrupole interac-
tions. The CO, uptake of CPOP-1 is as high as 4.8 mmol g™ at 273 K and 1 bar, along with
its high selectivity for CO,/CH, (33) and CO,/N, (25) separation is also noticeable on account
of the framework composition. Consequently, they have also prepared CPOP-(2-7) through
this reaction and among them CPOP-7 exhibits the best uptake capacity for CO, (3 mmol g™
at 273 K and 1 bar) [59]. Among other N-containing polymeric adsorbents, covalent triazine
frameworks (CTFs) are interesting. CTFs are efficiently applied to CO, capture purposes and
are generally synthesized at high temperature (>400°C) by molten ZnCl, which usually acts as
Lewis acid catalyst as well as solvents. CTFs possess moderate BET surface area (1235 m? g™),
while showing excellent CO, uptake capacity (4.2 mmol g™, 1 atm, 273 K) [60]. Again, several
PCTFs were synthesized through the modifications of CTFs using branched arms precur-
sors. Importantly, PCTF-1 with biphenyl, PCTF-2 with terphenyl and PCTF-3 with quater-
phenyl rings have been developed, which show BET surface area as 853, 811 and 395 m? g™
respectively [61]. When the middle benzene ring of CTF has been replaced by the strong
polar group, such as benzothiadiazole, forming PCTF-4 which shows highest CO, uptake of
4.7 mmol g at 273 K and 1 bar. Later, Zou and others prepared a nitrogen-rich polysulfone/
polymer (PSF/SNW-1) membrane by introducing nano-sized SNW-1 particles through intrin-
sically small micropores into PSF matrix via spin-coating [62]. Gas sorption measurements
demonstrated that SNW-1 exhibits high adsorption capacity and good affinity towards CO,
because of its high microporosity and the presence of functional amino groups. For CO, sepa-
ration, it demonstrates an excellent separation performance including high separation factor
(34 and 40 for CO,/CH, and CO,/N,) and high CO, permeability (22.4 barrer). Furthermore,
long thermal stability is also noticeable and further satisfies that SNW-1/PSF membrane is
stable and robust; exhibiting its potentiality in the practical application of CO, capture.

Based on the above discussion, it is evident that the effect of N-substituted POPs markedly
influence CO, adsorption and separation processes. Regarding this, porphyrin contain-
ing microporous POP shows potential application in this area. Porphyrin-based POPs are
generally synthesized from expensive Pd and Ni catalysts by a tedious way [63]. However,
Modak and Bhaumik introduced a new method with FeCl, for the formation of porphyrin
polymers through a one pot bottom up chemistry involving the condensation between pyr-
role and several aromatic dialdehydes [64, 65]. In this report, authors reported the formation
of Fe-POP-1/2/3 having 750-875 m? g™ BET surface area, narrow microporosity (0.75-1.1 nm)
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and excellent adsorbent for CO, (19 wt%, 273 K, 1 atm; by Fe-POP-1), shown in Figure 5.
This research has further been extended by changing aromatic dialdehydes to aromatic trial-
dehyde using 4,4',4"-(1,3,5-triazine-2,4,6-triyl)tris(oxy)tribenzaldehyde as tripodal precursor.
The advantage of using this organic precursor is enormous, because it introduces both tri-
azine and porphyrin networks in a single TPOP-1 material, which stores high amount of CO,
(6.2 mmol g™ or 27.3 wt% at 3 bar, 273 K).

2.3. Porous clay materials

The key advantages of any porous materials involve flexible surface modification due to the
availability of high surface area together with lower regeneration energy compared to the any
conventional solvent methods. Among the several porous materials, clay minerals are one
of the significant materials since they have unique physical properties because of their lay-
ered structure, small grain size and large surface to volume ratio. Apart from the mentioned
advantages, clay possesses low cost, high mechanical and chemical stability that has been fas-
cinated to the researchers and withdrawn specific research attention. A variety of clay miner-
als have been used for CQO, capture, like halloysite, kaolinite, montmorillonite, nanosepiolite,
bentonite, etc.

In a recent report, pristine halloysite nanotubes (HNTs) were pretreated with acid for selec-
tive removal of alumina and thus, produce mesoporous silica nanotubes (MSiNTs), which
were then impregnated with polyethylenimine (PEI) to prepare an emerging nanocomposite
MSiNTs/PEL (MP) for CO, adsorption [66]. Recently, Jana and coworkers demonstrate the
development of several HNTs based solid adsorbents being grafted with diverse aminosi-
lanes containing both primary and/or secondary amine sites over the surfaces of inexpensive
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Porphyrin-based porous polymers

Figure 5. Schematic representation for the preparation of porphyrin-based porous polymers by electrophilic aromatic
substitution of pyrrole with several aromatic dialdehydes and trialdehydes.

173



174  Carbon Dioxide Chemistry, Capture and Oil Recovery

and easily available HNTs to capture CO, from the ambient air under room temperature
and ambient pressure [67]. They have also explored the effect of relative humidity in terms
of moisture on the adsorption kinetics of the adsorbents by carrying out the experiment on
the seasonal ambient air [11], exhibiting that relative humidity basically regulates the atmo-
spheric CO, adsorption and corresponding adsorption kinetics (Figure 6). Jana et al. also
studied the kinetics of several stable isotopes of CO, present in the ambient air [68]. Schaef
et al. reported the adsorption of CO, onto kaolinite surfaces under geologic sequestration
conditions and also verified through the density functional theory (DFT) [69]. Wang et al.
developed montmorillonite supported PEI composite for CO, capture [70]; the CO, sorption
efficacy was found to be 2.54 mmol g™ under dry environmental condition and 3.23 mmol g™
under moisture added condition. They also verified that the density of CO, in the clay
pores is comparatively stable over a wide range of CO, pressures at a given temperature
and at the excess sorption maximum. CO, sorption increases with decreasing temperature
while the high pressure sorption properties demonstrate weak temperature dependence.
Elliot A. Roth and coworkers synthesized amine-containing solid sorbent for CO, capture
through the modification of the surface of montmorillonite nanoclay using aminopropyl-
trimethoxysilane and polyethylenimine [71]. They found that in pure CO, and 10% CO, in
nitrogen gas streams the nanoclay loaded with only one of the amines exhibits ~6 wt% cap-
ture efficacy at 85°C and atmospheric pressure, whereas it is ~7.5 wt% CO, capture efficiency
when the nanoclay immobilized with both the amines. Irani et al. utilized nanosepiolite as an
inorganic-organic CO, sorbent by immobilizing tetraethylenepentamine (TEPA) onto acid-
modified nanosepiolite, having capacity of 3 mmol g for 1 vol% CO, in N,, along with

Figure 6. Schematic presentation of the trapping of CO, from the seasonal ambient air in clay based solid nanocomposites,
adapted from Ref. [11] with permission from The Royal Society of Chemistry.
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~1 vol% H,0 at 60°C [72]. Xiao and coworkers exploited an inexpensive and commercially
available bentonite for CO, capture from flue gas after modified by sulfuric acid followed by
immobilization of TEPA [73]. Hence, these low-cost clay based adsorbents introduce a new
pathway in the frontier area of CO, capture and sequestration study and should make the
procedure environmental friendly, robust, sustainable and thus a more attractive strategy.

2.4. Nanoporous carbon composite

Nanoporous carbon derived from various carbon precursors, such as polymer, biomass, coal,
petroleum etc. shows enormous significance in small molecule adsorption due to high spe-
cific surface area, narrow pore size distribution, low preparation cost, easy-to-design, low
energy requirements for regeneration, high stability in air and water and high flexibility in
heteroatom doping/surface functionalization [74]. Porous carbons are prepared from physi-
cal/chemical activation of carbonaceous materials with CO,, steam, ZnCl, KOH etc., which
are generally employed as activating agents for the formation of microporous carbon [75]. In
addition, templating method using zeolites, ZSM-5, several MOFs (MOEF-5, ZIF-8, Al-PCP)
acts as an effective carbon precursors in making amorphous carbon (Figure 7) [76].

Additionally, from the perspective of environmental friendliness and preparation cost, waste
materials e.g. fly ash, coconut, carpet are quite popular to prepare high performance carbona-
ceous materials for CO, adsorption [77-79]. As for instance, porous carbons are prepared from
hazelnut shells via carbonization and KOH activation. The obtained porous carbon exhibits
a high specific surface area of ~1900 m? g and high pore volume (1-0.7) cm® g™, which are
approximately five times greater than those of carbon without activation [80]. Again, coffee
residue has also been used as a sustainable source for the preparation of activated carbon
with ZnCl, [81]. The textural properties of the samples thus prepared significantly depend on
the ZnCl,/C ratio. On the other hand, porous carbons are also prepared through a facile one
step carbonization from porous polymers. Recently, Modak et al. have prepared microporous
carbon (K-COP-M) having extremely high surface area of 2186 m? g™ and contains micropore

Porous carbon

POPs

Figure 7. Schematic presentation of the formation of porous carbon from MOFs, POPs, foam and waste materials.
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volume of 0.85 cm® g™ [82]. K-COP-M has been produced by KOH activation of COP-M
polymer in an inert condition and at very high temperature (600-700°C). CO, adsorption
potential of K-COP-M-600/700 have been evaluated, indicating that these frameworks adsorb
160-170 cm® g™ (7.6-7.1 mmol g') CO, at 1 atm and 273 K, which is higher than that of non-
activated carbon derived from COP-M (i.e. COP-M-600/700 stores 77-83 cm? g™ CO,). This
signifies the utility of KOH in making effective adsorbents by creating ultra-small micro-
pores in carbons. While heteroatom doping is significantly used in controlling the textural
properties of porous carbon, carbonization of amine containing organic precursors substan-
tially shows high N-doping and considers as an effective adsorbent of CO, with very good
selectivity. There are several reports available in this respect [49, 83], among which N-doped
composite developed by Kim et al. is interesting, where polyindole-reduced graphene oxide
(PIG) hybrid was synthesized and later carbonized at 400-800°C temperature and thus pro-
duces N-doped graphene sheets [84]. The N-doped graphene sheets are microporous having
0.6 nm pores with BET surface area of about 936 m*> g™ and show a maximum CO, uptake of
3.0 mmol g™ at 25°C and 1 atm pressure. Nevertheless, high recycling stability of CO, uptake
is noticed even after 10 recycling cycles; additionally this N-doped carbon shows CO,/N,,
CO,/CH, separation ability of 23 and 4 respectively.

Alternatively, polyurethane foams (PUFs) are important thermosetting polymers and
owing to its high nitrogen contents, it can be used as good precursor for N-doped car-
bon [85]. The global demand for polyurethanes was estimated to be 13.6 million tons
in 2010, which leads to the generation of huge wastes. However, regeneration of spent
polyurethane is not only high energy-consuming process, but also it produces toxic nitro-
gen oxides, carbon oxides etc. and causing severe environmental pollution. These wastes
when carbonized at high temperature can produce nitrogen-doped carbon that can further
reduce environmental pollution since these N-doped carbon shows CO, uptake capacities
of 6.67 and 4.33 mmol g™ at 0°C and 25°C under 1 bar, respectively. Finally, it can be said
that like MOFs, POPs and porous clays, microporous carbon is also an alternative for CO,
storage purposes.

3. Conclusion

In this chapter, we highlight important aspect of some promising materials, like MOFs,
POPs, nanoporous carbon and porous clays as CO, adsorbents, which possess high BET
surface area, tunable microporosity and facile surface engineering for enhancing interac-
tion with CO,. All such features are however exempted from conventional zeolites, alkali
metal oxides, activated carbon, porous silica, therefore, demonstrating the significance of
new porous materials in developing carbon capture techniques. Considering the growth of
rapid industrialization and abrupt emission of CO, in the atmosphere, an increasing concern
to the social as well as marine lives, would be diminished through utilization of aforesaid
functional materials to adsorb CO,. In the abovementioned sections, we have thus tried to
summarize the recent advancement made in the synthesis and broad prospect of MOFs,
POPs, nanoporous clays and porous carbon as potential adsorbents for CO, capture and
storage. Nevertheless, in the near future, such promising materials would motivate to the
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researchers to extend this work towards low pressure CO, adsorption, which may open a
new route in the frontier area of carbon capture and sequestering study through the real
world CO, capture under ultra-dilute condition.
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Abstract

Carbon capture and storage, which is also known as CCS, is an obligatory climate change
mitigation technology to reduce the carbon dioxide gas emissions to the atmosphere thus
limiting the average global temperature increase to 2°C. Process analytical technology is a
scientific tool to improve process qualities and performance through timely measurements.
This chapter describes how process analytical technology can be imbedded to a carbon
capture technology by giving a detailed example of implementation of a process analyzer
to CO, capture by alkanolamine absorption process. Such an implementation requires suc-
cess in five elements, which are described in this chapter. They are as follows: selecting an
appropriate process analyzer, integration between the analyzer and the process, model
development to enable the analyzer to predict a process-related chemical or physical attri-
bute, use of the developed model in real-time application and use of the data obtained from
the analyzer as an input to a process control unit. Partial least square regression model is
a useful chemometric-based method to extract hidden chemical information in measure-
ments from a process analyzer. In this chapter, four partial least square regression models
are presented, which are developed to predict CO, concentration for four different alkanol-
amine solutions when these amines are used to absorb CO, from a combustion process.

Keywords: climate change, carbon dioxide capture, process analytical technology,
process analyzers, chemometrics, partial least square regression, Raman spectroscopy

1. Introduction

1.1. Carbon dioxide and climate change

The Earth’s atmosphere contains greenhouse gases such as water vapor, methane, ozone, car-
bon dioxide and nitrous oxide in trace levels, which have the ability to trap heat. By trapping
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heat, temperature of the atmosphere increases which is referred to greenhouse gas effect. The
greenhouse gas effect is a naturally occurring function in the atmosphere, but when the green-
house gas level exceeds a certain amount, it couples with the climate and changes the natural
equilibrium in the environment. Climate change mitigation actions are a top priority across
the world today to fight the greatest environmental threat mankind has ever faced. Carbon
dioxide (CQO,) is not the strongest greenhouse gas but among all greenhouse gases, it is the
most unwanted as it has made the highest influence to the climate change during the past
270 years [1]. While promoting green technologies such as renewable energy sources to reduce
and avoid CO, emissions to the atmosphere, capturing CO, from the current emission sources
is required to reach the climate change mitigation targets such as the 2°C target. Major CO,
emission point sources are fossil fuel and biomass energy facilities, cement, iron & steel and
petrochemical industry.

CQO, capture and storage (CCS) is a three-step process consisting of CO, capture from emission
sources; CO, transportation to storage sites and store in underground geological formations.
In combustion processes, CO, can be captured either in pre-combustion or in post-combus-
tion mode.

1.2. Carbon dioxide capture technologies

CO, can be separated from flue gas or fuel gas stream by processes such as absorption,
adsorption, membrane separation, chemical looping, hydrate based separation, biochemi-
cal methods and cryogenic distillation. Among these separation technologies, the absorption
process is the most mature because the basic technology is well known. Typical sorbents are
alkanolamines and potassium bicarbonate. The most preferred option for retrofitting existing
plants is post combustion capture technology (PCC), where CO, is scrubbed from the flue gas
after combustion has taken place.

1.2.1. CO, capture by aqueous alkanolamine solvents

The basic reaction mechanism between CO2 and pure amines/alkanolamines is the same;
hence, both compound classes can be used for CO, capture. Although theoretically pure
amine can enhance the performance of CO, capture than aqueous amines, pure amines and
even high-concentrated aqueous amine solutions show implications in plant operations.
Several experiments, pilot plant tests and theoretical simulations have been carried out to
investigate the optimum amine concentration for CO, capture systems [2, 3]. Amine volatility
for pure amine is, in general, higher than aqueous alkanolamine volatility. When the amine
concentration is increased, amine degradation rate becomes higher [4] and the cost required
for amine oxidation inhibitors is increased. CO, capture plants using higher amine concentra-
tions require higher reboiler duty [5] and larger water washing sections. Therefore, aqueous
alkanolamine solutions are preferred than pure amines. Furthermore, aqueous alkanolamines
and in particular aqueous MEA are the commercial workhorse solvents for the CO, capture
related gas sweetening industry [6].
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The IEA CCS road map requires to achieve 100 or more projects by 2020 to reduce the CO,
capture energy penalty by 7% points by proving CO, capture technologies ready for large
scale and demonstrating retrofit for 85% CO, capture [7]. The most common and cost-effective
technology is absorbing CO, chemically into aqueous alkanolamine solutions such as mono-
ethanolamine, monoethanolamine-glycol mixtures, diethanolamine, diglycolamine, diisopro-
panolamine, methyldiethanolamine, and mixed amines (including sterically hindered amines)
[8-11]. Establishing CO, capture technology by MEA still have challenges, which have to be
solved within a short period of time, such as equipment corrosion, solvent degradation, high
solvent regeneration energy requirement and possible solvent emissions to the environment.

1.2.2. Chemical reactions of the CO -alkanolamine-H,O system

A series of parallel equilibrium and kinetic reactions occur during CO, absorption into aque-
ous amine solution. This results in an electrolyte solution including ions such as OH’, HCO,, CO*
,RNHCO, and RNH; as shown in reactions from Egs. (1)-(10). Here R represents an alkyl group
such as CH, or C,H.. Reaction of CO, with this solution is a Brensted acid-base neutralization
reaction leading to a drop in solution pH as CO, is absorbed. The chemical composition of this
solution varies according to overall solution pH.

Carbon dioxide gas physically dissolves in water to give a solvated form of carbon dioxide
which is, COz(aq) (Eq. (2)). Thereafter, COz(aq) reacts chemically with water to give carbonic
acid (Eq. (4)) which forms equilibria with bicarbonate (Eq. (5)) and carbonate (Eq. (6)) ions
according to the respective pKa values. Amines are categorized as primary (RNH,), secondary
(R,NH), tertiary (R,N) and sterically hindered amines (e.g., t-RNH,) based on their chemical
structure. Amine reactivity of the CO, -alkanolamine-water system is determined by the N
atom lone electron pair in a Zwitterion reaction mechanism [7]. Accepting a proton at the N
lone electron pair, amines react as Bronsted bases according to a Brensted acid-base reaction
type. The N lone electron pair can also react with, for example, the carbon atom of the CO,
molecule according to a Lewis acid-base reaction type. Carbonic acid reacts in aqueous solu-
tion with all amines in a 1:1 manner by a Bronsted acid-base reaction type to form protonated
amine bicarbonate. Primary and secondary alkanolamines may also react rapidly with CO,
through a Lewis acid-base reaction type to form amine carbamate. During carbamate forma-
tion, two amine molecules react with one CO, molecule; therefore, aqueous amine solutions
forming protonated amine bicarbonate only achieve a higher CO, loading than aqueous pri-
mary or secondary amine solutions forming amine carbamates only.

H,0  OH +H* (1)
o, +H,0 « CO, )
CO,,,+OH" « HCO; 3)
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Co0,,,*H,0 < H,CO, (4)
H,CO, < HCO;+H" ®)

HCO; « CO¥+H" (6)

RNH, + H* < RNH; @)

RNH,+CO, < RN+H, CO, (®)
RN+H,CO, « RNHCO,+H" )

RNHCO; +H,O+RNH; < RNH, + RNH; + HCO; (10)

These equilibrium equations (Egs. (1)-(10)) can be manipulated for amine and absorbed CO,
considering the carbon and amine balance. The total number of moles of the CO, is the sum
of moles of carbonate, bicarbonate, carbamate ions and molecular COz(aq). The total number
of amine moles is the sum of moles of protonated amine, free amine and carbamate ions. The
mole ratio of CO,:amine is known as CO, loading. This value represents the CO, absorption
capacity by the amine and is considered as a crucial technology-related value. The reaction
pathway for primary, secondary and tertiary amines is described in [12]. Primary and second-
ary amines react with CO, to form carbamates which limits their theoretical CO, absorption
capacity to 0.5 mol CO,/mol amine. Tertiary amines do not possess free proton in the nitrogen
atom and hence do not directly react with CO,. Their reaction pathway first involves increas-
ing the hydroxyl ion concentration which contributes to react with CO, to produce bicarbon-
ate. Therefore, they have a higher theoretical CO, absorption capacity which can go upto
1 mol CO,/mol amine.

2. Process analytical technology and CO, capture

With reference to [13], process analysis is the chemical or physical analysis of materials in
a process stream through in-line or on-line analyzer. Process analyzers can measure directly
physical or chemical attributes in a system and supply data. Some key features of process
analysis with respect to the laboratory analysis are: the speed of the analysis, zero manual
sample handling and ability to integrate real-time data with process control. Process ana-
lytical technology (PAT) was originally defined by Food and Drug Administration (FDA)
for pharmaceutical industry, as a system for designing, analyzing, and controlling manufacturing
through timely measurements (i.e., during processing) of critical quality and performance attributes
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of raw and in-process materials and processes, with the goal of ensuring final product quality [14].
However, PAT is a tool which can be applied to any process industry to increase its produc-
tivity by supplying product/process-related information real-time. Today, from laboratory
to industrial scale, process analytical technology has replaced most of traditional methods
to determine process-related attributes providing opportunities to understand chemical
mechanisms, plant performance and optimization. CO, capturing is a continuous chemical
process or a mass transfer operation where raw materials (e.g., flue gas from a power plant)
are converted into a product (e.g., CO,-free-flue gas) in a process plant (e.g., absorption and
desorption units). Unlike other industrial applications, CO, capturing is not an economically
profitable process; instead it creates and additional burden to the economy such as increas-
ing the cost of electricity production which creates a drawback for implementation. PAT has
a considerable potential to support the strategies and methodologies to reach CCS targets.
The concept of PAT within the CCS framework is not yet a well-discussed topic. However,
the use of process analyzers in the CCS scientific research area has been gradually increasing
during the last decade. This includes research on using different process analyzers to replace
traditional laboratory methods, to understand reactions in the molecular level, and solvent
selection based on spectroscopic data.

2.1. Implementation of a PAT tool for a CO, capture process

A successful and robust implementation of PAT is required to gain its widespread benefit
to a process. It also saves money, time and resources. Since PAT applies to an entire product
cycle, the implementation process should be modeled with simultaneous approach to sub-
models such as business, production process, management, engineering, health-safety &
environment and customer perspective. Although process analytical technologies improve
the speed of the analysis, the stage of introducing such a technology requires knowledge,
time and tremendous scientific work. Five elements are identified regarded to this stage
and described in this section. Figure 1 shows these five elements of a PAT implementation
approach.

Element 5

Data
acquisition
Element 3 and control

Element 4

Data
Method i
processing and
development chemometrics

Element 1 Element 2

PAT
Process ] Process
equipment Qﬁmenmty Mbogration
-

Figure 1. Elements of PAT implementation.
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Element 1: Selecting a suitable process instrument for an application is challenging due to
the variability of the availability. To determine a particular attribute of the process such as an
analyte concentration, several simple to sophisticated measurement technologies are avail-
able. The vendors claim the general features of the instruments they sell but how deeply,
accurately and precisely they response to our own application and the limitation of usage
are unknown until we purchase the instrument and experience its measurements. Since PAT
tools are expensive compared to traditional chemical analysis systems, the user may wish to
use it for different applications. For instance, an R&D institution wants to use an analyzer to
measure transparent liquid samples but later they also wish to analyze high turbid samples.
An example is analysis of alkanolamine samples from an industrial CO, capture plant where
samples are normally transparent when the fresh amines are used but will gradually become
opaque due to thermal and oxidative degradation when the plant is operated continuously.
If the user purchases an analyzer which only responses to transparent samples and is dis-
turbed due to the fluorescence effect of turbidity in a sample, then this analyzer will stop its
function when the solvent degradation starts. Therefore, if the investment requirement is to
use this instrument throughout several days of plant operation, then the instrument selection
becomes invalid and the whole implementation becomes unsuccessful. To avoid such disap-
pointments in later stages of a PAT implementation, one should always thoroughly assess
the selection criteria of the PAT tool. To ease this operation, the process can be started with
categorizing available analyzers based on their selectivity, performance, limit of detection,
complexity of usage, how it fits to the indoor and outdoor industrial environment as well
as the budget. Analyzers can measure physical properties such as refractive index, thermal
conductivity and viscosity. There are electrochemical analyzers measuring conductivity, pH
and spectroscopic analyzers measuring concentration or any other attribute which is related
to electromagnetic interaction. A detailed description about different types of process analyz-
ers can be found in [15].

When selecting a suitable process analyzer, it becomes crucial whether the instrument can
be easily integrated to the process system. Some instruments require advance mechanical
modifications to the existing system or process stream in the installation process, which make
them abatement only to that function. For example, if the requirement is plugging a sensor
to a high-flow process stream, the engineer should assure that the plugging mechanism can
withstand the maximum pressure of the system. Meanwhile, the process flow should not
damage to the sensor. This kind of plugging modifications is normally fixed or permanent,
and if the sensor is required to remove from the system, the process flow should be stopped
and demand time. These practical problems restrict the analyzer only to this application. If
we consider an insertion probe in a liquid stream, there are some critical factors affecting to
the quality of the signal. They are angle of insertion, penetration depth, and turbulence of
the process flow (as at some flow rates there can be bubble formation). If a probe, which has
a higher penetration depth than the sample height of the measurement in an experimental
set up, is selected to use, the set up should be modified to increase the sample height than
the required penetration depth. If the probe is going to be inserted to a small diameter pipe,
where the penetration depth is higher than the diameter, and the probe cannot be inserted to
the pipeline directly. In such a case, a flow cell with higher diameter should be included to the
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existing line. The volume of the new flow cell should not be larger to create stagnant places,
dead zones, and inhomogeneous mixture. This can be challenging because the plant needs to
be shut down before the modification. The required mechanical interface may not be easy or
straightforward at some instances. Therefore, the engineer experiences the dilemma whether
he should select an analyzer, which fits to the system, or he should change the system to fit to
the analyzer. Normally, process analytical instruments are superior in giving fast responses.
If the interest is online monitoring of concentration changes or reaction kinetics, the analyzer
should give fast responses such as measurements in every minute. Frequency of calibration/
maintenance of the analyzer, cleaning requirement between successive scans, required train-
ing or expertise to operate the instrument, whether the instrument can be operated continu-
ously throughout an entire process or an experiment cycle are also limiting factors.

Element 2: Process integration implies the method of measurement taken from the applica-
tion. After selecting the required process analyzer, the sample measurement is carried out
inline, at line or online. Examples for inline are: an immersion probe which directly contact
with the sample inside the process equipment, process line or flow cell. In such an instance,
sample dilution or probe cleaning prior to each measurement is impossible. On the other
hand, the user has the ability to do so if there is an autonomous sampling system, which is
called on-line. There are some process analyzers, which cannot be physically integrated to the
process such as liquid chromatography. Samples that are withdrawn from the process (grab
samples) either manually or automatically are measured offline and called at-line measure-
ments. Grab samples associate with the highest percentage of sampling errors.

Element 3: Process analytical instruments give both qualitative and quantitative analysis.
Qualitative analysis gives the first impression to understand whether it is meaningful and
worth to develop a method for quantitative analysis by a particular instrument. Process ana-
lytical instruments are calibrated and validated before they are used to demonstrate that it
is suitable for intended purpose. Normally, calibration means to ensure that the instrument
readings are accurate with reference to established standards. Calibration can be used before
using an instrument such as a weighing balance or a pH meter. Vendor specifies when and
how frequently the equipment is needed to calibrate. Normally, the validation refers that the
equipment installed correctly and performing without an error comparably to the one used
before. These vendors’ specified calibration and validation are straightforward.

However, in the PAT terminology, calibration and validation imply converting the instrument
signals/measurements to be suitable to perform a specific analysis. Based on measurements
taken as a set of samples (calibration set), a multivariate regression model is developed to
predict an attribute. The model prediction performance is validated based on another set of
samples (validation set) prepared under similar environmental conditions as the calibration set.
The model is tuned until the prediction error becomes lower than an acceptable value. For
example, a model can be developed based on measurements from a spectrometer performed
for a calibration set and validation set to predict pH of some chemicals. The same instrument
can be used to develop models for other applications such as determining a concentration
of a sample, to determine individual concentrations in a mixture of chemicals or analyzing
an impurity of a sample. These kinds of model developments to analyze indirect property
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are the main expectation from a PAT tool. The method of model development is described
under Section 3 for an application in a CO, capture process. The calibration and validation
procedure should follow the guidelines specified in Theory of Sampling (ToS) [16] and Design
of Experiment (DoE).

Element 4: Data processing and chemometrics are a subcategory of model development stage.
When it comes to the implementation stage of a process analyzer to the plant, the researcher
has experience from laboratory experiments or batchwise experiments on what kind of data
treatment is needed. Usually raw data coming out from a process analyzer such as a spec-
trometer contain noise. The information in the data is hidden within this noise. Preprocessing
makes data easier to read, understand and interpret. There are also some instances where
univariate methods are implemented and/or data processing is not essential. After prepro-
cessing, the data can be used as input to a chemometric model such as a principle component
analysis (PCA) model or partial least square regression (PLSR) model. Different chemometric
tools have different advantages. For example, PCA can be used to identify trends of variation
in the data with respect to time or process conditions, and PLSR can be used to predict pro-
cess features based on indirect measurements. PLSR is widely used in process applications
for quantitative purposes. One such example can be found in [17] where it shows the use of
PLSR to quantify all chemical ions present in a CO, capture laboratory rig operated by aque-
ous amine. Another example of PLSR model development and ion speciation is shown in [18]
for CO, capture by ammonia process. A detailed description for PLSR theory, calibration and
validation is described in the literature [19, 20].

Element 5: Data acquisition and instrument control of a process analyzer is an essential part
to integrate analyzer measurements with an automative control system. In the case of univari-
ate analysis, implementation of automation control system is easy. However, when it comes
to multivariate methods, communication between the process analytical instrument and the
control system is challenging. There is a gap between these two types. The reasons are that the
analyzer has different file formats and sometimes the control system has been implemented
in a different file format in a different flat form. For example, in the analyzer, the data may be
saved in csv file format and the control system implemented in MATLAB/LabVIEW interface
needs data only from a wavelength range and needs data in txt or mat format as inputs.

3. An experiment on developing a full calibration model using
Raman spectroscopy

The scope in this section is to present the methodology on how a process analytical instrument
is implemented to replace traditional chemical analysis. The example described in this section
is specific to CO, absorption process by amines, but a similar approach can be applied for any
chemical analysis in laboratory or process plant. Analysis of CO, capture solvents is necessary
almost in every R&D tasks and CO, process plants to optimize the absorption and desorption
process. Some examples are investigating the effects of different types of solvents, blends, catalyz-
ers, process parameters and equipment configuration on CO, absorption and desorption capacity.
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In this example, it is shown how a Raman spectroscopy-based full spectrum calibration is
performed using a laboratory experiment for four types of amines which are reacted with
CQO,. Sample types are described in Table 1. Two primary and two tertiary amines were used
for preparing four regression models. The primary amines are 2-aminoethanol (MEA) and
3-amino-1-propanol (3-AP). Tertiary amines have a different chemical mechanism than pri-
mary and secondary amines when absorbing CO, and they can reach CO, loading capacity
up to 1 mol CO,/mol amine. 3-dimethylamino-1-propanol (3DMA1P) and methyl diethanol-
amine (MDEA) are the two tertiary amines used in this experiment.

3.1. Sample preparation

For each model, a calibration and validation set was prepared to facilitate test set validation
[21]. Number of samples in each calibration and validation set is given in Table 1. All the
samples were prepared using analytical grade chemicals and Milli-Qwater (18.2 MQ cm).
Aqueous solutions and water were degassed using a rotavapor. First, two amine stock solu-
tions having 30 w/w% (weight per total weight of solution) concentration were prepared and
stirred in closed containers for 30 min using mechanical stirrers. Stirring helps to mix the two
phases of water and solvent to get a homogeneous solution. CO, was bubbled into one stock
solution until the whole amine sample was maximum CO, loaded. The meaning of maximum
CO, loaded is that the solution is filled with equilibrium solubility of CO, at a given tempera-
ture and pressure. The time required to fully load the amine solution was calculated based
on the data of volume of 30 w/w% amine sample, CO, bubbling flow rate, room tempera-
ture, pressure and equilibrium solubility. The CO, loaded amine solution was then stirred
for 30 min in a closed vessel and left for 24 h at room temperature. The aim was to facili-
tate CO, gas dispersion homogeneously throughout the solution; to accelerate the reaction
between gas and solvent and to reach equilibrated state. One gram from each stock solution
was transferred to a beaker to titrate with 1 M hydrochloric acid (HCI) to determine amine

Name Abbreviation Chemical structure Chemical Number of CO, loaded
category  solutions

Calibration Validation

2-Aminoethanol . MEA HO — MNH = Prirjﬂary 19 18
(monoethanolamine) amine
3-Amino-1-propanol 3-AP HzNCH2CH:CH0H Primary 22 20
amine
3-dimethylamino-1- 3DMA1P H3C. NTT~""0H Tertiary 21 20
propanol l::': Ha amine
Methyl diethanolamine MDEA (I:H;} Tertiary 21 20
N amine
HO """ 0H

Table 1. Description of samples in the calibration and validation set.
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concentration. By mixing different ratios of CO, loaded amine solution with the other amine
stock solution (CO, unloaded), a series of 38—42 different CO, loaded samples were prepared in
10 mL glass reactors. After the solution in each glass reactor reached equilibrium, a titration
method (refer Section 3.2) was carried out to measure its true CO, concentration in units of
moles CO, per mole solvent.

3.2. Analysis of reference samples

Determination of true CO, concentration (CO, loading) in alkanolamine samples was carried
out by the BaCl, titration-precipitation method. 0.1 M Sodium hydroxide (NaOH), 0.1 M H(],
1 M HCI], barium chloride (BaCl,) purchased from Merck (99%) and the titrator Mettler Toledo
T50 were used for the experiment. The titration procedure is discussed in [22]. This titration
is popular and a well-established method to analyze CO, loading in absorption processes
both in laboratory and industrial applications. However, the method needs extensive chemi-
cal preparation; and it takes more than 2 h to analyze one sample and needs expertise and
tedious manual work. The accuracy of the PLSR models is strongly affected by the accuracy
and results of this analysis. All the sampling errors during sample extraction from stock solu-
tion, chemical preparation, weighing, transferring samples, dilution, filtering and titration
were identified using a fish-bone analysis and addressed based on the knowledge from Theory
of Sampling [16].

3.3. Raman spectroscopy

The Raman spectroscopy is a process analytical technique which can be used for batch-wise
experiments where measurements are taken manually such as in laboratory tests, or for con-
tinuous operations such as in process plants where measurements can be taken continuously
in each time interval. The instrument output is called a Raman spectrum which is a plot of
intensity of scattered light (called Raman intensity) versus energy difference (given by wave-
number in cm™). If the objective is to measure the concentration of a chemical sample using
Raman spectroscopy, then the peaks and their intensity in a Raman spectrum indicate infor-
mation about the type of chemicals and their composition respectively for the measured sam-
ple. Kaiser RXN2 Analyzer (as shown in Figure 2a) with 785 nm laser wavelength, 400 mW
laser power and 100-3425 cm™ spectral range was the Raman spectrometer used in this exper-
iment. An immersion optic probe was connected to the RXN2 Analyzer via a fiber optic cable
(refer Figure 2b). During each measurement, the immersion probe was positioned vertically
into the 10 mL glass reactor using a stand. The glass reactor was covered by a black box and
aluminum foil to avoid interaction with fluorescence from external light sources (as shown in
Figure 2c). Each scan was acquired as an average of six scans with 10 s over a total exposure
time of 60 s to get a good signal-to-noise ratio.

3.4. Data processing

The aim of the data processing is to condition the measurement signal by removing as much
as possible of unwanted structure from the data. Including noisy spectra in regression model
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Figure 2. RXN2 analyzer; (a) Raman analyzer with exciting source and detector; (b) Raman immersion probe; (c) sample
is in an enclosed sample compartment (black box) and probe, which is mounted vertically, takes measurements.
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Figure 3. Unprocessed Raman spectrum for four types of CO, loaded amine solutions.

calibration results in poor correlation between property to be predicted and measured. The
RXN?2 analyzer was used to generate a data matrix of n x p where n is number of objects (e.g.,
different samples or measurements with time) and p is 3326 of Raman wavenumbers. This
data matrix contains the chemical fingerprints of the objects and typically different types of
noise. This noise comes from interference of other chemical components, laser input varia-
tions, noise from fiber optic cable or inadequate path length for the laser.

Figure 3 shows some raw spectra for four types of CO, loaded amines where normal features
of Raman spectra are visible such as baseline shifts, scattering and peak overlaps. These fea-
tures avoid the raw spectra to be used directly for the calibration model. Preprocessing of
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raw spectra is recommended to improve the predictability of a regression model. There are
several preprocessing methods available for PAT applications [23, 24]. The optimal choice
of preprocessing method is specific to the application and instrument. In this analysis, the
baseline correction based on the Whittaker filter [25] and mean centering was applied which
provided the lowest prediction errors as presented by root mean square error of prediction.

3.4.1. Variable selection

When CO, is reacted with an amine, it is converted into different carbon ions as shown in
Egs. (1)-(10). The variables related to all these carbon species should be included as x variables
for PLSR modeling. However, with reference to Figure 3, isolation of these variables from
the rest of the spectra is not straightforward. The spectroscopy shows measurements in the
wavelength range from 100 to 3425 cm™. In the model development, only a selected range
of wavelength was included. The spectra for all the solvents (Figure 3) show noise which
means unwanted variation, both in higher and lower frequency ranges. The middle frequency
range shows a flat behavior with some offsets between measurements. The wavelength below
400 cm™, between 1600 and 2600 cm™ and after 3100 cm™ was excluded to remove this noise
possibly arising either from the instrument, cables or measurement probe. Since these mea-
surements are associated with a chemical reaction, there are frequencies which are assigned
to vibrational mode of molecules. The reaction between alkanolamine and carbon dioxide
produces carbonate, bicarbonate and carbamate ions for primary and secondary amines.
Reaction between CO, and a tertiary amine does not form carbamate. For a CO_-loaded amine
solution, the vibrational modes from carbon species and amine species appear in the Raman
spectra collectively which makes it more complex to study. One can understand what kind
of chemical species present in a chemical system by observing peaks which vary with differ-
ent concentrations. On the other hand, knowing what kind of chemical species present in the
system helps to identify the peaks which should response differently when concentration
changes. This fact is very important when selecting variables for modeling. Having a small
number of variables makes the model easier to interpret.

There are disadvantages having unwanted variables in the model. The biggest challenge is
overfitting, which makes the model correlates with the property to be predicted (y variable)
during the model development stage, but future samples predict poorly. For instance, when
developing a PLS model to predict total CO, loading in an aqueous MEA solution, important
x variables are the vibrational modes coming from carbon species (i.e., carbonate, bicarbonate
and carbamate ions). According to the vapor-liquid equilibrium in the system, the proton-
ated MEA and free MEA concentrations correlate almost linearly with CO, loading less than
0.5 mol CO,/mol MEA [9]. Therefore, by mistake, one can include the variables assigned to
protonated MEA and free MEA to show a good correlation with CO, concentration. However,
when this model is used for samples except those are in the calibration and validation sets,
predictions will be unreliable.

When there is little or no knowledge on how the x variables relate to the y variable, variable
selection becomes further critical. In principle, all combinations of x variables must be tried to
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find the optimal choice which is not possible and practical. At such instances, variable selec-
tion methods such as iPLS (interval partial least squares regression), genetic algorithms (GA),
selectivity ratio and jack-knife can be used [26]. Similar to finding the optimal preprocessing
method, finding the optimal variable range is specific to the application and is an iterative
procedure. In this example, the selection of the variable range for each model was performed
which included vibrational modes of important carbon species available in literature [18].
Due to the overlapping of peaks, it was difficult to isolate the exact area for related vibrational
modes and therefore 1000-1500 cm™ and 1000-1164 cm™ regions were selected for primary
and tertiary amines respectively which made the models with the lowest RMSEPs.

3.5. Results

The calibration and validation results for each of the four respective PLSR models for CO,
concentration in MEA, MDEA, 3-AP and 3-DMAIP solutions are presented in this section.
Data preprocessing and model development were implemented in PLS Toolbox 8.21 in the
MATLAB 2016a software (MathWorks Inc.).

The model behavior is presented using four graphs for each amine solution (from Figures 4-11)
which are the score plot (t1-t2), regression coefficients, RMSEP and predicted CO, loading ver-
sus the measured loading. In the plots, c represents calibration samples and v represents valida-
tion samples. Samples are numbered as 1, 2, 3, 4 onwards with decreasing CO, concentration.
The regression coefficient plot is an indication on what weight of each wavenumber contributes
to the prediction. The higher the regression weight, the higher the importance of the assigned
wavelength to the prediction. The regression plot can be mapped with the vibrational modes of
carbon species which are chemically important to the total CO, loading.

The score plot gives the overview of the span of the calibration data and validation data. Even
without knowing the value of CO, loading (y variable), by visualizing the sample location in
the score plot, one can understand whether the sample is highly or less concentrated with
CQ,. Score plot can also be used to identify outliers which mean samples that show nonrep-
resentative x variables. There can be various reasons for outliers such as impurities in samples,
different sample type, instrument error and sampling errors. During the model development
stage, if such outliers are identified, they should be carefully analyzed and removed from the
model. When the model is used for process monitoring, visualization of such outliers helps in
the quick identification of the abnormal behavior in the process. With the increasing number
of PLS components, the prediction error of the models varies. A plot of RMSEP versus num-
ber of PLS components is used to conclude the required number of PLS components for the
model. It is always preferable to select a small number of PLS components to avoid model
complexities. An optimum number of PLS components avoids the risk of overfitting of the
model. The aim of the model is to use the instrument for predicting CO, concentration. The
predicted versus measured plots show how far the measured values deviate with respect to
the predicted values for the validation set. This deviation is interpreted with statistical param-
eters such as >, RMSEP and offset. When test set validation is used, this plot gives an image on
how the model will align with future data.
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Figure 4. Results from PLSR model for MEA; (a) score plot of PLS components 1 vs. 2 showing calibration and validation
samples; (b) regression coefficients based on a 2-component PLSR model.

Figure 4(a) is the score plot of PLS component 1 vs. 2 for MEA model. According to this
plot, PLS component 1 describes more than 90% of variation of data while PLS component 2
describes around 3% of variation. The sample with the highest CO, concentration (c1) and that
with the lowest CO, concentration (c19, v18) appear isolated in the score plot implying they
have extreme concentration values. The samples are spread in the plot as a pattern where they
move from right to left in the direction of PLS component 1 as the concentration decreases.
When this model is used for new data, they will appear in the same data swarm area. Samples
with high CO, concentration will appear in the positive side of PLS component 1 and when
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Figure 5. Results from PLSR model for MEA; (a) RMSEP with respect to number of PLS components and (b) predicted
versus measured CO, loading.

their concentration increases, they move toward the negative side of PLS component 1.
Figure 4(b) is the plot of regression coefficients between the wavenumber 1000-1500 cm™.
Wavenumbers having positive and negative regression coefficients contribute positively and
negatively respectively for the predicted property. Figure 5(a) shows the variation of RMSEP
with increasing number of PLS component. According to this plot, RMSEP becomes the lowest
at fourth PLS component. Having a higher number of PLS components in the model increases
model complexity and include more noise to the model. There is not much difference in the
prediction error between PLS component 2 and PLS component 4. Therefore, two PLS com-
ponents were selected for the prediction model. Figure 5(b) shows how well the model fits
when using for the validation data set to predict CO, concentration using their Raman spectra.
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Figure 6. Results from PLSR model for MDEA; (a) score plot of PLS components 1 vs. 2 showing calibration and
validation samples and (b) regression coefficients based on a 3-component PLSR model.

Similarly, in Figure 6(a), score plot for the MDEA model shows a data swarm with a pattern
moving from positive to negative side of PLS component 1 when the concentration decreases
in MDEA samples. Plot of regression coefficients between wavenumber 1000 and 1164 cm

as shown in Figure 6(b) indicates that there are both positively and negatively correlated
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versus measured CO, loading.

frequencies for the model in this range. Since the model shows the lowest RMSEP at PLS com-
ponent 3 as given in Figure 7(a), three components were selected for the model and model
predictions for validation data set are shown in Figure 7(b) resulting an r> of 0.995.
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Figure 8(a) shows the movement of samples from positive to negative side of PLS component
1 as the CO, concentration decreases in CO, loaded 3-AP solvent. The plot of regression coef-
ficients between 1000 and 1500 cm™ as given in Figure 8(b) shows negatively and positively
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Figure 9. Results from PLSR model for 3-AP; (a) RMSEP with respect to number of PLS components and (b) predicted
versus measured CO, loading.

correlated wavenumbers to the model predictions. According to RMSEP variation with
respect to number of PLS components, two PLS components (Figure 9(a)) were selected for the
model. Figure 9(b) shows how well model predicts for the test set samples. The model results
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Figure 10. Results from PLSR model for 3DMA1P; (a) score plot of PLS components 1 vs. 2 showing calibration and
validation samples and (b) regression coefficients based on a 3-component PLSR model.

for the tertiary amine 3DMA1P are shown in Figures 10 and 11. Similar to other solvents, the
score plot shows a systematic variation of data swarm (Figure 10(a)) while Figure 10(b) shows
the most and least important variables between 1000 and 1164 cm™ wavenumbers. Three PLS
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Figure 11. Results from PLSR model for 3DMAIP; (a) RMSEP with respect to number of PLS components and (b)

validation samples with 7* of 0.995 (Figure 11(b)).

components were selected (Figure 11(a)) for solvent 3DMAIP, and the model predicts the

A summary of the model details for each amine solution is presented in Table 2. For all the

is valid only for the CO, loading range which is given in Table 2.

predictions models, RMSEP percentages are less than 2.13% and ?is 20.995. Each PLSR model
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Model CO, loading range (mol CO,/  Variable PLS components RMSEP 7
mol amine) range (cm™) (RMSEP %)

MEA 0-0.4543 1000-1500 2 0.0096 (2.11) 0.995

3-AP 0-0.5149 1000-1500 2 0.0096 (1.86) 0.996

3DMAI1P 0-0.7945 1000-1164 3 0.017 (2.13) 0.995

MDEA 0-0.7449 1000-1164 3 0.014 (1.88) 0.997

Table 2. Summary of PLSR models.

When these models are used for predictions of CO, loading in future samples, first their
Raman spectra are preprocessed using Whittaker filter and mean centering. The required
variable range is selected for each model and using the regression coefficient equation as
shown in Eq. (11), the CO, loading is predicted.

Y =0b+b X +b,X,+b,X,+...+b X (11)
In Eq. (11), Y is the predicted CO, concentration; b, is regression coefficient for the intercept,
X is the preprocessed nth variable (Raman wavenumber) and b is the regression coefficient
relevant to variable x .

In PAT, chemometric modeling does not end once a model is calibrated and validated to
achieve a targeted prediction accuracy and precision. The model is needed to undergo con-
tinuous improvement or remodeling. Some suggestions are assessing the current model per-
formance using new validation data, using additional calibration data to remodel the existing
model, improving data preprocessing methods, improving sampling methods, moving to
more accurate reference analysis, different x variable ranges and including calibration sam-
ples with more variations.

4. Conclusions

Implementation of PAT tools in CO, capture process is useful in many ways to accelerate
laboratory analysis, R&D tasks and full-scale plant operations. One such example is using
a Raman spectroscopy to determine CO, concentration in alkanolamine solutions real-time.
During the process of implementation of a process analyzer for such an application, a chemo-
metrics-based calibration model should be prepared. Four PLSR models were developed to
predict CO, concentration in two primary amines and two tertiary amines solutions during
CQ, absorption process. The models predictions are satisfactory where RMSEP are 2.11, 1.86,
2.13 and 1.88% for MEA, 3-AP, 3DMAIP and MDEA, respectively. The target of the pres-
ent experimental work was to show the PLSR calibration model development for reaction
between CO, aqueous amine solutions. Primary amine and tertiary amine type was selected
for the study because they have two different types of reaction mechanisms. Hence, work
on secondary alkanolamines, and so on was out of scope. However, we expect that creating
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a model for secondary amines would be similar to the reported case of primary amine since
both primary and secondary amines produce carbamate when reacted with CO,.
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Abstract

This chapter describes the use of carbon dioxide at high pressures as an alternative for
the extraction of bioactive compounds in a more sustainable way, addressing some of its
physicochemical properties, such as pressure, temperature, density, solvation, selectiv-
ity, and its interaction with the solute when modified by other solvents such as ethanol
and water. This extraction process is considered chemically “green,” when compared to
conventional extraction processes using toxic organic solvents.

Keywords: supercritical CO,, high pressure, density, vegetable matrix,
bioactive compounds

1. Introduction

Separation technologies with fluids at high pressures are essentially vital to get new natural
products of vegetable or marine origin that have biological activity, so-called bioactive extracts.
Among the developed technologies, the supercritical fluid technology offers products free of
residual solvent and that typically present high quality, when compared to products obtained
by conventional techniques. The extracts of bioactive compounds can be obtained by extraction
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of solid matrices (leaves, seeds, pulps, etc.) or by extraction/fractionation of liquid mixtures
(aqueous solutions, fish oils, microalgae oils, vegetable oil, deodorize distillates, etc.) [1-5]. In
processes at high pressures, which are near or above the critical point (pressure and tempera-
ture), the solvent density increases drastically and this is the most important parameter associ-
ated to the solvent power. As illustrated in Figure 1, carbon dioxide, a non-toxic substance,
acting as solvent, co-solvent, or anti-solvent, is the most important fluid used in the supercritical
fluid technology in extraction, separation, fractionation, micronization, and encapsulation pro-
cesses applied to obtain extracts concentrated with bioactive compounds for food, pharmaceuti-
cal, and cosmetic applications [6-9].

Carbon dioxide has a critical temperature near to room temperature, contributing to the
operating conditions (pressure and temperature) to extract thermolabile substances, such as
bioactive compounds. In addition, this substance is non-polar and to enlarge the application
spectrum to extract bioactive compounds, ethanol, water, or both are usually used as co-
solvents. Moreover, carbon dioxide acts as co-solvent when in the mixture it is used more than
60% of ethanol or water, and as anti-solvent, when the solute extract is not soluble in carbon
dioxide during the depressurizing step.

The information accuracy related to the physical (pressure, temperature, and density) and
transport properties (diffusivity, viscosity) and the accuracy of thermodynamic and mass
transfer relations used for the solvent, co-solvent, and solute reach directly the costs of invest-
ment in extraction/separation units in supercritical conditions. The thermodynamic phase
equilibrium determines the limits for the mass transfer among different phases, which are

Solvent

Co-solvent Antisolvent
exny L CO2

o

W

Natural
matrices
I
b
Extraction process
at high pressure
v
Bioactive
compound

Figure 1. Carbon dioxide applications.
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involved in various processes. The cubic equations of state are the most commonly applied
models for the correlation and prediction of phase equilibrium at high pressures and are
available in major commercial process simulators. In addition, they are used to calculate other
thermodynamic properties, for both pure substances and mixtures, among which, the liquid
and vapor phases density, enthalpy, and entropy.

This chapter intends to show the recent application scenarios of the carbon dioxide use at high
pressures as solvent, to obtain natural extracts enriched with bioactive compounds, including
the use of water as co-solvent to enhance the mixture solvating power. In this chapter, the
description of the experimental strategy used for the supercritical carbon dioxide extraction of
bioactive compounds from acai berry pulp was emphasized. The primary properties of pure
carbon dioxide were also described and calculated using equations of state.

2. Diagrams of pure substances

2.1. P-T diagram

The pressure versus temperature (P-T) diagram describes the different aggregation states of
pure substances called solid, liquid, and vapor/gas.

Figure 2 is a schematic representation of the P-T diagrams for carbon dioxide and the substances
most commonly employed as co-solvent, ethanol, and water, in high-pressure extraction processes
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Figure 2. Solid-liquid-gas-supercritical fluid phase diagram. TP = triple point. Cp = critical point. P, = critical pressure.
T, = critical temperature. T; = triple point temperature. P; = triple point pressure.
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of bioactive compounds. The curves represent the boundaries (phase transition or phase equi-
librium) between the different states, known as saturation curves. The curve between the solid
and liquid phases is called fusion; the curve between solid and vapor phases is called sublima-
tion and that one between liquid and vapor phases is called vapor pressure (also known as
boiling curve).

The behavior of the thermodynamic diagrams of pure substances culminates in the determination
of the reference equilibrium points that has great importance in the development of thermody-
namic models for different processes applications. In the P-T diagram, there are two points: the
triple point, where the three phases are in equilibrium and the critical point, which is particularly
of fundamental interest for applications in processes that use solvents at high pressures.

The critical point of a pure substance is the maximum thermodynamic state reached by the
saturation curve between liquid and vapor phases. When the substance is in the state above
the critical temperature (T;) and the critical pressure (P.), it is called supercritical fluid, and when
the pressure is above Pc and the temperature below Tc, the thermodynamic state is called
subcritical liquid. The technology with fluids at high pressures consists in the use of substances
that act like solvent when they are in the thermodynamic state near or above the critical point. The
triple point of carbon dioxide is at pressure of 5.18 bar and at temperature of 216.58 K (=56.57°C),
and the critical point is at pressure of 73.7 bar and at temperature of 304.15 K (31°C) [10].

2.2. P-p-T diagram

Density (p) is the most important thermodynamic property to define the solvating power of a
solvent at high pressures, increasing the density of the solvent increases its solvating power. To
better understand the influence of density on the solvating power to increase or decrease the
solubility of an extract within a solvent at high pressures, one needs information concerning
the density as a function of system pressure and temperature.

Figure 3 shows the schematic representation of the density behavior (p = 1/V) of a pure
substance with temperature and pressure variations, where V is the specific volume (volume
per mass unit). In Figure 3, the density versus pressure isotherms are presented in descending
order from T1 to T9. The red line represents the saturation curve between the liquid and vapor
phases. The highest point of the saturation curve is the critical point. The dotted line within the
saturation curve is the two-phase region. In the saturation curve, there is a sudden difference
in the density between the liquid and vapor phases.

The behavior of the P-p-T diagram shows that the density at constant temperature increases
with the increasing pressure and at constant pressure increases with the decreasing tempera-
ture. In the region near the critical point, small variations of pressure and/or temperature cause
great variations in density. For carbon dioxide, the critical point is at the pressure of 73.7 bar
and at the temperature of 304.15 K (31°C); it makes carbon dioxide the most applied solvent to
extract thermo-sensible substances.

Below the critical temperature, in the subcritical region, the isotherms present two types of
behavior: for the vapor region, at constant pressure, the density increases with the decreasing
temperature and for the liquid region, the density varies very little with the temperature.
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3. Supercritical fluid extraction

The extraction/separation processes applied to solid matrix using carbon dioxide as solvent are
the most studied supercritical processes in the search for new natural products that have biolog-

ical activity, according to numerous applications described in the literature [1, 4-6, 11-18].

3.1. General process steps
Generally, the supercritical fluid extraction applied to a natural solid matrix consists of three
steps: the system supply of solvent/co-solvent, the extraction unit, and the extract separation
system from solvent/co-solvent. Figure 4 presents a general scheme of the supercritical fluid
extraction unit without solvent recycle. The system supply of solvent/co-solvent consists by a
booster air-driven fluid pump, a cooling bath, a co-solvent recipient, a co-solvent pump, and a
mixer. The extract separation system from solvent/co-solvent consists by a control valve for

extraction pressure reduction and a separation vessel to collect the extract.
Regarding the extraction, the supercritical solvent continuously flows through a fixed bed of

solid particles and dissolves the extractable components of the solid. The solvent is fed into the
extractor and evenly distributed at the inlet of the fixed bed. The system solvent and soluble

components leave the extractor and feed the precipitator/separator, where the solvent products
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Figure 4. Scheme of a supercritical fluid extraction plant applying solvent/co-solvent. CO, cylinder (1); cooling bath (2);
booster (CO, pump-3 and Compressor-4); mixer (5); CO-solvent pump (6); co-solvent recipient (7); extraction unit (8);
control valve (V-5); separation vessel (9); flow meter (10).

are separated by expansion (depressurizing), since at low pressures the density of the solvent
sharply decreases, therefore it decreases the solubilizing power of the solvent as well and the
products precipitate.

The choice of the operating condition (P and T) is a determining factor that contributes to
the maximization of the extracts solubility in the supercritical solvent, and consequently the
extraction yields. Thus, increasing the density of the supercritical fluid, the solubility of the
solvent maximizes. The solubility increasing can also occur when a co-solvent is added, which
changes the solvent power and, in this way, the new solvent is a mixture [19, 20].

To design a high-pressure fluid extraction process of valuable compounds from new natural solid
matrices, it is necessary to define the size of the extraction unit and some important parameters
have to be determined to obtain the optimum process conditions for each application. Brunner
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[19] and Kiran et al. [21] described the most important parameters, and among the variables that
determine the process, operating conditions (pressure and temperature), amount of solvent,
conditions of solvent removal from extract (precipitation), pretreatment of solid matrix, and other
mass transfer parameters can be highlighted.

In general, the parameters that define the behavior of the mass transfer at processes at high
pressures are related to the configuration of the bed: particle size, height, and diameter, prepa-
ration of the raw material, solvent flow, among others, which contribute to define the shape of
the kinetic extraction curves. The phenomenological discussions about supercritical fluid extrac-
tion mass transfer applied to solid matrices have been discussed in the literature [19, 22-24].

3.2. Supercritical carbon dioxide extraction of bioactive compounds: a case study

The experimental strategy used for the supercritical carbon dioxide extraction process of
bioactive compounds is based on the previous results collected by our research group in
obtaining acai extracts [25].

Acai is a dark purple, berry-like fruit from typical Amazon palm tree Euterpe oleracea Mart.,
integrated in the daily dietary habit of the native people.

Recently, many studies have suggested its use as a functional food or food ingredient due to its
antioxidant activity, explained by the high content of phenolic compounds, such as anthocya-
nins, specially cyanidin-3-glucoside and cyanidin-3-rutinoside, flavones, and phenolic acids
[26-28]. Phenolic constituents are generally associated with health-promoting properties and
prevention of diseases [29-33]. Anthocyanins constitute a group of pigments, also important in
the food industry, for the replacement of artificial colors [34-36].

The supercritical extraction experiments of the lyophilized agai pulp under development were
carried out in a Spe-ed™ SFE commercial unit (Allentown, PA, USA: model 7071 from Applied
Separations) which is coupled to the solvent + co-solvent delivery system of Laboratory of
Supercritical Extraction (LABEX), Faculty of Food Engineering-UFPA. The schematic repre-
sentation of the supercritical extraction system is shown in Figure 5.

The first step consisted of the extraction with supercritical CO, (pure) to obtain extracts rich in
fatty acids and byproducts of the residual solid matrix (defatted pulp). Analyses of the content
of bioactive compounds (anthocyanins and total phenolic compounds) were performed. The
second stage that is under development consists of the extraction with supercritical CO,
combined with water as co-solvent applied to the residual solid matrix to obtain extracts
concentrated in anthocyanins.

In the first stage, Batista et al. [25] subjected samples of lyophilized agai pulp to the supercrit-
ical carbon dioxide extraction process. Among the results, the study of the process variables
(temperature, pressure, and solvent density) that maximize the extraction yield of agai oil, the
quantification of the total anthocyanins content and total phenolic compounds content, and the
evaluation of the allelopathic potential of the extracts obtained can be highlighted.

Figure 6 shows the experimental results of the 50, 60, and 70°C isotherms on dry basis and
their standard deviations. In this study, the highest global yield was equal to 45.4 4 0.58%,
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Figure 5. Experimental protocol for the bioactive compounds extraction.
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Figure 6. Global yield on dry basis versus density of supercritical CO, extraction of lyophilized agai berry oil. (@) 50°C, (m)
60°C, and (m) 70°C isotherms [17].
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obtained at 70°C and 490 bar, while the lowest global yield was equal to 9.07 + 0.6%, obtained
at 60°C and 190 bar. The density is related to the CO, solubility and is directly influenced by
temperature and pressure. Here, the most important parameter was the density, since when it
increased (in all isotherms), the oil global yield also increased.

The analysis of the phenolic compounds in the lyophilized agai berry pulp showed an increase
in its content comparing the samples before and after the extraction with supercritical CO,, in
different conditions. Its highest content was equal to 7565 mg/100 g and was obtained in the
condition of 70°C and 350 bar. The standard deviation for each condition was lower than
0.18% (Figure 7). Regarding anthocyanins, there was also an increase in its content. Before the
extraction with supercritical CO,, the total concentration was equal to 96.58 & 0.11 mg/100 g,
and after the extraction, it reached up to 137.5 mg/100 g of sample in the condition of 50°C and
220 bar. The standard deviation was lower than 0.15%. Figure 8 shows the values obtained and
their specific deviation. It can be inferred that since the extracts of the lyophilized acai berry
pulp obtained by supercritical CO; are rich in phenolic compounds and anthocyanins, it pre-
sents great potential in nutraceutical applications.

The results of the fatty acid profile analysis of acai extracts indicate a low saturated/unsatu-
rated ratio except for the condition of 70°C and 320 bar. The SFA content reached 99.67% at the
condition of 70°C and 320 bar.
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Figure 7. Total phenolic compounds content in lyophilized agai berry pulp before and after extraction with supercritical
CO5. (m) 50°C, (m) 60°C, and (m) 70°C isotherms [17].
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Figure 8. Total anthocyanins compounds content in lyophilized acai berry pulp before and after extraction with super-
critical CO,. (m) 50°C, (m) 60°C, and (m) 70°C isotherms [17].

4. High-pressure carbon dioxide properties

4.1. Thermodynamic properties

The influence of the density in the solvation power by the tunable operating conditions (P, T) is
the most important thermodynamic effect in the high-pressure fluid processes.

Above the critical point, the supercritical extraction process can operate over a wide range of
operating conditions (P, T) and the simplest density behavior can be obtained through an
isotherm, being possible to select a wide range of operating pressures, as shown in Figure 3
of the item 2.2 for the isotherms T1>T2 > T3 > T4 > T5.

The density is defined by the inverse of specific volume, and for practical purpose, could be
calculated by volumetric properties (P-V-T) using equation of state.

4.1.1. P-V-T diagram calculation with equations of state

To describe the P-V-T diagram behavior, it is necessary to use precise equations of state (EOS)
with specific parameters for pure substances. In the case of carbon dioxide, the equations of
Bender [19] and Span and Wagner [37] are the most used. The Bender equation is presented
below, where the parameters were determined from experimental PVT data of carbon dioxide.
Table 1 shows the parameters of the Bender equation.
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i a; i a;

1 0.22488558 11 0.12115286

2 0.13717965 x 10° 12 0.10783386 x 1072
3 0.14430214 x 10° 13 0.43962336 x 1072
4 0.29630491 x 107 14 —0.36505545 x 10°
5 0.20606039 x 10° 15 0.19490511 x 10!
6 0.45554393 x 107! 16 —0.29186718 x 103
7 0.77042840 x 1072 17 0.24358627 x 10°

8 0.40602371 x 10° 18 —0.37546530 x 10'
9 0.40029509 19 0.11898141 x 10**
10 —0.39436077 x 1072 20 0.50000000 x 10!

Table 1. Bender equation constants for CO, [19].
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H= % + % ¥ % (8)
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Figure 9 shows the calculation with Bender equation [19] of state for the P-V-T diagram
isotherms and saturation curve, including an isotherm close to the critical temperature of the
carbon dioxide. The calculations were performed using a Microsoft Excel spreadsheet. The
equation presents accuracy in calculations when compared to data taken from IUPAC Inter-
national Thermodynamic Table.
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Figure 9. P-V-T diagram of carbon dioxide calculated with Bender EOS and compared to ITUPAC data (symbols).

However, for applications of supercritical technology, it is necessary to calculate other thermo-
dynamic properties. The thermodynamic properties of the pure solvent (density, enthalpy, and
entropy) and the thermodynamic properties of the solute/solvent mixture, among which the
equilibrium compositions, enthalpies, and mixing entropies, must be calculated in the operat-
ing conditions throughout the process. The cubic equation of state, also called Van der Waals
type equation, represents an alternative, since the Bender-type equation described above is
complex. In these cases, the cubic equations of state of Peng-Robinson (PR) [38] and Soave
Redlich-Kwong (SRK) [39] are presented as the most commonly applied options in process
simulations (Table 2). These equations of state use various thermodynamic properties and the
following physical properties of the pure substance: critical pressure, critical temperature, and
the acentric factor, which are tabulated, in the case of carbon dioxide.

Table 3 shows the calculated values of the carbon dioxide densities for some isotherms above the
critical point using the equations of Peng-Robinson [38] and Soave-Redlich-Kwong [39]. The
computational package PE 2000 developed by Pfohl et al. [40] was used for calculations.
The results are compared to data taken from IUPAC International Thermodynamic Table and
from NIST Chemistry Webbook (NIST Standard Reference Database). The Peng-Robinson equa-
tion of state presented the best results for the carbon dioxide density calculation in the conditions
of pressure and temperature of Table 3 when compared with different databases.
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Cubic equations
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Table 2. Cubic equations of state.

Pressure (bar) Temperature (°C/K) CO, density (kg/m®)
PR SRK NIST IUPAC

100 36.85/310 617.3 563.0 683.4 686.5
200 847.8 763.8 855.5 857.0
300 941.1 846.6 921.5 922.7
100 46.85/320 418.1 390.6 444.6 449.4
200 781.5 707.9 801.5 803.1
250 845.3 763.8 848.0 849.5
300 893.0 805.9 882.4 883.7
400 963.2 868.2 933.2 934.4
100 66.85/340 260.5 246.2 258.1 258.6
200 643.2 589.3 678.7 680.5
250 731.7 666.7 751.9 753.3
300 794.4 721.8 800.6 801.8
400 882.9 799.6 866.7 867.9

Table 3. Carbon dioxide density calculated with different equations of state.

Figure 10 shows the calculation with Peng-Robinson [38] equation of state for P-V-T diagram
isotherms and saturation curve, including an isotherm close to the critical temperature of the
carbon dioxide. The Peng-Robinson equation of state was able to describe all the phases of the
carbon dioxide P-V-T diagram for the isotherms studied when compared to data taken from
IUPAC International Thermodynamic Table.
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Figure 10. PVT diagram of carbon dioxide calculated with Peng-Robinson EOS and compared to IUPAC data (symbols).

From a process point of view, the accuracy of the cubic equations of state was good, consider-
ing that the operating conditions commonly applied in CO, extraction at high pressures are
close to the values of temperature and pressure used in Table 3.

4.2. Other high-pressure carbon dioxide properties

The application of the high-pressure fluid extraction technologies in both laboratory and
industrial scales requires not only the knowledge of the physical and thermodynamic proper-
ties of the solvent, but also requires the understanding of thermal and transport properties
behavior. Among them, the most commonly cited are viscosity, diffusivity, thermal conductiv-
ity, and dielectric constant.

The dielectric constant describes the ability of a solvent to be polarized. The dielectric constant
value is associated with the ability to dissolve electrolytes or polar compounds. The dielectric
constant increases with temperature for most substances [41]. The dielectric constant of super-
critical carbon dioxide with approximate value of a hydrocarbon alone does not characterize it
as an important solvent; it only identifies it as a non-polar substance. Its solvation power is
mainly related to the considerable increase of its density in the supercritical region with the
properties as viscosity and diffusivity complementing the characteristics that makes supercrit-
ical carbon dioxide a differentiated solvent.
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Under supercritical conditions, the thermal conductivity is influenced by both temperature and
pressure and at constant pressure this property increases with increasing temperature, and on
the other hand, at constant temperature, the thermal conductivity increases with pressure [42].

Carbon dioxide and other supercritical solvents have low viscosity and high diffusivity values.
The viscosity and thermal conductivity of gases and liquids differ by one to two orders of
magnitude, and the diffusivity values of gases and liquids differ by four orders of magnitude [41].

In the supercritical state, the substances have intermediate characteristics between the proper-
ties of a gas and a liquid, which contributes to more favorable hydrodynamic properties than
the liquids, with diffusion coefficients close to those of a gas, which provides a fast and
efficient mass transfer. Another feature of the supercritical fluid includes its low viscosity,
which facilitates the penetration of the fluids into a solid matrix. Therefore, high diffusivity
and low viscosity lead to a faster extraction time providing a dissolving power so that the
supercritical fluid is considered a solvent.

Table 4 shows that supercritical fluids are characterized by transport properties (viscosity and
diffusivity) between gases and liquids. The viscosity of a supercritical fluid is smaller than the
viscosity of a gas and the diffusivity of the liquid is greater than the diffusivity of a supercrit-
ical fluid. In summary, the scheme of Figure 11 shows the basic properties of supercritical
carbon dioxide, which become fundamental in high pressures extraction processes.

Unit Gas SCF Liquid
Viscosity Pas 10°° 10 *t010°° 1073
Diffusivity cm?/s 107 102 to107* 10°°

Table 4. Order of magnitude of transport properties.
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Figure 11. Carbon dioxide properties.
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5. High-pressure carbon dioxide applications

The most cited drawback of using supercritical carbon dioxide as solvent is the high invest-
ment cost for equipment acquisition and operation. However, the extraction with supercritical
carbon dioxide presents a lower extraction time because of its diffusivity and low surface
tension, greater selectivity in the compounds of interest and little or no consumption of organic
solvents [43—46].

5.1. Essential oil extraction

Essential oils have been used to prevent or treat human diseases for several centuries. The
extraction of the volatile compounds present in edible or medicinal aromatic plants is gener-
ally carried out by hydrodistillation; however, the authors report that some compounds may
undergo hydrolysis during the extraction period [47]. Although there are other techniques for
isolating essential oils, the use of CO, as supercritical fluid has been considered a “chemically
green” unconventional extraction technique that does not alter or degrade the substances
present in oils because it uses relatively low temperatures in the extraction process.

Guan et al. [48] performed a comparison between conventional extraction methods and extrac-
tion with supercritical CO, and observed that the extraction using supercritical CO, as solvent
was less effective with recovery rate of 57.36% for eugenol compared to steam distillation with
58.2%, but it was more effective when compared to hydrodistillation with recovery rate of
48.82% and Soxhlet extraction with 57.24%. However, when compared with the extraction of
eugenol acetate, the extraction with supercritical CO, presented higher yields in relation to the
other extraction methods.

Extraction of chemically active volatile molecules with supercritical CO; is very widespread
[49-51]. This is due to the possible applications as agents that promote biological activities [52],
such as antioxidant activity [53], anti-inflammatory activity [54], insecticidal activity [55], and
phytotoxic activity [56]. In Table 5, some studies in the literature on the extraction of essential
oils with supercritical CO, can be observed.

Aromatic plant Bioactive compounds References
Juniperus communis L. Germacrene D and 1-octadecene. [57]
Satureja hortensis v-Terpinene, thymol, and carvacrol [58]
Muyrtus communis L.~ Methyl eugenol, 1,8 cineole, and beta- caryophyllene [59]
Leptocarpha rivularis  a-thujone, B-caryophyllene, and caryophyllene oxide [60]
Piper nigrum L. {-caryophyllene, limonene, sabinene, 3-carene, [3-pinene, and a-pinene [53]
Camellia sinensis L. 9-Thiabicyclo[3.3.1]Jnon-7-en-2-ol, tricosane, heneicosane, tetracosane, and [61]
dibutyl phthalate

Table 5. Published studies on extraction of essential oils using CO, as supercritical fluid.
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As given above, it is observed that the process of extraction of essential oils using supercritical
CO, is ecologically a cleaner method than the conventional ones, and it has been seen as one of
the most viable alternatives.

5.2. Phytosterols extraction

Phytosterols (plant sterols) are non-volatile triterpenes. The great majority of these compounds
are formed by carbon with one or two carbon-carbon double bonds [62]. And the most
common phytosterols found in plants are [-sitosterol, campesterol, and stigmasterol [63].
These compounds have various biological activities such as lowering the total serum or plasma
cholesterol levels and the low-density lipoprotein cholesterol levels. In addition, they have
antitumor activities inhibiting the development of colon cancer [64, 65].

For the extraction of these phytosterols, the supercritical CO, has been shown to be an efficient
technique for extraction of fixed oils from vegetable matrices. Studies report that this solvent
may be superior to obtain oils in relation to the conventional extraction, exhibiting a recovery
rate of phytosterols of 836.5 mg/100 g versus 30.5/100 g using a Soxhlet-type extraction
apparatus [66]. A very important parameter for the extraction of phytosterols with supercriti-
cal CO, is the increase of the pressure, because it favors the solvation power and consequently
the solubilization of these compounds, with a recovery rate of up to 7262.80 mg.kg ™" [67].
Table 6 presents some articles published in the literature on the extraction of phytosterols
using supercritical CO,.

5.3. Carotenoid extraction

Carotenoids are tetraterpenes present in plants that have several applications in food [72],
cosmetic [73], and pharmaceutical [74] areas. Some of the benefits provided by these pigments
are: antioxidant activity and strengthening of the immune system against degenerative dis-
eases such as cancer, cardiovascular diseases, muscle degeneration, inflammation, hyperten-
sion, insulin resistance and obesity [75, 76].

Because of their hydrophobic characteristics, carotenoids are usually extracted using organic
solvents such as hexane and petroleum ether. Carotenoids with hydrophilic characteristics can
be obtained with more polar solvents such as acetone, ethanol, and ethyl acetate [77]. The

Plants Phytosterols References

Cucurbita pepo convar Desmosterol, campesterol, stigmasterol, 3-sitosterol, spinasterol, A7,22,25- [68]
stigmastatrienol, A7-stigmastenol, A7,25-stigmastadienol, and A7-avenasterol

Brassica napus [3-sitosterol, campesterol and brassicasterol [69]
Hippophae rhamnoides L. -sitosterol [70]
Sesamum indicum L. [3-sitosterol + sitostanol, cholesterol, campesterol + campestanol +24-methylene [71]

cholesterol, A-5 avenasterol and stigmasterol, while lower levels of A-5,24
stigmastadienol, brassicasterol, clerosterol + A-5-23 stigmastadienol, A-7
avenasterol, eritrodiol and A-7 stigmasterol

Table 6. Phytosterols extracted using supercritical CO,
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techniques used to extract this compound may be maceration, Soxhlet, microwave-assisted
extraction [78, 79], ultrasound-assisted extraction [80], pressurized liquid extraction [81, 82],
and supercritical fluid technology using low temperature. The process is performed in a short
time in relation to conventional processes and does not use toxic solvents to collect the
compound of interest [83]. In Table 7, some published works that used supercritical CO, to
obtain carotenoids are shown.

5.4. Fatty acids extraction

Fatty acids (FA) belong to the lipid class and differ according to the size of the C chain (2-80), the
presence or absence of double bonds (saturated or unsaturated) or their radical function as the
groups hydroxyl, epoxy, and halogen atoms [89]. Ingestion of FA is essential to have an adequate
energy balance in the human organism in addition to reducing the risk of some diseases such as
diabetes [90], hypertension [91], coronary diseases [92], and inflammation [93].

Some of its applications are in food, nutraceutical, and cosmetic industries, and in the produc-
tion of lubricants, biodiesel, and glycerol [94-96]. Some of the extraction methods that can be
used to obtain FA are mechanical extraction [97], extraction by supercritical fluids and organic
solvent [98], microwave-assisted extraction [99], and supercritical CO, extraction [98]. Table 8
shows some studies that used supercritical CO, to obtain the main classes of the FA group.

5.5. Extraction with supercritical CO, modified with ethanol/water

The extraction with supercritical CO, modified with water in different proportions is carried
out to obtain bioactive compounds of high polarity, because as mentioned above, CO, is an

Raw material Carotenoid References
Tomato juice Lycopene and -carotene [84]
Hemerocallis disticha Lutein and zeaxanthin [85]
Dunaliella salina 9-cis and trans-f3-carotenes [86]
Undaria pinnatifida, Haematococcus pluvialis, and Fucoxanthin, astaxanthin, lutein, and [3-carotene [87]

Chlorella vulgaris

Fucus serratus and Laminaria digitata Xanthophyll and fucoxanthin [88]

Table 7. Published studies about carotenoid extraction using CO,

Raw material Fatty acid Reference
Cucurbita ficifolia, Bouché wb-linoleic acid, palmitic acid, oleic acid [100]
Farfantepenaeus paulensis Palmitic acid, oleic acid, stearic acid, palmitoleic acid, and linoleic acid [101]
Cannabis sativa L. Linoleic acid and linolenic acid [102]
Chaetoceros muelleri Myristic acid, palmitic acid, and palmitoleic acid [103]
Saw Palmetto Lauric acid, mystiric acid, and oleic acid [104]

Table 8. Published studies about fatty acids extraction using CO,
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Raw material Compounds References
Myrciaria cauliflora Anthocyanin [8]
Elderberry (Sambucus nigra) ~ Anthocyanins [110]

Vitis vinifera var. Malvasia nera  Anthocyanins [111]
Arrabidaea chica Anthocyanins and luteolin [112]
Scutellaria lateriflora L. Baicalin, dihydrobaicalin, lateriflorin, ikonnikoside I, scutellarin, oroxylin A [113]

7-O-glucuronide, oroxylin A, baicalein, wogonin

Vaccinium myrtillus L. Delphinidin 3-O-galactoside, delphinidin 3-O-glucoside, cyanidin [114]
3-O-galactoside, delphinidin 3-O-arabinoside, cyanidin 3-O-glucoside,
petunidin 3-O-galactoside, cyanidin 3-O-arabinoside, petunidin
3-O-glucoside, peonidin 3-O-galactoside, petunidin 3-O-arabinoside,
peonidin 3-O-glucoside, malvidin 3-O-galactoside, peonidin
3-O-arabinoside, malvidin 3-O-glucoside, malvidin 3-O-arabinoside and
malvidin 3-O-xyloside

Table 9. Phenolic compounds extracted with supercritical CO, modified with ethanol/water.

non-polar molecule and does not have “power” to solubilizate polar substances as is the case
of the phenolic compounds (phenolic acids and flavonoids) [105, 106]. As previously men-
tioned, parameters of processes, such as temperature and pressure, can influence the extraction
of bioactive compounds. Besides these two parameters, anthocyanins are also important for
the extraction of phenolic compounds. Solvent flow rate, percentage of co-solvent, co-solvent
type (ethanol or water), and extraction time are parameters that directly implicate the yield of
these substances at the end of the extraction process [107].

Further examples of extraction of phenolic compounds using supercritical CO, modified with
co-solvents can be analyzed in the studies [106, 108, 109]. They extracted various flavonoids
like quercetin, catechin, epicatechin from cranberry, blueberry, and raspberry. Table 9 presents
some studies in which supercritical CO, modified with ethanol/water were used to extract
chemically active phenolic compounds.

6. Conclusion

Carbon dioxide can be safely applied in high-pressure extraction processes due to its numerous
advantageous characteristics. It is neither toxic nor inflammable, being able to act as solvent, co-
solvent, or anti-solvent, which allows it to be used in natural products and foodstuff processing
that require treatments intending to preserve their nutritional and sensory properties. Since it is a
non-polar substance, it is suitable for extraction of non-polar bioactive compounds when used in
pure form. When associated with a polar co-solvent, it can be used for extraction of polar
compounds such as phenolic compounds and anthocyanins. Therefore, these characteristics
make carbon dioxide the most important fluid used in high-pressure processes for extraction,
separation, fractionation, micronization, and encapsulation, applied to obtain concentrated
extracts with bioactive compounds for food, pharmaceutical, and cosmetic applications.
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Abstract

Global warming is considered as one of very important problems in the last few years.
This phenomenon is caused primarily by increase in greenhouse gases such as carbon
dioxide (CO,). Natural events and human activities are believed to be the principal
sources of this problem. A promising long-term solution for mitigating global heating is
to inject CO, into oil field geological formations for combination between CO, sequestra-
tion and enhanced oil recovery. This chapter aims to give an extensive literature survey
and examines research papers that focus on EOR-CO, processes and projects that have
been tested in the field.

Keywords: CO, sequestration, EOR, global warming, energy

1. Introduction

The growing concern over the climate change caused by global warming due to a high emis-
sion of greenhouse gases (essentially carbon dioxide (CO,)) has increased the interest in
finding various techniques to resolve this problem. The injection of this gas for enhanced oil
recovery has been tested with full success in several fields over the world.

Traditionally, oil recovery operations have been subdivided into three stages: primary, sec-
ondary, and tertiary as shown in Figure 1. Historically, these stages described the production
from a reservoir in a chronological sense. Primary production, the initial production stage,

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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Figure 1. Oil recovery stages [1].

resulted from the displacement energy naturally existing in a reservoir; the driving energy
may be derived from the expansion of the gas cap or an active aquifer, from the liberation and
expansion of dissolved gas, from gravity drainage, or from a combination of all these mecha-
nisms. Secondary recovery, the second stage of operations, usually was implemented after
primary recovery declined. Traditional secondary production processes are gas injection,
water flooding, or water alternative gas injection (WAG). Tertiary recovery or enhanced oil
recovery (EOR) is a term used to describe a set of processes intended to increase the produc-
tion of oil beyond what could normally be extracted when using conventional oil production
techniques, while traditional oil production (primary and secondary stage) can recover up to
35-45% of the original oil in place (OOIP). The application of an EOR technique is typically
performed toward what is normally perceived to be the end of the life of an oil field, and
tertiary production used miscible gases (e.g., CH,, CO,), chemicals, and/or thermal energy to
displace additional oil (5-15%).

2. Carbon dioxide properties

Carbon dioxide is formed from the combination of two elements: carbon and oxygen. It is
produced from the combustion of coal or hydrocarbons. CO, is a colorless, odorless, and
non-toxic stable compound found in a gaseous state at standard conditions. In petroleum
engineering application, it can be in a gas or a liquid state depending on the PVT conditions.
Table 1 gives the main properties of carbon dioxide. The phase diagram (Figure 2) of CO, is
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Property Value
Molecular weight 44 g/mol
Critical temperature 31°C

Critical pressure 73.77 bar
Critical density 467.6 kg/m?
Triple point temperature -56.5°C

Triple point pressure 5.18 bar

Boiling (sublimation) point (1.013 bar) -78.5°C

Critical Z factor 0.274

Solid phase

Density of carbon dioxide snow at freezing point 1562 kg/m?
Latent heat of vaporization (1.013 bar at sublimation point) 571.1 kJ/kg!
Liquid phase

Vapor pressure (at 20°C) 58.5 bar

Liquid density (at —20°C and 19.7 bar) 1032 kg/m®
Viscosity (at STP) 99 pPas
Characteristics of CO, gas phase

Gas density 2.814 kg/m®

Gas density (according to STP) 1.976 kg/m?
Specific volume (according to STP) 0.506 m*/kg

Cp (according to STP) 0.0364 kJ/(mol K)
C, (according to STP) 0.0278 kJ/(mol K)
CJ/C, 1.308

Viscosity (according to STP) 13.72 uPas
Thermal conductivity (according to STP) 14.65 mW/(m K)
Enthalpy (according to STP) 21.34 kJ/mol
Entropy (according to STP) 117.2 J mol/K

Note: STP stands for standard temperature and pressure, which are 0°C and 1.013 bar.

Table 1. Carbon dioxide properties [3].

also a key data since we can inject it under different temperature and pressure conditions. The
three phases are shown in this diagram, with the triple and critical point. Above the critical

point, the CO, is considered as a supercritical fluid.
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Figure 2. CO, phase diagram [2].

3. Carbon capture and storage

Carbon dioxide is the most important greenhouse gas, because it is emitted into the atmo-
sphere in large quantities [4]. Carbon capture and storage (CCS) has been recognized as a
new project around the world that should help mitigate CO, emissions significantly. The idea
behind CCS is simple and can be divided into three steps: capture of CO, (e.g., from a fossil
fuel power plant), transportation of the captured CO,, and permanent storage into different
geological formations (e.g., saline aquifer and oil and reservoirs), with the aim of isolating
CQO, from the atmosphere [5] (Figure 3).

Several scenarios describing the emission of greenhouse gases and models for the estimation
of their influence on the global climate have been examined by the members of several asso-
ciation interests by this subject like the Intergovernmental Panel on Climate Change (IPCC)
and the International Energy Agency (IEA). Based on the assumptions of IPCC, the climate
model global temperature increases between 1 and 6°C were predicted by the year 2100, while
some regions might benefit from higher temperatures [6]. The IEA Agency estimates that CCS
projects should contribute to about 15-20% of the total greenhouse gas emissions mitigation
by 2050, and without the application of CCS, the overall costs to halve CO, emissions by 2050
would rise by 70% [5]. It has been estimated that geological formations worldwide are able
to store more than 10,000 Gt of carbon dioxide; this huge quantity is large compared to the
cumulated anthropic emissions of carbon dioxide [3].
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Figure 3. A schematic diagrams of possible CCS projects [5].

4. EOR methods

Many EOR methods have been used in the past, with varying degrees of success, for the
recovery of light and heavy oils, as well as tar sands. There are two main categories of EOR:
thermal and non-thermal methods (include gas and chemical methods). Each main category
includes some individual processes [7].

Thermal methods are primarily intended for heavy oils and tar sands; these methods recover
the oil by introducing heat into the reservoir. Thermal method is based on a set of displacement
mechanisms to enhance oil recovery. The most important mechanism is the reduction of crude
oil viscosity with increasing temperature [8]. However, the viscosity reduction is less for lighter
crude oil. Therefore, thermal methods have had limited success in the field of light crudes.

Non-thermal methods (gas and chemical methods) are normally used for light oils <100 cp. In a
few cases, they are applicable to heavy oils <2000 cp, which are unsuitable for thermal methods.

Gas methods, particularly carbon dioxide (CO,), recover the oil mainly by injecting gas into
the reservoir. Gas methods sometimes are called miscible process or solvent methods. The
reservoir geology and fluid properties determine the suitability of a process for a given res-
ervoir. Currently, gas methods account for most EOR production and are very successful
especially for the reservoirs with low permeability, high pressure, and lighter oil [9].

Vapor extraction (VAPEX) is among the gas methods (Figures 4 and 5). It is a promising
technique for the recovery of heavy oils and bitumen in reservoirs where thermal methods,
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Figure 4. The VAPEX heavy oil recovery process [11].

Upgraded Qil, Solvent, Gas

Asphaltene Deposition

Figure 5. Mechanism involved in the VAPEX process [12].

such as steam-assisted gravity drainage (SAGD), cannot be applied. In the VAPEX process,
a pair of horizontal injector-producer wells is employed. The gaseous hydrocarbon solvent
(propane, butane, or a mixture of them) is injected into the deposit from the top well, and the
diluted oil drains are gravitated downward to the bottom producing well. Recently, an attrac-
tive option was developed using CO, as a solvent in the VAPEX process. The high solubility
and viscosity reduction potential of CO, could provide improvement to VAPEX performance.
It also creates new opportunities for CO, sequestration [10].

Chemical methods include polymer floods, surfactant flooding, alkaline flooding, and so on.
The mechanisms of chemical methods are dependent on the chemical materials added into
the reservoir. The chemical methods may provide one or several effects: interfacial tension
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Figure 6. Classification of EOR methods.

reduction, viscosity reduction, wettability alteration, and mobility control. Meanwhile, there
are many researchers on the background of EOR process; for a detailed review of enhanced
oil recovery, we refer the interested reader to Thomas [7], and general classifications of these
methods are shown in Figure 6.

5. Oil recovery by CO, injection

5.1. CO,-EOR: definition and advantages

The combustion and flaring of fossil fuels produce large quantities of CO,. The Intergovern-
mental Panel on Climate Change stresses the need to control anthropogenic greenhouse gases
in order to mitigate the climate change that is adversely affecting the planet. Moreover, in
some fields, the hydrocarbon gases produced along with the oil are re-injected into the reser-
voir to enhance oil production. Nevertheless, in some fields, the hydrocarbon gas is sold, and
the gas itself is considered as a source of energy. An attractive option is the use of CO, as one
of the main components of the solvent mixture for EOR process.

Enhanced oil recovery using CO, is an attractive oil recovery process that involves the
injection of CO, to oil reservoirs and produce petroleum substances that would otherwise
remain unrecoverable [13]. Typically, only around one-third of the oil is produced after
primary and secondary oil recovery methods. Much of the remaining oil are trapped by
capillary forces as disconnected drops, surrounded by water, or as a continuous phase at
low saturation with gas occupying the larger fraction of the pore space. EOR operations
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using carbon dioxide have been practiced for more than 50 years; the results revealed that
6—15% of original oil in place can be recovered by these kinds of processes [14].

The low saturation pressure of CO, compared to CH, or N, and its low price compared with
other hydrocarbon solvents are the incentives for the use of CO, in the EOR process. Moreover,
a mixture of hydrocarbon solvents with CO, may be less likely to precipitate asphaltene,
which is a great problem in enhanced oil recovery [15]. Furthermore, at high pressures, CO,
density has a density close to that of a liquid and is greater than that of either nitrogen (N,)
or methane (CH,), which makes CQO, less prone to gravity segregation compared with N, or
CH, [16].

5.2. Oil recovery mechanisms by CO, dissolution

When CO, is injected into the reservoir, it interacts physically and chemically with rocks and
fluids that are present in the reservoir, creating favorable mechanisms that can make enhance-
ment in oil recovery. Among these mechanisms include a high dissolution of CO, into crude
oil via mass transfer followed by the following aspects: an increase of oil density, a reduction
of the viscosity of the original crude oil, vaporization of intermediate components of the oil,
a reduction of CO,-oil interfacial tension, oil swelling, a reduction of water-oil interfacial ten-
sion, and an improvement of reservoir permeability [17].

The main scenario followed by CO, sequestration is the mechanism of fluid density increas-
ing caused by the dissolution and mixing of injected CO, into fluid. In the past, there are a
set of studies that have not taken the effect of density increase from mixing into account; this
mechanism in the modeling of CO, injection has been ignored [18-21]. However, as shown
in other studies, this may not be true; CO, has an effect on the density of fluid that is pres-
ent in the reservoir [22, 23]. Its dissolution and mixing leads to density increase followed
by density-driven natural convection phenomena. There are several published studies which
reported that this phenomenon has a significant enhancement in hydrocarbon recovery and
sequestration potential [24-27].

5.3. Literature review on EOR/EGR-CO,

CQO, storage studies started almost two decades ago. Despite this fact, still vast areas of
research have not been covered in detail in the area of coupled enhanced oil recovery with
CO, sequestration [28].

DeRuiter et al. [22] studied the solubility and displacement of heavy crude oils with CO,
injection; they have found that the oils exhibit an increase in density due to CO, solubility. The
two samples in their study with API gravities of 18.5 and 14 exhibited an increase in density
upon CO, dissolution.

Morel et al. [29] and Le Romancer et al. [30] studied the effects of diffusion of nitrogen (N,) and
CO, on light oil using an outcrop core system. During 2010, Jamili et al. [31] simulated these pre-
vious experiments. These authors reported that diffusion was the main mass transfer mechanism
between the matrix and fracture during nitrogen (N,) injection. On the other side, CO, experi-
ments conducted have shown that both diffusion and convection were important mechanisms.
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Mehrotra and Svrcek [32-34] during the 1980s reported extensive experimental data on the
dissolution of carbon dioxide on different bitumen samples in Alberta reservoirs. Their exper-
imental data confirm a higher solubility of carbon dioxide in bitumen, and they found that
this solubility increases as the injection pressure increases.

Darvish et al. [35] performed a set of experiments of CO, injection in an outcrop chalk core
saturated with oil and was surrounded by an artificial fracture at reservoir conditions. These
authors observed the production of gas enriched with methane at an early stage. Next, the
amount of intermediate components increased in the production stream, and during the end
of the experiments, the heavier components were recovered. Their results were also confirmed
by simulation study performed by Moortgat et al. [36].

Malik and Islam [37] conclude that in the Weyburn field of Canada, horizontal injection wells
have showed to be efficient for CO,-flooding process to improve oil recovery while increasing
the CO, storage potential. Besides employing horizontal wells, Jessen et al. [38] have applied
different well control techniques including completion equipment for both injection and pro-
duction wells, at the same time improving the amount of injected and stored CO, as well as
enhancing oil recovery.

Recently, Li-ping et al. [39] conducted an evaluation study around Ordos Basin in Yulin city
of China; this Basin was divided into 17 reservoirs and is considered as the first largest low-
permeability proliferous onshore basin in China with proved reserves more than 10° t. These
authors conclude that Ordos Basin has good geographical and geological conditions for CO,
storage, and it has nine reservoirs suitable for CO, immiscible flooding and eight reservoirs suit-
able for CO, miscible flooding. The average incremental oil recovery ratios for immiscible and
miscible flooding are 6.44 and 12%, respectively.

The booming development and production of shale gas largely depend on the extensive appli-
cation of water-based hydraulic fracturing treatments. Hence, high water consumption and
formation damage are two issues associated with this procedure. More recently, Pei et al. [40]
investigated the feasibility of using CO, for reservoir fracturing and enhanced gas recovery
(EGR) in order to reduce water usage and resource degradation, guarantee the environmental
sustainability of unconventional resource developments, and create new opportunity for CO,
storage. This study shows that this proposed CO,-EGR process was mostly like to be success-
ful in the Barnett shale reservoir, but there are some scientific and engineering questions that
need to be further investigated to push the proposed technology to be applicable in practice.

Song investigated the effect of operational schemes, reservoir types, and development param-
eters on both the amount of incremental oil produced and CO, stored in high water cut oil
reservoirs during CO, water-alternating-gas (WAG) flooding by running a compositional
numerical simulator. The author’s study shows that the five-spot pattern is more suitable
for WAG flooding. Appropriately expanding well spacing improves the economic efficiency,
even though the recovery factor decreases slightly. In addition, oil price, rather than CO,
injection cost, is considered as the parameter that impacts the economic efficiency of WAG
flooding more significantly [41].

Er et al. [42] investigated the effect of injection flow rate of CO, on oil recovery using synthetic
micro-scale fractured system saturated by normal decane (n-C, ). The authors concluded that
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for immiscible CO, displacement, the amount of oil trapped in the system was reduced as
well as increasing injection rates of carbon dioxide. They also observed that for miscible CO,
conditions, higher CO, injection rates yielded faster oil recovery.

Coal bed methane is also tested for enhanced gas recovery and CO, storage; Blue Creek and
Pocahontas are two fields of coal bed methane in USA. Pashin et al. [43] employed a diverse
suite of well testing and monitoring procedures designed to determine the heterogeneity,
capacity, injectivity, and performance of mature Blue Creek coal bed methane reservoirs. A
total of 516 m® of water and 252 t of CO, were injected into coal in a battery of slug tests. The
author’s results demonstrate that significant injectivity exists in this reservoir and that reservoir
heterogeneity is a critical factor to consider when implementing CO,-enhanced methane recov-
ery programs. Based on the study by Grimm et al. [44], CO,-CBM project can be conducted in
the stratigraphic interval below the Hensley Shale where this confinement horizon is greater
than 183 m below the surface and is above the level of hydraulic fracturing in CBM wells.

6. Conclusion

With the decline of oil production and apparition of global warming problem caused by exces-
sive emission of carbon dioxide during the last decades, it is believed that EOR/EGR-CO,
technologies will play a key role to meet the energy demand and better mitigation of climate
change in the years to come. If we investigate at the great number of studies cited in this
study, the subject of EOR-CQ, is being very important. Several physical and chemical mecha-
nisms are associated with CO, injection, and the most important mechanism is the dissolu-
tion of carbon dioxide into fluid formation. It has been accepted from previous studies that
the dissolution of CO, increases fluid density, which results in a downward density-driven
convection and consequently greatly enhances oil recovery and CO, potential sequestration.
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Fossil fuels still need to meet the growing demand of global economic development,
yet they are often considered as one of the main sources of the CO2 release in the
atmosphere. CO2, which is the primary greenhouse gas (GHG), is periodically
exchanged among the land surface, ocean, and atmosphere where various creatures
absorb and produce it daily. However, the balanced processes of producing and
consuming the CO2 by nature are unfortunately faced by the anthropogenic release
of CO2. Decreasing the emissions of these greenhouse gases is becoming more
urgent. Therefore, carbon sequestration and storage (CSS) of CO2, its utilization in oil
recovery, as well as its conversion into fuels and chemicals emerge as active options
and potential strategies to mitigate CO2 emissions and climate change, energy crises,
and challenges in the storage of energy.
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