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ABSTRACT

The utilisation of solid adsorbents for the selective removal of CO, from major emission points is an attrac-
tive method for post-combustion carbon capture due to the inherent potential for retrofit and cost-effectiveness.
Although focus in the scientific community is often centred on extremely novel, high-performance and costly
material development, the exploitation of carbonaceous adsorbents is another avenue of research proving to be
extremely promising. This is even more pronounced when considering the abundance of carbon in various waste
streams. The production of carbonaceous adsorbents, however, often requires significant post-treatments to en-
hance both the textural and physico-chemical properties of the adsorbent, as such, the incorporation of surface
functionalities is unavoidable and can often lead to significant improvements to the associated CO, adsorption.
This review aims to critically assess the various routes for surface modification of carbonaceous adsorbents and
the implications these may have on the incorporation of surface functional groups. Subsequently, the adsorp-
tion mechanisms for CO, on surface-modified porous carbons are discussed in depth with consideration to the
influence of the introduced functionalities. The review concludes with a detailed section on current modelling ap-
proaches such as the application of artificial intelligence, Monte Carlo, and Density Functional Theory simulations

in this realm of research.

1. Introduction

Since the COP26 held in Glasgow at the end of 2021, over 90% of the
worlds GDP and 90% of global emissions are now covered by a net-zero
commitment, with most countries agreeing to strengthen their current
targets to 2030. Alongside this, developed countries have progressed
towards the delivery of the $100 billion climate finance goal by 2023.
Additionally, 34 countries and five public finance institutions are to put
an end to international support for the use of unabated fossil fuels in the
energy sector which is currently valued at around $24 billion annually.

In 2019, the UK became the first major global economy to legis-
late for net-zero greenhouse gas (GHG) compared to 1990 levels by the
year 2050 (Petrovic et al., 2021, Committe on Climate Change 2019).
In November 2020 the UK government announced its 10-point plan
which aims to “mobilise £12b of government investment and potentially
three times as much from the private sector, to create and support up to
250,000 green jobs” (United Kingdom HM Government 2020). Annual
anthropogenic CO, emissions primarily from the combustion of fossil
fuels currently sit at over 40 billion tonnes, these emissions are instru-
mental in the global temperature rise observed today (Masoudi Soltani
et al., 2021). The level of CO, in the atmosphere has increased from
around 290 ppm during the preindustrial era to 409.8 ppm in 2019
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(Lindsey, 2020). With around 85 % of global energy sourced from the
combustion of fossil fuels (Younas et al., 2020), the implementation of
carbon dioxide removal (CDR) technologies appears to be highly im-
perative. Carbon capture and storage (CCS) has been referred to as a
“priority breakthrough technology” in their Green Deal, encouraging
funding within the post Covid-19 recovery package (Masoudi Soltani
et al., 2021, Renssen, 2022), and features as the 8™ point of the UK’s
10-point plan. Adsorption has seen increasing traction in the scientific
community due to its high efficiency, more environmental-friendliness
and low energy requirement relative to the more mature technologies
such as solvent-based chemical absorption (Petrovic et al., 2020). Even
with deployment of alternative energy sources that lack the associated
CO, emissions, decarbonisation of the energy sector and industry is best
described as a transitional period. CO, emissions will continue and with-
out the use of CCS, the possibility of the commitments made during
COP26 coming to fruition is questionable, especially within the given
time constraints. Even after decarbonisation is achieved, the require-
ment for CO, removal from our atmosphere through processes such
as direct air capture will not be removed. Processes such as adsorp-
tion alongside the materials currently being developed for such will
continue to be essential in stabilising temperature increase to below
2°C.
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Nomenclature

Acronyms
GHG Greenhouse Gas
CDR Carbon Dioxide Removal

CCS Carbon Capture and Storage
GCMC  Grand Canonical Monte Carlo
DFT Density Functional Theory

Al Artificial Intelligence

ML Machine Learning

BET Brunauer-Emmet-Teller

BG Bagasse

SFG Surface Functional Group

HW Hickory Wood

FTIR Fourier Transform Infrared Spectroscopy
XPS X-ray Photoelectron Spectroscopy
AC Activated Carbon

IAST Ideal Adsorbed Solution Theory

TEPA Tetraethylenepentamine
MEA Monoethanolamine
DEA Diethanolamine

PE Polyethyleneimine
DETA  Diethylenetriamine

WA Wood Ash

CEA 2-Chloroethylamine Hydrochloride

PDA P-phenylenediamine

MWCNT Multi-walled Carbon Nanotubes

DMF Dimethyl Fumarate

HRTEM High Resolution Transmission Electron Microscopy
HC Hydrocahr

APTES  3-Aminopropyl(triethoxysilane)

MNP Metal Nanoparticles

TOAB  Tetraoctylammonium Bromide

PET Polyethylene Terephthalate

PAF Porous Aromatic Framework

MPPA  Melamine-based Porous Polyamides
COF Covalent Organic Framework

NPC Nanoporous Carbon

MOF Metal-organic Framework

LGB Light Gradient Boosting

XGB Extreme Gradient Boosting

GBDT Gradient Boosting Decision Tree
DR Dubinin-Radushkevich

DA Dubinin-Astakhov

Symbols

Oy Isosteric Heat of Adsorption

T Temperature

p Pressure

R Universal Gas Constant

1°, 2°, 3° Primary, Secondary, Tertiary Amines
v Angstrom

E, Binding Energy

|4 Adsorbed Amount

1) Micropore Volume

A Adsorption Potential

E Energy Constant

E, Characteristic Energy

B Affinity Coefficient

q Adsorbed Amount at time t

t Time

kig Intra-particle (W&D) Diffusion Rate Constant

Solid porous carbons present good adsorption capacity for CO, gas
at low concentrations and ambient temperature; however, their adsorp-
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tion capacity decreases with increasing adsorption temperature. There-
fore, surface modification is a critical method for increasing the CO,
uptake capacity (Chiang and Juang, 2017) of solid porous carbons.
Carbon-based porous adsorbents tend to be hydrophobic (Hao et al.,
2013); therefore, heteroatom (O, N, and S) doping can be used to
further enhance their hydrophobicity, improve their electron transfer
rate, and modify the surface and pore structure (Ochedi et al., 2020,
Singh et al., 2019). The presence of non-C elements and functional
groups within carbonaceous frameworks and on the surface of carbons
enhances their CO, capacity (Xia et al., 2011), and effectively improves
their performance for CO, capture (Liu et al., 2012). These non-C ele-
ments and functional groups can be present depending on carbon pre-
cursor or any post-treatments (Gorbounov et al., 2021). Chingombe et
al. (Chingombe et al., 2005) reported that functional groups in carbon
structures can be manipulated using thermal or chemical treatments to
produce sorbents for specific applications. Among different pyrolytic
conditions, temperature is considered as the most important parameter
since it controls both the final textural characteristics, and the surface
functionalities of biochar alike (Singh et al., 2019). In addition, the heat-
ing rate and hold time markedly affect the physicochemical properties
of porous carbons similar to the use of different chemical agents. When
chemical agents are used, the final properties of the adsorbent depend
on the type and amount of chemical agent. The final temperature of
the chemical treatment is equally important in determining which func-
tional groups form alongside effects to the adsorbent crystallinity and
specific surface area.

Oxygen atoms typically combine with C atoms to form acidic or ba-
sic surface functional groups. The acidic character of porous carbons is
typically attributed to groups such as carboxyl, lactone, phenol and lac-
tol. Acidic functional groups can be removed using thermal treatments
as most oxygen-containing groups decompose in the temperature range
of 800-1000°C (Shafeeyan et al., 2010). On the other hand, two types of
basic surface functional groups exist, i.e. groups with electron-donating
properties and groups with z-electrons in their basal planes (Montes-
Moréan et al., 2004). Therefore, chromes, ketones, and pyrenes possess
basic characteristics. Chemicals such as HNO3, H,SO,4, and H, 0, are of-
ten used to create O-rich functionalities on the surface of porous carbons
(Singh et al., 2019). Carbon materials can be oxidized using gaseous or
aqueous solutions; in addition, high and low temperatures lead to the in-
corporation of weak and strong acidic groups, respectively (Creamer and
Gao, 2016), alongside the removal of hydrophilic groups (Plaza et al.,
2009). Nitrogen-enriched porous carbons can be produced by introduc-
ing N in the carbon precursors, using different N-containing activating
agents or by exposing carbons to N compounds at elevated tempera-
tures (Pietrzak, 2009). Sulphur-doped carbons can be as effective as
N-doped carbons. Sulphur incorporated into aromatic carbon rings has
been demonstrated to enhance CO, adsorption via acid-base interac-
tions within the micropores (Chiang and Juang, 2017). Additionally,
sulfo-groups, sulfoxides and sulfones can attract CO, via polar interac-
tions (Seredych et al., 2014). Based on the outlook set out in the pre-
ceding paragraphs, it is evident that an in-depth understanding of the
impact of such functionalities on the performance of carbonaceous ad-
sorbents is of major significance.

1.1. Motivation and Paper’s Roadmap

The effects of climate change and the global mobilisation of the sci-
entific community to tackle both the causes and symptoms can be seen
in the increasing attention; in the context of this paper it can be seen
in the number of publications and citations within the field. In the last
40 years, publications featuring ‘CO,’ and ‘adsorption’ have increased
from 54 in 1981 to over 3500 in 2021 as can be seen in Figure 1. Sim-
ilarly, publications featuring “Surface Modification” and “Carbon” has
increased from 5 to over 700 in the same period (Figure 1).

With a view to buttress our recent publication (Petrovic et al., 2020),
this work seeks to scrutinise the literature published in the context of
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Figure 1. Publications indexed on SCOPUS by publication year.
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surface modification of carbonaceous adsorbents and their applicability
for the selective removal of CO, from gaseous streams. As such, this re-
view first discusses the diffusional mechanisms that carbonaceous mate-
rials present. Thereafter a description of the mechanisms presented by
various surface heterogeneities and their observed interactions in the
presence of moisture is given followed by an assessment of the various
processes available for introduction of such surface moieties. Finally,
focus is shifted to the implementation of novel methods such as Grand
Canonical Monte Carlo (GCMC) simulations, Density Functional Theory
(DFT), Artificial Intelligence (AI) and Machine Learning (ML) for assess-
ing the influence of specific surface functional group on CO, adsorption.

2. Diffusion Mechanisms

Four mechanisms exist for the transport of mass through porous
materials, i.e. molecular or bulk diffusion, Knudsen diffusion, surface
diffusion, and Poiseuille flow (Do, 1998, Kast, 1985, Lightfoo et al.,
1960). These mechanisms do not occur independently and the struc-
ture of the adsorbent can cause synergistic or competitive relationships
between these mechanisms (Suzuki, 1991). The classification of micro-
, meso- and macropores is primarily based upon the forces that con-
trol the adsorption mechanism. Surface forces are dominant in micro-
pores, wherein fluid particles never escape the surface force field even
in the pore centre (Wilcox, 2012). For mesopores, the dominant force
is the capillary force, whereas macropores are critical for bulk fluid
transport. When the size of the adsorbate molecule is similar to that
of the pores (steric hinderance), the diffusion rate is limited. Conse-
quently, diffusion becomes an activated process, wherein the fluid dif-
fuses across the surface by hopping between adjacent “potential-well”
sites on the surface; an activation barrier is associated with each hop
(Wilcox, 2012). When a degree of adsorbate mobility exists on the ad-
sorbent surface, typical when multiple layers of adsorbate exist, they
can migrate (Knaebel, 2008). This surface diffusion process has been
reported to contribute more to intraparticle diffusion than pore diffu-
sion (Suzuki, 1991). Knudsen diffusion occurs when the mean free path
of the molecules is greater than the pore diameter and is typical within
mesopores, where interactions between the fluid and surface often more
frequent. Surface diffusion and capillary effects can also affect the trans-
port behaviour in mesopores. For macropores, mass transport typically
occurs via bulk or molecular diffusion, which is synonymous with pore
diffusion.

Different carbonaceous sorbent precursors and their respective acti-
vation methods impart different properties to pyrogenic carbons. There-
fore, the primary aim in development of the adsorbent material is to
achieve minimal diffusional resistance for the adsorbate until adsorp-
tion can occur in the meso- or micropores (Creamer and Gao, 2016)
hence, accelerating the CO, adsorption kinetics (Hao et al., 2013). CO,
is typically adsorbed via i) bulk diffusion: CO, molecules diffuse from the
bulk gas phase to the external surface of the sorbent; ii) film/boundary

1

2015 2020

layer diffusion: CO, molecules diffuse through the gas film around the
sorbent; iii) intraparticle diffusion: CO, molecules diffuse in the pores
in the bulk of the sorbent; and iv) surface adsorption: CO, molecules
interact with the active sites on the internal surface of the sorbent
(Raganati et al., 2019, Raganati et al., 2020). Before carbonaceous pre-
cursors undergo gasification or pyrolysis, they present narrow and typ-
ically slit-like pores; hence, gases are strongly adsorbed at low pres-
sures due to an enhancement of adsorption potential due to overlap
of the force fields of opposite pore walls (McEnaney, 1988), any con-
strictions in the microporous network result in activated diffusion ef-
fects at low temperatures when the adsorbate has insufficient kinetic
energy to penetrate the micropore space (McEnaney, 1988) as such, an
activation energy is required for the diffusion of gases (Creamer and
Gao, 2016). In the case of microporous carbons, adsorption occurs by
primary or micropore filling, Dubinin and his group modelled the pro-
cess using Polanyi potential theory; however, they identified that empir-
ically the characteristic adsorption curves could be linearized using the
Dubinin-Radushkevich (DR) equation (McEnaney, 1988, Dubinin, 1975,
Dubinin, 1989):

2
V= Voe_<A/E)

Where V is the amount adsorbed at relative pressure P/P,, V, is the
micropore volume, A = RT In P/ P, is the adsorption potential where R
is the gas constant and 7 the absolute temperature, and E is the en-
ergy constant. Dubinin also showed that E could be factorised into a
characteristic energy (E,) relating to the adsorbent and an affinity coef-
ficient (#) which is a constant for a given adsorptive (McEnaney, 1988).
The DR equation although linear for some carbons over a wide range
of pressures, some deviations can be found for other carbons and in
these cases the Dubinin-Astakhov (DA) equation was proposed which
simply replaces the exponent, 2, in the DR equation with an adjustable
constant, n (McEnaney, 1988, Dubinin, 1975). The value for » can give
indication to the distribution of micropore size with n < 2 observed in
carbons with a wide range of micropores or nonhomogeneous struc-
ture (Dubinin, 1989), above 2, this is often indicative of inactivated or
slightly activated carbons with a narrow micropore range; further devi-
ations from the DR equation can be a result of activated diffusion and
this is usually exhibited by downward deflections in the DR plot at low
relative pressures (McEnaney, 1988). When the pores are widened dur-
ing subsequent treatments, sorption follows bulk or Knudsen diffusion
principles, for which the gas transport rate is limited by the diffusion
into and out of a feeder pore system of larger pores, such as mesopores
(Ravikovitch et al., 2000) and macropores.

For porous carbons, diffusion effects can be extremely important and
to give insight into the mass transfer mechanisms a specific adsorbent
may present. The intra-particle diffusion model postulated by Weber and
Morris can be used to identify consecutive stages of mass transfer dur-
ing the adsorption process (Alvarez-Gutiérrez et al., 2017, MORRIS and
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WEBER, 1964):

1
g =kigt 2+C

Where ¢, is the amount adsorbed at a time ¢, k;; is the intra-particle
diffusion rate constant and C refers to the thickness of the boundary

layer. According to this model, when plotting ¢, vs t1/2, a straight line
passing through the origin indicates that the rate-controlling mecha-
nism is the intraparticle diffusion. However, in the case that the plot
present multi-linearity, the adsorption mechanism consists of a number
of stages. Typically this follows three steps, the first corresponding to the
external or bulk diffusion, the second being the intra-particle diffusion
and the third is generally accepted as the equilibrium stage (Alvarez-
Gutiérrez et al., 2017, Loganathan et al., 2014). The slope of the line is
defined as the rate parameter, k;,;, with the lowest slope representing
the rate-determining step.

Montagnaro et al. (2015) reported that ACs featuring mesopores pre-
sented lower intraparticle diffusion resistance than those featuring only
micropores, although macropores have also been demonstrated to be
beneficial for CO, diffusion (Wang et al., 2017). The presence of meso-
and macropores can enhance diffusion into micro- and ultra-micropores
by shortening diffusion paths (Manya et al., 2018). The CO, adsorp-
tion capacity of carbonaceous materials decreases with increasing ad-
sorption temperature and a decreasing CO, volumetric fraction owing
to the exothermic nature of the CO, adsorption process (Garcia et al.,
2011). The dynamic diameters of CO, and N, are 0.33 and 0.364 nm,
respectively (Wang et al., 2011), which suggests that pores of 0.5-
0.6 nm should be ideal for the selective capture of CO, (Chiang and
Juang, 2017). The increase in narrow microporosity of C-based adsor-
bents can increase their CO, uptake capacity under ambient conditions
(Sevilla and Fuertes, 2011, Wickramaratne and Jaroniec, 2013). At 1
and 0.1 bar (100 and 10 kPa), pores smaller than 0.8 and 0.5 nm, re-
spectively, contributed to CO, adsorption the most (Presser et al., 2011).
Having said this, a pore size range of approximately 0.5 — 0.8 nm is of-
ten identified experimentally as the ideal for CO, separation. Martinez
et al. (Martin-Martinez et al., 1995) prepared a series of porous car-
bons from anthracite and evaluated their CO, adsorption mechanism
based on the size and shape of the pores. They reported that narrow
micropores were filled via physical adsorption; however, wider microp-
ores facilitated surface adsorption and presented rectilinear adsorption
isotherms. Ello et al. (2013) and Zhu et al. (2014) suggested that the
micropore volume plays a crucial role in facilitating high CO, adsorp-
tion capacities. High-surface area carbons were produced in both stud-
ies; however, the adsorption capacities of the carbons with the largest
specific surface areas were lower than those of the carbons with higher
micropore volumes.

3. Molecular Interaction Mechanisms for CO, Adsorption

Carbon capture by solid adsorbents primarily requires the selective
separation of CO, from N,. The adsorbate, CO,, is often preferentially
adsorbed on the carbonaceous surface due to its greater polarizability
and quadrupole moment (McDonald et al., 2011); the quadrupole mo-
ment is of the utmost importance when evaluating SFGs and the mecha-
nism of attractions between the CO, molecule and the adsorbent surface.
Generally speaking, CO, adsorption by carbons is governed by the Lon-
don dispersion forces (Petrushenko et al., 2021), a subdivision of van der
Waals intermolecular forces predominant in non-polar media. The high
atomic density of a carbonaceous sorbent (which yields strong disper-
sion force attractions between the surface carbon atoms and the highly
polarisable oxygen in CO,) is the primary reason for such interaction.
Aside from the dispersion and induction of CO, to the surface of car-
bons, surface properties also play an important role (Adsorbents, 2003)
(e.g. specific surface area, pore size distribution and porosity) as well as
process conditions such as temperature and pressure (Adelodun et al.,
2015) which are major contributing factors. On an operational level, the
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route in which the gas contacts the adsorbent particles is instrumental
in the kinetics of the adsorption process. The addition of heteroatoms in
the form of SFGs to the carbonaceous material along with the associated
secondary effects leads to a significant manipulation of the adsorbent
properties. The implications these modifications may have on the ad-
sorption mechanism and the derived process must be well understood
for the successful deployment of adsorption-based CCS. the properties
of the adsorbent.

3.1. Physical Adsorption

As mentioned previously, physisorption is governed by van der
Waals interactions and electrostatic forces. Van der Waals forces are
present in all systems but electrostatic interactions only occur in sys-
tems that contain permanent charges (i.e. sorbents with ionised-SFGs)
(Wilcox, 2012). Van der Waals forces can be subdivided into Keeson in-
teractions, Debye forces, and London dispersion forces; the sum of the
van der Waals and electrostatic forces is the overall intermolecular force
between the adsorbent and the CO, molecule.

In highly porous carbons, adsorption occurs primarily on the pore
walls, or at specific sites inside particles (McCabe et al., 1993). Sep-
aration occurs because of variations in the weight, shape or polarity
of molecules, which can result in stronger interactions between the
molecule and the adsorbent surface and lead to a greater affinity to-
wards the specific molecule. This exploitation of the differences between
interaction strengths is the basic principle of adsorption (Sinnott and
Towler, 2009). The distinction between physisorption and chemisorp-
tion can be observed experimentally using magnitudes of the isosteric
heat of adsorption, Q. The heat of adsorption is typically low for ph-
ysisorption (8 — 40 kJ mol~1), which is equivalent to the condensation
heat of the adsorbent, and high for chemisorption (40 — 800 kJ mol~1),
which is equivalent to the enthalpy of reaction (Nakao et al., 2019,
Chang and Chen, 2006). The addition of heteroatoms in the form of
SFGs significantly impacts the polarizability of the sorbent, which has
the potential to increase the observed isosteric heat of adsorption to
above values typical for physisorption of carbon dioxide (Youk et al.,
2020) The isosteric heat of adsorption is the ratio of the infinitesimal
change in adsorbate enthalpy to the infinitesimal change in the amount
adsorbed and gives a direct measurement of the strength of the inter-
action between the molecules of the adsorbate and adsorbent surface
(Serafin et al., 2017). The Clausius-Clayperon equation is used to calcu-
late Qg:

dlnp
(7)

q
Where Q,, (kJ mol™1) is the isosteric heat of adsorption, g, is the ad-
sorption capacity (mmol g’l) at temperature 7 (K) and R (8.314 J
mol~1eK~1) is the universal gas constant. In order to calculate Q,,
isotherms generated at two temperatures are required and are often
evaluated at 0°C and 25°C. the value of Q; gives the average binding en-
ergy between the adsorbate and functional groups present on a specific
surface, but also facilitates further verification of the adsorption mecha-
nism (Alabadi et al., 2015). Physisorption by carbons is typically driven
by intraparticle diffusion into the pores; therefore, pore size and distri-
bution are key factors (Adelodun et al., 2015). Sevilla et al. (2012) and
Yuan et al. (2020) reported that the capacities of the porous carbons
they prepared were exclusively the results of high volumes of narrow
micropores and were not related to the surface areas, pore volumes, or
presence of heteroatoms. The significance of the heteroatoms was more
pronounced when the selective adsorption of CO, from various mixtures
was considered.

Given the negligible variations in the dynamic diameters of CO,, O,
and N, (0.33, 0.346 and 0.364 nm, respectively), Wang et al., 2011)
identified the selective adsorption mechanism of CO, using several sim-

Qst =-R

e
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Figure 2. a. State of molecular CO, adsorbed
in the nanopore (diameter = 0.8 nm); b.
Possible adsorption configurations of molec-
ular CO,. Reproduced from Ref. (Martin-
Martinez et al., 1995)

ulations. CO, is a linear (O=C=0) nonpolar molecule and has no molec-
ular polarity (Chiang and Juang, 2017). The simulation results indicated
that if a CO, molecule was located in the centre of a 0.8 nm nanopore,
symmetrical forces acted on its C=0 bonds and the CO, molecule main-
tained its linear shape (Yuan et al., 2020). If the CO, molecule was
located near a nanopore wall, the O=C bonds were polarized instanta-
neously owing to the high London dispersion force between the O atom
of the bond and the C atom of the active sites. This resulted in asym-
metrical forces acting on the C=0 bonds and caused the bending of the
CO, molecule. Two additional orientations were identified and all four
configurations are illustrated in Figure 2. The second and fourth config-
uration presented certain polar and dipole moments, and these polar-
ized molecules would be chemisorbed on active carbon sites to produce
surface C-O complexes, such as lactone, carbonyl-type, furan and hete-
rocyclic O-containing groups. With respect to physical adsorption, po-
larized CO, molecules strengthened the London dispersion and overall
van der Waals forces, which led to stronger adsorption forces and higher
selectivities (Zhao et al., 2012, Wang and Yang, 2012). Another often
observed phenomenon for carbon capture by solid sorbents is the preva-
lence of ultramicroporous structures. Porosity of this order is preferred
as it allows for the simultaneous interaction between the CO, molecule
and each side of the pore wall (Patel et al., 2017). This phenomenon
occurs due to an overlap in the potential energy surfaces leading to an
increase in the binding energy reaching a maxima in the region of 0.7 -
0.8 nm (Wang et al., 2017).

3.2. Chemical Adsorption

Chemisorption is typically characterized by the formation of new
bonds with a binding energy greater than approximately 0.5 eV
(8.01 x 10720 J) per molecule (Spanjaard and Desjonqueres, 1990).
Chemisorption is described in some cases as “specific” adsorption, in
which the adsorbate (CO,) reacts with a specific site (Rouquerol et al.,
2013) (e.g, CO, forms bonds with different N-containing groups,
whereas N, does not (Webley and Danaci, 2019)). The chemical proper-
ties of carbons that affect the feasibility and extent of chemisorption are
determined by the chemical heterogeneity of their surface. The surface

chemical heterogeneity depends on the presence of heteroatoms, such
as O, N, and S. The specific form and respective quantity of heteroatoms,
depends on the modification method and/or material the carbon is de-
rived from. Basic groups with an immediate affinity for CO, improve
the interactions with CO, but not to the point where adsorption be-
comes entirely chemisorption (Chiang and Juang, 2017). However, this
interaction becomes more noticeable at high temperatures, which indi-
cates that the adsorption mechanism is not entirely physical (Yong et al.,
2002).

For instance, increasing the (Lewis) basicity of the sorbent surface
increases the affinity of the (Lewis) acidic CO, molecule for the sor-
bent surface (Chiang and Juang, 2017). Oxygen-containing functionali-
ties that form during oxidative treatments induce an acidic character,
and therefore, impart electron-acceptor properties to the adsorbents.
Conversely, N-containing functionalities typically possess an inherently
basic character. This confers electron-donor properties to these func-
tionalities, which serve as attractive adsorption sites for the electron-
deficient C-atom in the CO, molecule (Adelodun et al., 2015). With
respect to the specific N-functionalities produced during treatments,
amines, imines, imides, amides and nitriles will be the predominate
species produced at low temperatures. When increasing temperature
to above 450°C, the aromatic species such as pyrrolic and pyridinic-N
would take prevalence although there will be a gradual conversion of
pyrrolic-N to pyridinic-N above 600°C (Pels et al., 1995). Both O- and
N-SFGs can beneficially influence the adsorption of CO,, but the pres-
ence of O prior to N-doping can significantly improve the effectiveness
of N-functionalization (Figure 3).

At an adsorption temperature of 20°C and often at low pressures
(1 bar), physisorption in micropores is the dominant mechanism that
controls the adsorption of CO,. Low pressure (1 bar) CO, adsorption
behaviour has been shown to be almost independent of BET surface
area (Srinivas et al., 2012, Hu et al., 2011). However, at temperatures
around 120°C, the N-content of carbons plays a signification role
in the chemical adsorption of CO, via simple acid-base interactions
(Zhang et al., 2014). This was attributed to higher adsorption tem-
peratures resulting in higher CO, transport rates through the pore
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Figure 3. Example of chemisorption mecha-
nisms of CO, by some carbon SFGs from flue
gas reproduced from (Petrovic et al., 2020).

structure and enhancing the accessibility of the active sites, which led
to an increase in deactivation rate (Zhang et al., 2014). Consequently,
the initial adsorption rate decreases as the major adsorption driving
force shifts from physical to chemical adsorption with increasing
adsorption temperature (Zhang et al., 2016, Hosseini et al., 2015,
Mulgundmath et al., 2012). At 120°C, the dominant driving force is
chemical adsorption, which is promoted by the presence of N-functional
groups (Yang et al., 2012, Plaza et al., 2007).

The Q,; values determined by Alabadi et al. (2015) using CO, adsorp-
tion isotherms based on the Clausius-Clapeyron equation confirmed the
interaction strength between CO, molecules and the surface of nitrogen-
doped carbons. In the range of 21.7 - 62.9 kJ mol~! Q,, demonstrated
that the N- and O-functionalities of porous carbons can interact sig-
nificantly with CO, (Rabbani and El-Kaderi, 2011). Furthermore, Q,,
can be regulated by manipulating the contents of both N- and O-SFGs,
which suggested that both physisorption and chemisorption occurred
concurrently. The exceptional performance of one of the sorbents pre-
pared by Alabadi et al. (2015) was attributed to its relatively small pore
volume Luo et al. (2013) and large number of non-C elements such
as electron-rich N- and O-atoms with strong dipole-quadrupole inter-
actions with CO,, significantly increasing the enthalpy of CO, adsorp-
tion (Lu et al., 2012). Increases in Q,, with adsorbate loading can also
elucidate to the adsorption mechanism. Hu et al. (2017) tracked Q, as
CO, loading increased, they observed a decrease from 15 to 14.5 kJ
mol~! on MWCNTSs as the adsorbed amount increased from 0.07 to 0.15
mmol g~! as the interactions became weaker as the strong adsorption
sites are occupied. On the amine-grafted derivative, Q,, was shown to
increase with CO, loading, suggesting the dominant mechanism is in-
deed chemisorption in agreement with Hu et al. (2017), Alhwaige et al.
(2013).

The mechanisms by which CO, is adsorbed because of these func-
tional groups is as complex as the methods used to introduce them and
can be assessed by classifying them based on their innate heteroatoms.
However, these groups cannot be assumed to be entirely independent
of one another. Delineation of such synergistic or potentially inimical
relations in the context of CO, adsorption is difficult to achieve and still
requires significant scrutiny.

3.3. Oxygen Containing Functional Groups

Oxygen-containing groups control two properties of C-adsorbents:
hydrophobicity/hydrophilicity and acidity/basicity; the degree of hy-
drophilicity is influenced by the amount of polar O-groups present
(Saha and Kienbaum, 2019) since pristine carbon is hydrophobic
(Menéndez-Diaz and Martin-Gullén, 2006). Hydrophilicity however, is
detrimental for CO, adsorption as it increases the competition for active
adsorption sites between CO, and moisture in the flue gas (Saha and
Kienbaum, 2019). Groups are classified as acidic, basic or neutral based
on their available free z-electrons and thermal refractivity attributed
to their inherent bond energies as opposed to conventional pH levels
(Shafeeyan et al., 2010, Lahaye, 1998). The oxidation of carbons intro-
duces different O-functionalities, and imparts electron-acceptor prop-
erties to the surface (Vagner et al., 2003). The -COOH, lactone, lactol
and phenol groups contribute to surface acidity, whereas pyrone, car-
bonyl, benzopyran, diketone/quinone, ether, ketone and alcohol groups
are responsible for surface basicity (Montes-Moran et al., 2004, Saha and
Kienbaum, 2019, Goel et al., 2015, Lopez-Ramon et al., 1999).

Tiwari et al. (2016) postulated that the highest CO, adsorption ca-
pacity achieved in their epoxy resin-derived carbons was due to the
greater content of O-containing basic groups. Babu et al. (2017) re-
ported that both -COOH and -OH groups led to considerable improve-
ments in adsorption capacity at ambient pressures whilst not realiz-
ing any further improvements after subsequent N-doping. Nitrogen-
SFGs are not the only species that present Lewis basic character; O-
containing groups such as carbonyls, alcohols and ethers contain an
electron-donating O-atom that can participate in electrostatic interac-
tions with CO, (Liu and Wilcox, 2013, Plaza et al., 2013), thereby en-
hancing the adsorption of polarisable species such as CO, via Lewis acid-
base interactions (Kazarian et al., 1996). The electron transfer between
carbonyl and CO, is reported to present a greater electron transfer than
between benzene and CO, (Nelson and Borkman, 1998). Plaza et al.
(2013) reported strong Lewis acid-base interactions between CO, and -
COOH groups. Of the basic O-containing groups, pyrone is often studied;
pyrone-like structures are combinations of non-neighbouring carbonyl
and ether-O atoms at the edges of a graphene layer (Montes-Moran et al.,
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2004). The basicity of pyrone can be explained by the stabilisation of its
protonated form via electronic z-conjugation throughout the sp? skele-
ton of the carbon basal plane (Montes-Moran et al., 2004, Saha and
Kienbaum, 2019, Fuente et al., 2003). The basicity of the -OH group
is often reported and is frequently shown to positively impact the ad-
sorption of CO, (Singh et al., 2018, Tiwari et al., 2017). Liu et al. have
reported that -OH and carbonyl groups affect the CO, adsorption due
to their high electron densities (Liu and Wilcox, 2012). The interactions
between -OH groups and CO, can also be described by the potential
of electron donation to CO, as a result of the high electrostatic poten-
tial (Ma et al., 2018). Moreover, -OH groups have been shown to affect
CO, adsorption through H-bond interactions (Ma et al., 2018, Ren et al.,
2010); a linear relationship between the contents of the group and CO,
adsorption was reported by Ma et al. (Ma et al., 2018) at adsorption con-
ditions of up to 0.5 bar at 25°C. Such linearity was lost when increasing
adsorption pressure from 0.5 to 1 bar. Yuan et al. (Yuan et al., 2020)
were able to successfully identify that the -OH functional group signif-
icantly enhances the interactions between polyethyelene terephthalate
(PET) derived microporous carbon and CO,. Moreover, they discovered
that ether groups played no role in CO, adsorption, while ester groups
were shown to reduce the CO, capacity as a result of pore blocking. Q,
for the -OH functionalized system increased from 31.13 (0.323 eV) for
the pristine system to 42.13 kJ mol~! (0.437 eV). Adsorption energies
for -OH groups and CO, have been reported by Ma et al. (2018) as 14.88
(0.154 eV) and 12.11 kJ mol~! (0.126 eV), depending on the orientation
of the CO, molecule.

As a general guideline, O-containing functional groups are produced
during the oxidation of organic structures (Guo et al., 2020) during the
various chemical or physical activation procedures. Acidic groups such
as carboxylic, carbonyl, lactonic and phenolic groups will form at rel-
atively low temperatures when oxidizing with HNO3, H,0,, H3PO, or
H,S0, (Rajapaksha et al., 2016). Plaza et al. reported that liquid phase
oxidation introduces a greater amount of O, mostly as carboxylic groups
that are absent in gas phase oxidised samples that contain mostly ether
and carbonyl functionalities (Plaza et al., 2013). For gas phase oxida-
tions below 673 K the formation of C-O complexes is favoured however
above this temperature, the decomposition of these surface complexes
and gasification of the C become the predominant reactions (Plaza et al.,
2013, Bansal and Goyal, 2005). NaOH activation has been shown to
introduce extraordinary strong surface basicity compared to HzPO,
(Guo et al., 2020) using the same activation temperature of 850°C. In-
creases in O-concentrations can also be achieved with HNO; activation
in the form of predominantly -OH and carbonyl groups (Jiang et al.,
2013). Budinova et al. (2006) deduced that basic groups could be more
effectively introduced by activating in the presence of steam when com-
pared to an inert atmosphere (N,) . Extreme activation conditions have
been shown by Lahijani et al. (2018) as detrimental to surface functional
groups, with decreases in O, N and S, from 25.07 — 13.63 wt%, 1.54 —
0.34 wt% and 0.12 - 0.01 wt%, respectively, when increasing pyrolysis
temperature from 500 to 900°C. Similarly, flash carbonization has been
shown to reduced O content significantly from 47.8 wt% (raw sawdust)
to 24.2 wt% (air carbonized saw dust) compared to 37.0 wt% for the
prepared HC (Hirst et al., 2018).

3.4. Nitrogen Containing Functional Groups

The different N-groups that can form on C-adsorbents are pyridinic,
pyridonic, pyrrolic, graphitic or quaternary, amine (1°, 2° and 3°), nitro
and nitroso type; aside from quaternary, all of these N-groups occur at
the edge site of the graphitic plane (Saha and Kienbaum, 2019). Most
N-containing groups provide basic sites with sufficient binding energies
for CO,, basic sites are often those with the lone pair of electrons in
an sp® orbital (Adelodun et al., 2015). N content is often reported as
the main factor influencing CO, adsorption selectivity in carbon sor-
bents (Wang et al., 2019). The O-atom in CO, presents a strong electron
withdrawing property, thereby making the C-atom electrophilic, hence,
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when in close proximity, it binds to the electron-rich amine-nitrogen
(Adelodun et al., 2015). Pyridinic-N contributes one electron to the aro-
matic z-system and exhibits Lewis basic characteristics (Singh et al.,
2019) and can cause remarkable charge transfer to CO, that decreases
the bond angle of CO, (Saha and Kienbaum, 2019). The Lewis acid-base
interaction between pyridinic-N and CO, describes the lone pair elec-
tron donation of the N-atom to the C-atom of CO,, (Lim et al., 2016). The
Ab initio calculations reported by Chen et al. (Chen et al., 2013) demon-
strated z-rz interactions between CO, and both pyridine and pyrrolic
groups. Sun et al. (2016) reported that both pyridinic- and pyrrolic-N
had higher binding energies with CO, than quaternary-N; the interac-
tion for the quaternary-N being dispersion interactions and pyridinic-
and pyrrolic-N through electrostatic interactions. Furthermore, Ma et al.
(2018) reported that the Lewis acid-base interactions between CO, and
pyridinic-N was the strongest contributor to CO, adsorption with a bind-
ing energy of 21.26 kJ mol~! (0.220 eV) followed by pyrrolic-N (18.60
and 10.82 kJ mol—! (0.193 and 0.112 eV)) and amine-N (16.45 and
5.72 kJ mol~! (0.170 and 0.059 eV) which both demonstrated two con-
figurations of CO, adsorption. Pyrrolic-N and amine groups facilitate
both Lewis acid-base and H-bonding interactions between the N and H
atoms of the group and CO, (Chen et al., 2012); Ma et al. (2018) re-
ported that the H-bonding interaction was the dominant role. Pyridone-
N influences CO, adsorption via exceptional H-bond interactions with
CO, (Saha and Kienbaum, 2019), it is worth noting that pyrrolic- and
pyridonic-N cannot be distinguished using XPS; therefore, they are of-
ten analysed together (Pels et al., 1995). Lim et al. reported binding
energies for pyridone 21.61 kJ mol~! (0.224 eV) and pyridine 21.03 kJ
mol~! (0.218 eV) that were almost twice that of alternative N-groups
such as amine 14.18 kJ mol~! (0.147 eV), quaternary 12.06 kJ mol~!
(0.125 eV), pyridine-N-oxide 11.67 kJ mol~! (0.121 eV), cyanide 10.81
kJ mol~! (0.112 eV) or pyrrole 10.61 kJ mol~! (0.110 eV)[112].

Guo et al. (2020) reported that chemical activation of BG with
H;PO, or NaOH, could introduce only pyrrolic/pyridonic-N. Pyridinic-
N, quaternary-N and pyridine-N-oxides were present when activat-
ing carbon using CO, or air, at the same temperature (850°C,).
Sevilla et al. (2011) reported results that indicated chemical oxida-
tive treatments would introduce pyridonic-N, whereas pyrolytic treat-
ments favour pyridinic- and quaternary-N; mild chemical treatments
(KOH/precursor = 2 and T < 800°C) will form pyridonic-N that con-
stitute up to 10.1 wt% of the porous carbon. Remarkable decreases in
N-content (10.14 to 4.05 wt%) were reported when increasing activa-
tion temperature from 600 to 650°C due to N being more easily oxidised
than C (Sevilla et al., 2011). Chen et al. (2016) identified that at a KOH
to urea-modified carbon mass ratio of less than 4, pyrrolic/pyridonic-
N which has been shown to be more beneficial for CO, adsorption
(Sanchez-Sanchez et al., 2014) becomes the predominant species over
pyridinic- and quaternary-N. Contrastingly, increasing KOH/Carbon ra-
tios (0.5 to 2), when activating crab shell without any additional N dop-
ing, both quaternary-N and pyridinic-N-oxides increase while pyrrolic-
N is mostly unchanged and pyridinic-N decreases (Chen et al., 2015).
Heat treatments with NH; below 600°C have been shown to successfully
introduce pyrrolic-/pyridonic-N, pyridinic- and amino-N whilst remov-
ing O-containing functionalities (Zhang et al., 2016). -OH groups when
present will react with the amino groups of urea which leads to the in-
tegration of N in the form of -NH,, pyridinic- and pyrrolic/pyridonic-N
(Chen et al., 2016) that will transform to quaternary-N at higher tem-
peratures (Lin et al., 2012). These groups however, are lost during sub-
sequent activations with for example KOH (Nowicki et al., 2015), or
when increasing activation temperatures (Chen et al., 2015) (from 500
to 700°C). Ma et al. (2018) reported that carbonization temperatures
of 600°C resulted in high amounts of amide groups that were trans-
formed into protonated graphitic-N, pyridinic-N and oxidized-N species
at 700°C. Saha et al. (2017) reported that increasing activation time
from 45 to 60 minutes with NH; will result in the decrease of graphitic-
N (75 %) followed by nitro- (66.67 %) and pyrrolic/pyridonic-N (33.33
%); pyridinic-N and amino groups suffered the smallest decomposition



B. Petrovic, M. Gorbounov and S. Masoudi Soltani

(c. 5 %). Combinations of high temperature NH; and CO, modifications
(500 to 900°C) can significantly improve the introduction of N moi-
eties when compared to solely CO, modification (Zhang et al., 2016),
reaching a maximum doping at 800°C. N-containing functionalities can
also be attained by nitration followed by reduction on the C surface
(Chingombe et al., 2005). Dissociation of HNO5; forms highly active in-
termediate nitronium ions that react with the aromatic rings and turn
into nitrated products (-NO,) on the carbon surface; the addition of
concentrated H,SO, is necessary to facilitate the formation of nitron-
ium ions (Rajapaksha et al., 2016). Nitrogen-groups are introduced via
electrophilic aromatic substitution, the subsequent reduction of these
using sodium dithionite results in amino groups (Chingombe et al.,
2005, Rajapaksha et al., 2016, Yang and Jiang, 2014). Alternative
chemicals for N-doping such as NaNH, (Liu et al., 2019), acetonitrile
(Wang and Yang, 2012) and NH,OH (Aijaz et al., 2014) have also been
reported.

The adsorption of CO, on amine-modified carbons occurs via multi-
ple mechanisms, namely pore diffusion, chemical bonding, and simul-
taneous physisorption and chemisorption. The performance of amine-
modified carbons is more apparent at elevated temperatures because the
amine groups tend to block the entrance of pores and lower the surface
area and micropore volume (Plaza et al., 2007). As with conventional
absorption, the general consensus for the reactions of CO, with amine
groups is the intermediate formation of a zwitterion (Zelenak et al.,
2008), followed by deprotonation by the amine (a Brgnsted base)
(Nakao et al., 2019). However, because the shift in the electric po-
tential of the adsorbent can create alternative adsorption sites, adsorp-
tion occurs mainly via physisorption, specifically, van der Waals forces
(Stavitski et al., 2011). H-bonding interactions have also been identified
as the major contributor in some studies (Saha and Kienbaum, 2019). Su
etal (Suetal., 2010) have proposed that primary and secondary amines
react with CO, to form carbamates and tertiary amines produce bicar-
bonates. Furthermore, Kishor et al. (Kishor and Ghoshal, 2016) have
reported that primary and secondary amines are more reactive towards
CO, than tertiary amines.

3.5. Sulphur Containing Functional Groups

Compared to traditional dopants such as nitrogen, sulphur is much
larger and hence protrudes out of the graphene plane thereby generat-
ing strain and defects within the framework (Saha and Kienbaum, 2019,
Denis, 2013) which could give rise to charge localization that could
favour the adsorption of CO,. The effect of S-doping can also increase
local reactivity due to the lone pair electron donation of the S-atom
(Kicinski et al., 2014). The formation of strong acid-base interactions
between CO, and basic C-S functionalities alongside strong pole-pole
interactions due to the large quadrupole moment of CO, and the po-
lar S-groups suggests the S-doping of C-based adsorbents could play
a predominant role in CO, adsorption (Xia et al., 2012). Seema et al.
(Seema et al., 2014) reported a linear relationship between the CO, ca-
pacity and quantity of oxidized-S in the S-doped porous-carbons they
prepared. DFT calculations indicated that the interactions of CO, with
sulfoxides and sulfones were stronger than those with N-moieties, such
as pyrrole. The binding energy of CO, with pyrrole-N was 14.2 kJ mol !,
which was lower than those of CO, with the di- (17.9 kJ mol~1) or
mono-oxidized (25.1 kJ mol~1) S-moieties of thiophene (Chandra et al.,
2012).

Generally, the synthesis of S-doped carbons can be achieved by: i)
carbonization of sulphur-containing precursors (organic polymers, aro-
matic compounds, ionic liquids or biological substances) with subse-
quent activation to develop porosity; or ii) activation of porous-carbon
precursors by sulphur containing agents (Saha and Kienbaum, 2019).
Similar to the N-doping of porous-carbon, any subsequent activations to
generate porosity will reduce the final S-content.
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3.6. Interaction of CO, and Functional Groups in the Presence of Moisture

Even though most carbonaceous adsorbents present good stability
under moist conditions, the presence of moisture within flue gas cannot
be ignored given that it generally represents the third most abundant
component after N, and CO,. The adsorption of H,O within the pores
of carbons will depend on the surface chemistry and presence of vari-
ous heteroatoms. Generally, hydrophilic carbons present an abundance
of SFGs which can initiate predominant water adsorption through the
hydrogen bonding between H,O and SFGs even at relative pressures be-
low 0.1; with respect to hydrophobic carbons with limited SFGs, H,O
adsorption typically follows the type V IUPAC classification with a large
H2- hysteresis loop (Querejeta et al., 2016, Gonzélez et al., 2013). The
presence of SFGs and mineral matter have all been found to promote
water adsorption in the low pressure range with SFGs acting as nucleat-
ing sites for H,O to grow into clusters, while mineral impurities reduce
and inhibit access to available surface area by filling or blocking poros-
ity (Querejeta et al., 2016, Bedia et al., 2007). Competitive adsorption is
influenced by both the adsorption mechanisms of pure components with
various adsorption sites and the interactions between the adsorbed com-
ponents both on the surfaces and in the pores of the materials (Bell et al.,
2021). The availability of literature on this competitive adsorption and
hence, understanding of the influence moisture may have on the adsorp-
tion of CO,, is not comprehensive.

The presence of N-containing groups can contribute to an increased
hydrophilicity which originates from the H-bonding of water and polar
N-functionalities (Saha and Kienbaum, 2019). It has been reported that
all N-species (bar amino groups (Wang et al., 2017 Sep, Wang et al.,
2020)) suffer deterioration in the presence of moisture, especially at
elevated temperatures and in the presence of larger ultramicropore vol-
ume (Saha and Kienbaum, 2019) as a result of competitive dispersion-
repulsion interactions with the surface and competing electrostatic in-
teractions (Psarras et al., 2017). Psarras et al. (Psarras et al., 2017)
reported that when increasing the concentration of H,O in binary
CO,/H,0 mixtures from 0 to 1 %, quaternary-N was found to be
the most stable with a 13 % loss in ideal CO, capacity. Pyrrolic-N
and pyridonic-N groups lost 25 and 28 %, respectively, whereas the
pyridinic-N-oxide group lost 58 %. Increasing H,O concentration to
10 % caused a drop in ideal CO, adsorption capacity of 98 % for
quaternary-N and 97 % for pyridinic-N-oxide groups. Pyrrolic-N how-
ever, demonstrated the greatest stability over 0 < p/p? < 0.25. Aside
from the absence of O, pyrrolic-N, has a smaller Bader partial charge
compared to quaternary- and pyridonic-N due to its bonding withH.
Combined with the strained 5-membered ring that creates more vacancy
space within the groups immediate vicinity, pyrrolic-N can be consid-
ered sterically unhindered (Psarras et al., 2017). The effect of tempera-
ture on CO, adsorption performance was shown to be non-linear. Whilst
increasing N-content up to 28 wt% could mitigate the presence of low
humidity (1 % H,0), it was not compatible with CO, separation at ambi-
ent temperature and 10 % humidity. Monotonic increases in selectivity
when increasing N-content, however, have been reported by Saha et al.
(Saha et al., 2017) in their lignin-derived porous carbon activated with
NHj;. In the DFT study of Xiao et al. (Xiao et al., 2014) the adsorption of
CO, in the presence of moisture on N-substituted/grafted graphene iden-
tified a number of positive contributions as a result of either electrostatic
interactions or bicarbonate formation. With regards to the N-substituted
graphene, the H,O molecule can weakly bond to the N-site with an en-
ergy of -3.6 kJ mol~!, this water molecule can then adsorb CO, through
a C-Oy ey €lectrostatic interaction with an adsorption energy of -14.1
kJ mol~1. Alternatively, CO, can interact with H,O to form bicarbonate
which is further bonded to the N-site; the OH-N bond distance being
1.5 A suggesting a strong hydrogen bond, the adsorption energy for this
configuration being -54.5 kJ mol~!. When grafted with an -NH,, group,
CO, can be adsorbed through two configurations. The first is the adsorp-
tion of CO, over an -NH, site to form a carbamate, this is then stabilised
by H,O with two H-O bond distances of 1.8 A, the total adsorption en-
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ergy calculated as -42.3 kJ mol~!. Alternatively, CO, and H,O may form
bicarbonate which can be adsorbed on -NH, groups through hydrogen
bonding with an H-N bond distance of 1.5 A, with an adsorption energy
of -57.6 kJ mol~!. The effect of -NH, density was also evaluated. Here,
the presence of a second -NH, group was shown to weaken the adsorp-
tion energy to -50.7 kJ mol~! as a result of the repulsive force between
neighbouring N and =0 in the formed bicarbonate (Xiao et al., 2014).
Pokrzywinski et al. when studying the effect of moisture on milk-derived
microporous carbons identified that under a stream of humidified-CO,
the adsorption behaviour of the carbon was not impacted by the pres-
ence of H,O since its kinetic behaviour favoured CO, saturation first
(Pokrzywinski et al., 2020). This observation was not apparent when
evaluating the adsorption under humid-simulated flue gas. In this case,
the presence of N, was postulated to decrease the adsorption kinetics of
CO, and hence, increase the likelihood of H,O co-adsorption.

4. Surface Modification for Increasing Effective Functional
Groups

4.1. Heat Treatments

Typically, the thermal treatment of carbon materials generates more
basic surface functional groups via the removal of hydrophilic groups,
such as carbonyl and ether (Ahmed et al., 2016). During the thermal
treatment of biochar in the temperature range of 800-900°C for up to
2 h, gases such as H,, air, or Ar can be introduced to enhance the for-
mation of additional functional groups on the biochar surface (Li et al.,
2014). Shen et al. (Shen et al., 2012) demonstrated that H, can stabilize
the surface of carbons by deactivating sites via the formation of stable
C-H, bonds, which simultaneously increases the surface basicity . Most
oxygen SFGs can be removed via decomposition at temperatures in the
range of 800-1000°C (Figueiredo et al., 1999). The heat treatment tem-
perature is limited to approximately 1000°C, which produces materials
with a low reactivity for O, or chemical agents and a high degree of
basicity (Shafeeyan et al., 2010). The high basicity of these materials is
attributed to the O-free Lewis basic sites on the graphene layers and resid-
ual O-containing SFGs (e.g., pyrone and chromene) (Shafeeyan et al.,
2010, Papirer et al., 1987, Dandekar et al., 1998). Guo et al. (2020)
used several chemicals and gases, including H3PO,4, NaOH, CO,, and
air, to modify sugarcane bagasse (BG) waste . The CO, or air thermal
treatments were performed at 850°C for 2 h after an initial pyrolysis step
at 750°C for 1 h under an N, atmosphere. The air-modified sample pre-
sented an extremely low (Brunauer-Emmett-Teller (BET)) surface area
of 99 m? g~ but myriad oxygen and nitrogen-containing SFGs. These
groups include pyridinic, pyrrolic/pyridonic, quaternary and pyridine-
N-oxides (total surface N concentration = 2.46 at%) alongside ketones,
carbonyls, lactone groups, ethers, alcohol and carboxyl groups (total
surface O concentration = 30.55 at%). In contrast, Xu et al. (2016) syn-
thesized waste-derived alkaline biochar by heating sewage sludge, pig
manure and wheat straw at a low temperature of 500°C (a ramp rate of
10°C min~! for 4 h). CO, was adsorbed onto the obtained biochar sam-
ples via both physisorption and chemisorption depending on the adsorp-
tion temperature. Lahijani et al. (2018) investigated metal-impregnated
biochars obtained via the single-step pyrolysis of walnut shells at 500,
700, and 900°C. The biochar produced at 900°C presented the highest
specific surface area and micropore volume of 397 m? g~! and 0.16 cm?®
g1, respectively, among all the prepared samples. Moreover, it was re-
ported that the adsorption capacity of the biochars increased from 0.63
to 1.57 mmol g~! as the activation temperature increased from 500 to
900°C, respectively, owing to the structural changes that biochar under-
went during treatment. Furthermore, the number of surface function-
alities decreased with increasing temperature. At 900°C the number of
SFGs on the biochar surface was negligible, which indicated that ph-
ysisorption was the governing mechanism.

Creamer et al. (Creamer et al., 2014) produced biochar via the slow
pyrolysis of BG and hickory wood (HW) at 300, 450, and 600°C un-
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der an N, atmosphere (BG300, BG450, BG600, HW300, HW450, and
HW600, respectively). As expected, the samples produced at higher
temperatures boasted a higher level of porosity, specifically micropores
(Lehmann and Joseph, 2012). Moreover, BG450 and HW450 presented
the highest and lowest C and O contents, respectively, among all of the
samples. Alkane and cyclic alkene groups were present on the surface
of BG300 and BG450, and the Fourier-transform infrared (FTIR) spec-
tra of these samples also revealed the presence of either S-, amine, or
ester groups on their surfaces. The presence of cyclic alkene groups on
the surfaces of HW300 and HW450 was also reported. Several of these
groups were absent on the surfaces of BG600 and HW600; however, the
number of N-containing groups on the surfaces of these samples was
higher than that on the surfaces of the samples prepared at lower tem-
peratures. It has been observed that high temperatures can induce de-
hydration and deoxygenation reactions that reduce the number of both
H- and O-containing SFGs (Guo and Rockstraw, 2007, Mukherjee et al.,
2011, Ahmad et al., 2014). In addition to the surface area being a de-
termining factor in the adsorption of CO,, the presence of N-containing
groups also played an important role when sufficient surface area was
accessible (Creamer et al., 2014) (Figure 4).

Hirst et al. (Hirst et al., 2018) investigated non-homogenous sawdust
from the residues of eucalyptus wood that were heated to 400°C (a ramp
rate of 10°C min~1) under N, flow, followed by switching the gas to air
and holding at 400°C for 5 — 10 min. This led to an increase in the C-
content from 46.4 to 72.4 wt% and a decrease in the H- and O-contents
from 5.8 to 3.2 wt% and from 47.8 to 24.2 wt%, respectively. In addi-
tion, this study demonstrated that air-carbonized carbon materials were
resistant to KOH activation, and consequently, retained a high fraction
of microporosity even under severe activation conditions. The adsorp-
tion capacity of these materials was as high as 5 mmol g1 at 1 bar and
25°C, owing to the size of most pore channels being approximately 0.8
nm. A summary of the heat treatment methods discussed in this section
is given in table S1 in the supplementary information. The author is ad-
vised to treat this table as an indication of what these methods can result
in and not a recipe for SFG introduction. Comprehensive descriptions of
employed methods are rarely given and even if they were, the impor-
tance of precursor, pre-treatments as well as the presence of impurities
is extremely influential in the final carbonaceous adsorbent.

4.2. Acidic Treatments

Jiang et al. (Jiang et al., 2013) successfully introduced both ~-OH
and -COOH groups on the surface of HNOj-activated red cedar wood
biochar; x-ray photoelectron spectroscopy (XPS) data calibrated by the C
1s signal at 284.6 eV revealed the total surface coverage of these O-SFGs
to be around 15%. These O-containing surface complexes presented
electron-rich properties; therefore, the introduction of both -OH and
—COOH groups can enhance the interactions between CO, and porous
carbons. Furthermore, Masoudi Soltani et al. (Salman et al., 2014) used
HNO; for the surface modification of pyrolyzed cigarette filters using
different HNO5 concentration and contact times and conducted a full
factorial experiment to investigate the effects of the modifications on
the surface area of the synthesized porous carbons. They reported that
HNO; could increase surface acidity by 57.8% to 1.21 mmol g~! and
the O-content by a factor of approximately 2.5. Lactonic, -COOH, and
phenolic groups were present on the surface of the prepared carbon.
Budinova et al. (Budinova et al., 2006) evaluated H;PO, impregnation
on the subsequent activation of biomass by subjecting H;PO,-treated
biomass to (1) pyrolysis at 600°C (a ramp rate of 3°C min~!) for 1 h
under an N, atmosphere, (2) the same as in (1) followed by activation
at 700°C (ramp rate of 3°C min~!) for 1 h in the presence of steam,
and (3) heating to 700°C (ramp rate of 3°C min~!) in the presence of
steam for 2 h. The chemically-modified sample obtained using method
(1) presented the highest content of ~-COOH groups (0.744 meq g~1),
whereas the sample prepared using method (2) presented high contents
of both ~OH (0.572 meq g~!) and carbonyl groups (2.530 meq g~!). In
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Figure 4. FTIR spectra of the biochar sam-
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addition, the carbon prepared using method (1) presented the lowest pH
(4.5), which was consistent with its content of -COOH groups, lactones,
lactoles, and P-containing acidic groups. The carbon material obtained
using method (2) presented the highest content of basic groups, and the
carbon material obtained using method (3) presented the highest pH
(6.5), which was consistent with its -COOH group content being the
lowest. Food wastes can also be used as carbon precursors, Opatokun
et al. (Opatokun et al., 2017) pyrolyzed fresh food waste to produce
char. The CO, activation process was performed at 900°C for 1.5 — 2
h, and 69% HNO; was used for 1 h oxidation at 60°C at a 1:10 ratio
(activated char:HNO3). Melamine amination involved stirring 2 g of ac-
tivated biochar for 5 h at 70°C in a melamine suspension (1.3 g melamine
in 100 mL of 80% ethanol), followed by carbonization at 450°C for 50
min. The capacity difference between the unanimated (4.41 mmol g—1)
and animated sorbents (4.36 mmol g‘l) at 25°C and 1 bar was negli-
gible. The negligible difference in CO, adsorption capacity is a result
of adsorption performance being heavily dependent on a combination
of micropore volume, pore size and nitrogen content; the scale of their
influence depending on the adsorption conditions such as CO, partial
pressure (Petrovic et al., 2020).

Singh et al. (2018) subjected biomass to acid-assisted polymeriza-
tion and solid-state activation to produce functionalized porous car-
bons. Hydrothermal carbonisation was used for biomass waste upcy-
cling, wherein biomass was first subjected to high-pressure heat treat-
ment before activation. This facilitated the formation of different inter-
mediates and resulted in the development of an aromatic network with
high C content and numerous O functionalities (Alatalo et al., 2016,
Regmi et al., 2012, Liu et al., 2015). Singh et al. (Singh et al., 2018)
proposed that acid treatment prior to KOH activation could be used as
an alternative to high-pressure treatment to obtain cross-linked carbons,
introduce O-containing functional groups via oxidation and dehydra-
tion, and dissolve the inherent inorganic metallic constituents within
the biomass. The acid treatment involved mixing the powdered biomass
(5 g) with milli-Q water (10 mL) and H,SO,4 (2.24 mL) for 6 h in an
air oven at 100°C followed by heating at 160°C for 6 h. Subsequently,
the product underwent solid-state activation with KOH at 600°C and at
different impregnation ratios. FTIR spectra revealed the high aromatic-
ity of the carbons and presence of O-SFGs, such as phenolic and car-
boxylic acids, which imparted negative charge to the surface and could
therefore enhance the adsorption of CO,. H,SO, presented a strong de-
hydrating effect, removed most of the inorganic impurities, and was
demonstrated to catalyse the polymerization of carbons prior to activa-
tion. The O-content of the prepared carbons as determined from XPS,
ranging between 11.2 and 43.5 %, was ascribed to the presence of phe-
nolic, carbonyl, and ether groups in the sample, and facilitated a CO,
adsorption capacity of 3.2 mmol g~! at 25°C and 1 bar. The observed
CO, adsorption capacities were higher than those reported in a previous
study, in which the acid pre-treatment was omitted (Regmi et al., 2012).
This was attributed to the development of O-functionalities via poly-
merization and removal of impurities, such as sylvite, which induced a
change in the surface charge of the adsorbent.
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Zhang et al. (2015) evaluated the effects of de-ashing rice husk
prior to NH; modification. The deashing procedure involved mixing
HF (20 mL, 40%), deionized water (60 mL), and raw rice husk (25 g)
for 24 h at 60°C. The pre-treatment facilitated pore development dur-
ing ammonification, as there are more opportunities for free radicals
to pass through (Lua et al., 2006). In addition, the pretreatment pro-
moted the introduction of N-SFGs, likely owing to the increased avail-
ability of active sites, which has also been reported by Shafeeyan et al
(Shafeeyan et al., 2011). The removal of the Si-rich structure promoted
the development of the porous structure and introduction of N-SFGs,
and also increased the surface activity which enhanced both physisorp-
tion and chemisorption (Shen and Fan, 2013). Sodium alginate can also
be used to introduce different O-containing groups, such as -COO and
—-OH, which are bonded to the edges of C-atoms prior to NH; modifica-
tion (Hosseini et al., 2017). Hosseini et al. (2017) demonstrated this by
enriching the N-content of gel beads derived from an eggshell composite
calcined at 1000°C (1273 K) for 4 h using sodium alginate. A summary
of the acidic treatments discussed in this section is given in table S2 of
the supplementary information; as with table S1, the author is advised
to exercise precaution on interpretation.

4.3. Basic Treatments

Alabadi et al. (Alabadi et al., 2015) prepared a number of porous
carbons from gelatine and starch biomass via dry chemical activation.
Different carbonized gelatine- and starch-to-KOH mass ratios were used,
and chemical activation was followed by heating at 700°C at a heating
rate of 10°C min~! under an N, atmosphere for 10 min. Activation led
to the formation of -OH and -NH,, groups on the carbon surface next
to other O-functionalities in non-conjugated and conjugated systems
(Diez et al., 2012). Nitrogen contents up to 3 at% were achieved in the
form of pyridinic, pyrrolic and pyridone groups, with pyridine groups
being prevalent in the sample comprised of equal parts (1:1, w/w) parts
of gelatine and starch. This sample presented the highest adsorption ca-
pacity (3.84 mmol g~! at 25°C and 1 bar), which was ascribed to the
combination of high micropore volume (Sevilla et al., 2013), amount
of residual -OH groups, and ratio of non-C elements, such as N and O,
retained in the activated carbons (ACs) (Alabadi et al., 2015).

Chen et al. (2016) used a combination of urea and KOH to synthe-
size porous carbon from coconut shell, and reported that the N-doping
occurred prior to activation. Pre-modification involved mixing the car-
bonized shell with an equal amount of urea followed by heating in air
to 350°C for 2 h. The N-content was seen to increase up to 4.47 wt%
via reactions between urea and the adsorbent’s existing SFGs, followed
by thermal conversions which included the reactions between the -OH
and -NH, amino groups. The N-groups consisted of pyridinic (32.6 —
51.9 at%), pyrrole/pyridine (32.6 — 52.8 at%) and quaternary-N (11.7
- 20.4 at%) groups. Pyridine-type N-groups have been frequently re-
ported as the most influential in enhancing CO, adsorption (Sdnchez-
Sanchez et al., 2014). Chen et al. (2015) prepared a series of adsorbents
and demonstrated that crab shell was a promising precursor for N-rich
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ACs. The carbonization and KOH activation of crab shells resulted in an
N-content in the range of 5.1-8.5 wt% in the form of quaternary (11.7 -
20.1 at%), pyrrolic (45.1 — 47.3 at%), pyridinic (25.6 — 35.1 at%) and
pyridinic-N-oxides, with pyrrolic nitrogen being the predominant form
which facilitated a CO, adsorption capacity of 4.37 mmol g~! at 25°C
and 1 bar. This capacity was ascribed to micropore filling and N-SFGs
that contributed up to 78.2 % of the adsorption of CO, on the prepared
samples with less-developed porosity. The contribution decreased to be-
low 15 % for well-developed microporous structures. Nitrogen-enriched
microporous carbons were produced from coffee grounds via KOH ac-
tivation (Wang et al., 2020). After carbonization at 600°C) for 4 h at
heating rate of 5°C min~!, the biochar was mixed with KOH at various
ratios and activated at 800°C. The N-content was increased up to 0.74
at% with pyrrolic-N (44.30 at%) being the predominant species, fol-
lowed by graphitic- (29.14 at%) and pyridinic-N (26.56 at%). Pyrrolic
and pyridinic-N effectively ameliorated the polarity of carbon and fa-
cilitated the adsorption of CO, (Peng et al., 2019) and pyridinic-N pre-
sented the predominate contribution (Peng et al., 2019).

Alternative activating agents such as K,CO3 have also been demon-
strated to be effective for the synthesis of porous N-doped carbons.
Yue et al. (Yue et al., 2018) successfully adopted this approach with
coconut shells. Nitrogen was doped into the carbon framework using
urea prior to activation, and the sample exhibited a CO, adsorption ca-
pacity of up to 3.71 mmol g~! at 25°C and 1 bar. The development
of pores can be hindered by some inorganic species present in differ-
ent biomass wastes, such as fruit stones and shells, blocking pore en-
trances. Li and Xiao (2019) reported a CO, activation method followed
by K,CO3-promoted leaching using rice husk ash. The former was in-
tended to develop an initial porosity and the latter to promote the leach-
ing of inorganic silica. The obtained carbon presented both micropores
and mesopores and its CO, adsorption capacity reached 3.1 mmol g=!
at 25°C and 1 bar.

4.4. Amination and Ammoxidation

When carbons are activated with NH; at high temperatures, nitroge-
nous groups are typically introduced and acidic O-groups are mostly
removed (Shafeeyan et al., 2010). The N-groups formed via reactions
with NH3, HNO3, and amines can include -NH,, imide, pyrrole, pyri-
dine, and lactam (Plaza et al., 2009, Pevida et al., 2008). Jansen and
Bekkum (Jansen and van Bekkum, 1994, Jansen and van Bekkum, 1995)
demonstrated that the adsorbent modification method will determine
the specific N-species introduced on the surface. Ammoxidation leads to
the development of amides, whereas amination favours the formation
of lactams and imides. Subsequent heat treatment leads to the trans-
formation of these groups into pyridinic and pyrrolic species. The pres-
ence of O-SFGs can also play an important role in increasing the ef-
ficiency of N-incorporation (Petrovic et al., 2020). Therefore, the pre-
oxidation of carbonaceous materials can enhance subsequent N-doping
treatments (Shafeeyan et al., 2011). When these O-groups decompose
during NHj treatment, the reactivity of N-containing free radicals in-
creases and hence, further promotes the development of basic groups,
such as amide and pyridine species. The order of modification meth-
ods can also affect the amount of N that can be introduced into car-
bons. Pietrzak (Pietrzak, 2009) reported that the introduction of N into
carbons via ammoxidation after activation decreased pore volume and
surface area, and consequently, capacity under their experimental con-
ditions, owing to the pore blockage effect. Furthermore, they demon-
strated that the introduced N-species, namely imines, amines, amides,
pyrrolic/pyridonic-, and pyridinic-N, could be formed regardless of the
procedure.

Zhang et al. (2016) employed a combination of KOH activation and
ammonia modification when synthesising porous carbon from black lo-
cust waste biomass with a view to incorporate nitrogen functionalities
during carbonisation. The three-step procedure involved an initial car-
bonization at 650°C, KOH activation at 830°C and ammonia modifica-
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tion at 600°C. Both activation and surface modification occurred during
the NH; modification step, which increased the development of pores,
and subsequently decreased the BET surface area (from 2511 to 2064
m? g~1) and total pore volume (from 1.35 to 0.98 cm® g~1). This was
attributed to the thermal decomposition of the surface O-groups that
might have been blocking micropore entrances or filling micropores,
and therefore, might have been creating vacant sites (Shafeeyan et al.,
2011, Pevida et al., 2008). The free radicals present during ammonifi-
cation (NH,, NH, and H) could subsequently react with the vacant sites
to expand the pore structure at high temperatures, according to the fol-
lowing equations Eq. 1 to Eq. 3 (Shafeeyan et al., 2010, Lahedar et al.,
2014, Yuan et al., 2020):

R—COO—NHI—H20—>R—CO—NHZ—H20—>R—CEN (1)

R—-OH + NHy; - R— NH, + H,0 @

R-C=0+NH; > R-C=NH + H,0 3)

The reactions between the free radicals and the mesopore walls of the
carbon will lead to the release of gaseous H,, CH4, HCN, and cyanogen,
which could further develop new micropores via secondary in-situ acti-
vation (Shafeeyan et al., 2010, Laheédér et al., 2014). In addition to tex-
tural enhancements, NH; treatments increase the N-content of porous
carbons. Zhang et al. (Zhang et al., 2016) reported an increase of up to
7.21 wt% accompanied by a decrease in O-content from 24.49 to 14.93
wt%, which confirmed the aforementioned hypothesis. Ammonia reacts
with carboxylic acid sites to form ammonium salts, which lead to the
formation of amides and nitriles via dehydration or the substitution of —
OH groups by the amides on the carbon surface (Lahedar et al., 2014). In
this study, the N in the carbon matrix was present as pyrrolic/pyridonic,
pyridine, and amino-type N-groups, such as amide, imine, and amine
(Xing et al., 2012). The combination of basic groups and textural prop-
erties led to a CO, adsorption capacity of 5.05 mmol g~! at 25°C and 1
bar and a CO, selectivity over N, of 30.75 at 25°C as calculated using the
ideal adsorbed solution theory (IAST). The adsorption was demonstrated
to be both physical and chemical, as validated by the elevated isosteric
heat of adsorption (Q,) values. This modification method was an ef-
fective way of producing highly ultra-microporous sorbents that could
adsorb CO, both physically and chemically; moreover, it presented high
selectivity, fast kinetics, and good cyclability.

Nguyen and Lee (2016) produced N-doped biochar beads from
chicken manure. The procedure involved drying and subsequently py-
rolyzing the waste at 450°C for 1 h followed by mixing the product with
a HNO; solution (15.7 N) at a 1:10 solid-to-liquid mass ratio. There-
after, the product was separated from the aqueous phase and treated
with anhydrous NH; gas for 1 h at 450°C. Ammoxidation can generate
active alkaline sites that can introduce N-containing functional groups
via oxidation reactions with HNO; and NHj (Deng and Ting, 2005,
Nowicki et al., 2009). Nguyen et al. (Nguyen and Lee, 2016) achieved
N-contents of up to 6.32 wt%; moreover, the C- and H-contents of the
prepared porous carbon increased as confirmed by combustion elemen-
tal analysis, whereas the O-content decreased.

N-rich agricultural waste soybean straw has been demonstrated as a
promising precursor for porous carbons. Zhang et al. (2016) prepared a
series of sorbents which were then modified with CO,, NH; and CO,—
NHj; in the temperature range of 500-900°C at a hold time of 0.5 h . At
high temperatures, the CO,-NH5; mixture produced the greatest num-
ber of free radicals, which could participate in gas—solid reactions. The
highest N-doping was achieved at 800°C, and approximately 6 wt% N
was successfully doped into the modified biochar via NH; and CO,—
NH; treatments. The CO,-NH;3 mixture produced higher N-contents
and N-to-C ratios than NHj alone, which indicated that the presence
of CO, in the gaseous activating medium promoted the introduction
of N-groups. That was attributed to the reactions between carbon and
CO,, which provided more active sites for amination (Shafeeyan et al.,
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2011). The combination of CO, activation and high-temperature amina-
tion improved both the microporosity and N-doping levels of the porous
carbon. A summary of the basic treatments discussed in this section is
given in table S3 of the supplementary information; as with table S1 and
S2, the author is advised to exercise precaution on interpretation.

4.5. Amine Modification

Generally, carbons are, comparatively, less advantageous than some
other class of adsorbents such as zeolites with respect to their adsorption
capacity and selectivity at low CO,, partial pressures, which are specific
to many large anthropogenic point sources. These shortcomings can be
addressed by introducing -NH, functionalities into the carbon frame-
works (Arenillas et al., 2005, Dindi et al., 2017). The presence of -NH,,
functionalities can significantly improve the CO, adsorption capacity of
carbons, which becomes even more influential at low CO, concentra-
tions. When amino groups are immobilised, they can react with CO,
to produce carbamates via the formation of zwitterionic intermediates.
This is similar to the absorption of CO, using primary alkanolamines
(Samanta et al., 2012). The reaction pathways favour the formation of
carbamate and bicarbonate at low temperatures, whereas at elevated
temperatures, the equilibrium was observed to shift and dissociation
into amine and CO, was favoured (Harlick and Sayari, 2006). Three
major amine immobilization pathways are known, i.e. physical impreg-
nation of supports with amines, covalent bonding of amines to supports,
and in situ polymerization of amine-containing precursors (Sarmah et al.,
2013, Fashi et al., 2020).

The wet impregnation method of introducing amine compounds
into AC has been extensively reported in the literature (Rashidi and
Yusup, 2016). This process typically involves mixing the aqueous amine
solution and carbons under specific temperature and agitation condi-
tions. Houshmand et al. (Houshmand et al., 2011) reported that amines
are dispersed within the adsorbent pores and also on the internal and
external surfaces of the carbons during impregnation. Furthermore,
amines are physically adsorbed via dipole-dipole interactions, van der
Waals forces, H-bonds, acid-base interactions, and ion-exchange reac-
tions. The main drawbacks of amine-modified solids are the possible
loss of NH; at the regeneration temperature (Franchi et al., 2005) and
the intensity of the regeneration process (Hao et al., 2010), which re-
quires high temperatures, similar to those of conventional amine-based
absorption processes.

Wang et al. (2017 Sep) evaluated the effects of tetraethylene-
pentamine (TEPA) monoethanolamine (MEA), diethanolamine (DEA),
polyethyleneimine (PE), and diethylenetriamine (DETA) on a selection
of waste wood ashes (WA), which were introduced via wet impregna-
tion of the supports. The procedure consisted of dissolving a specific
quantity of amine in deionized water (50 mL) followed by the addition
of ash (10 g) under stirring at ambient temperature for 10 h and sub-
sequent drying and calcining at 130°C for 4 h. After TEPA and WA-1
were determined to be the most suitable amine and support, respec-
tively, the support was loaded with 15 — 75 wt% of TEPA. TEPA was
selected because it presented the greatest regeneration capability and
conversion; however, the efficiency of the TEPA-modified WA 1 sup-
port was lower than that of its DEA-modified counterpart. As the TEPA
loading increased, the amine became more evenly distributed; however,
at the high loadings of 60 and 75 wt%, the amine particles began to ag-
gregate into large blocks. This blocked the pores hence, reducing the
surface area of the carbons; therefore, excessive amine loading led to
a decrease in the number of available active sites (Zhang et al., 2014,
Zhang et al., 2014).

Alternatively, it is possible to chemically anchor the amino groups to
the surface of the adsorbent through grafting. Given the dependence of
physical adsorption on pore size and volume, Houshmand et al. sought
to improve the specific interaction of a microporous AC and CO, by
grafting a halogenated amine (2-chloroethylamine hydrochloride, CEA)
on the oxidised surface (Houshmand et al., 2013). Using a two-stage
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modification, the palm shell derived AC was first oxidised with nitric
acid (8 N), and then treated with NaOH solution (1 M) under stirring for
24 hours. The sample was then washed, dried and subsequently treated
with CEA solution (1 M) in a shaker for 24 hours. By oxidising with
nitric acid, halogenated amines can react with the hydroxyl within the
carboxylic/phenolic group, hence with the alcoholic groups themselves
(Houshmand et al., 2011). By comparing the nitrogen and volatile con-
tents of the grafted samples and their associated decreases in surface
area and pore volume, the anchoring of the halogenated amine can be
inferred. By comparing CO, adsorption performance of the pristine, ox-
idised and aminated samples, the impact of these introduced functional
groups can be determined. At low temperatures, the presence of these
nitrogen groups was found to retard the CO, uptake; however, by study-
ing the temperature dependence of CO, adsorption by increasing ad-
sorption temperature by 1°C min~! from 30 to 120°C, a 45 % increase
in capacity was observed (>100°C) compared to the pristine AC. When
normalising capacities to BET surface area to account for the reduction
in such when anchoring amine groups, the grafted sample presented
two and six-fold increases in capacity with the parent sample at 30 and
115°C. In the context of aliphatic or aromatic amine compounds, which
can form a “bridge” when chemically bonded to substrates due to the
transformation of primary amine groups to secondary during modifica-
tion, Hu et al. sought to exploit the excellent CO, adsorption properties
exhibited by their solutions and avoid the bridge-forming tendency by
grafting p-phenylenediamine (PDA) to multi-walled carbon nanotubes
(MWCNT)s (Hu et al., 2017). The authors postulated that the steric hin-
derance effect of the benzene ring would make it difficult for both of the
amino groups of PDA to connect to the carboxyl groups of the oxidised
carbon nanotube via amide bond formation; the primary amine group
may remain. By first oxidising the nanotubes with mixed acids (H,SO,4
and HNO,), the carboxylated MWCNTSs were then activated by N,N,N,N-
tetramethyluronium hexafluorophosphate and then functionalised with
PDA in a dimethyl fumarate (DMF) solution. The introduction of both
primary and secondary amine groups, improves the CO, adsorption
performance through carbamate formation (Lee and Park, 2015), elec-
trostatic interactions due to the high electronegativity and hydrogen
bonding; the excess of electrons trapped around defect sites confirmed
by Raman spectroscopy and high-resolution transmission electron mi-
croscopy (HRTEM) produces localised lowest unoccupied molecular or-
bitals in the carbon lattice which may further improve interactions be-
tween the carbon nanotubes and CO, (Tachikawa and Kawabata, 2009).
Using isosteric heats of adsorption, the authors observed an increase in
CO, affinity with CO, loading on the PDA-grafted nanotubes, converse
to the pristine materials, with increases in capacity of 100, 144 and
182 % in equilibrium capacity at 0, 5 and 10°C, respectively. The em-
ployment of diazonium chemistry has also been exploited when grafting
amine groups by Grondein and Bélanger (Grondein and Bélanger, 2011).
In this work, Vulcan XC72R was modified by reaction with the dia-
zonium cations of paraphenylenediamine, 4-aminobenzylamine and 4-
aminoethylaniline. The method follows dispersion of the carbon powder
in deionised water, to which 0.1 eq of the diamine was introduced fol-
lowed by 0.1 eq of solid sodium nitrite and finally concentrated HCI.
After overnight stirring and filtration, the powder was washed with wa-
ter, DMF, MeOH and acetone. The modification presents in situ forma-
tion of the diazonium cation from the corresponding amine followed by
reduction by the carbon without isolation and is represented in Figure 5
(Grondein and Bélanger, 2011).

Typically, the properties of carbons and zeolites used as amine-
loaded CO, adsorbents are inferior to those of mesoporous silica ow-
ing to their pore volumes and sizes being smaller than those of meso-
porous silica (Chen et al., 2014). Because carbons can adsorb significant
amounts of CO, via physisorption, the benefit of incorporating amine
groups may not compensate their performance to overcome the decrease
in surface area or pore volume. In contrast, when amine moieties are
present, the adsorption can be manipulated to occur via both chemical
and physical mechanisms, which enhances the selectivity of the adsor-
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bent and performance of the C-based supports at high temperatures or
under moist conditions.

4.6. Metal Doping

The impregnation of porous carbons with basic metals or their ox-
ides can improve surface chemistry and adsorptive performance during
post-combustion CO, capture (Chiang and Juang, 2017). Metal oxides,
hydroxides, and oxyhydroxides used to impregnate porous carbons en-
hance the CO, capture performance of the supports by increasing their
basicity and surface area and promoting the production of carbonates
(Han et al., 2012, Pierre-Louis et al., 2013). Lahijani et al. (Lahijani et al.,
2018) investigated the incorporation of metals into biochar for CO, cap-
ture under ambient conditions. They subjected walnut shells to single-
step pyrolysis at different temperatures in the range of 500-900°C for
1.5 h. The biochar with the highest surface area and microporosity was
subsequently impregnated with different metals (i.e. Mg, Al, Fe, Ni, Ca,
or Na), followed by heat treatment at 500°C under an N, atmosphere
for 15 min to oxidize the impregnated metals. Metal nitrile salt solu-
tions (5 wt%) obtained by dissolving nitrile salts in distilled water (80
mL) were used for the wet impregnation of the metals. Biochar (1 g)
was subsequently added to each solution, and the mixtures were stirred
for 12 h. The CO, adsorption capacities of the prepared samples de-
creased as follows: Mg > Al > Fe > Ni > Ca > raw-biochar > Na. The
Mg-loaded sorbent was prepared using magnesium nitrate hexahydrate
(Mg(NO3),+6H,0), which underwent endothermic dehydration to an-
hydrous Mg(NO3), at approximately 110-190°C. Anhydrous Mg(NOs),
decomposes to MgO at temperatures above 400°C. The formation of ba-
sic MgO sites favoured the adsorption of CO, via interactions with the
basic 02~ ions of the 02~-Mg?2*+ bonds, which facilitated the formation
of carbonates (Shahkarami et al., 2016, Liu et al., 2013). Hosseini et al.
(Hosseini et al., 2015) reported the impregnation of HNO5-modified car-
bons with Cu and Zn. HNO; modification was used to increase the num-
ber of O-containing surface functionalities to facilitate the deposition of
metals. Metal impregnation at different Cu/Zn ratios (4 — 20 wt%) was
intended to produce superior sorbents. HNO5-treated carbons were im-
pregnated with Cu(NO3), and ZnSO, via an aqueous ion-exchange and
was described as the replacement of two H* ions from the carbon sur-
face with a Cu®* ion (Abdedayem et al., 2015), which decreased surface
acidity. The oxygen groups were found to be highly favourable to link
with the metal ions to form metal complexes with the negatively charged
acidic groups (Hosseini et al., 2015). This led to the negatively-charged
groups on the surfaces of carbon and Cu-loaded carbon samples being
surrounded by Zn%* jons, which were adsorbed on the substrate surface,
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Figure 5. Modification of carbon Vul-
can XC72R by in situ generated diazo-
nium cations of paraphenylenediamine,
4-aminobenzylamine and 4-aminoethylaniline
reproduced from Grondein and Bélanger
(Grondein and Bélanger, 2011).

Vulcan
-ABA

NH>

and consequently, facilitated surface diffusion and the reduction of ions
at more favourable sites (Hosseini et al., 2015) (Figure 6).

Cobalt has also featured in surface modification of carbonaceous
adsorbents, Vieillard et al. combined both aminosilane grafting and
cobalt particle dispersion within cocoa shell-derived hydrochar (HC)
(Vieillard et al., 2018). The authors sought to exploit the improved
stability and adsorption capacity of (3-aminopropyl(triethoxysilane)
(APTES) grafted sorbents whilst elucidating the role of metal nanopar-
ticles (MNPs) in CO, adsorption. The authors postulated that by in-
ducing weaker interactions between the sorbent and CO,, the poten-
tial for fully-reversible CO, capture could be realised. Through promo-
tion of CO,, physical condensation around Co particles entrapped in
compacted organic entanglement by hydroxyl and amino groups, di-
rect contact between CO, and the SFGs can be avoided (Vieillard et al.,
2018). Grafting the HC surface with APTES (0.3 wt%) was performed in
a water-ethanol mixture (1:3 V/V) at 80°C for 6 h. The resulting sam-
ple was then treated with cobalt nitrate hexahydrate (Co(NO3),+6H,0)
as a precursor and tetraoctylammonium bromide (TOAB) as a reduc-
ing agent (weight ratio: Co (NO3),/TOAB (0.3:0.03)) in toluene for
5 h under stirring at room temperature. When studying the CO, ad-
sorption of the HC, APTES-grafted HC (HC-APTES) and cobalt-modified
HC-APTES (HC-APTES-Co), an increase in equilibrium capacity was ob-
served alongside significant modification to the adsorption kinetics as
depicted in Figure 7.

Of all three curves, there is a clear knee in the uptake care at around
1min which can be described when considering the kinetic-determining
steps. The two steps illustrate the initial interparticle diffusion and suc-
cessive intraparticle diffusion processes; in the case of HC-APTES-Co,
the attenuation of the two steps is most likely a result of structure com-
paction after Co-incorporation reducing the contribution of intraparti-
cle diffusion (Vieillard et al., 2018). With capacities increasing from
0.66 mmol g~! (HC) to 0.92 mmol g~! (HC-APTES) and 1.35 mmol
g~! (HC-APTES-Co), it can be deduced that both APTES-grafting and
Co-incorporation, positively contribute to improving surface affinity to
CO,. The APTES influence is expected given the basicity enhancements;
however, given the basicity reductions when incorporating Co (due
to Co:NH, interactions), the authors suggested a predominantly physi-
cal and non-stoichiometric condensation of CO, through much weaker
interaction with the Co particles entrapped in organic entanglement.
The mixture of terminal hydroxyl groups and compacted entanglement
which immobilises Co nanoparticles surrounded by amino groups is re-
sponsible for significant affinity enhancements as a result of the reduc-
tion in surface basicity; this reduction to surface basicity then favours
physical condensation rather than carbamate formation (Vieillard et al.,
2018, Sneddon et al., 2014, Yu et al., 2012).
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Figure 6. Schematic illustration of HC-APTES-
Co preparation procedure reproduced from

(Vieillard et al., 2018).

Figure 7. CO, adsorption kinetics of HC, HC-APTES and HC-
APTES-Co under ambient temperature and pressure with pseudo-

first and pseudo-second order kinetic models, reproduced from
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5. The Employment of Monte Carlo Simulations and Density
Functional Theory for Evaluation of Surface Functional Group
Impacts on CO, Adsorption

Density Functional Theory (DFT) is often used to calculate surface
electronic properties of adsorbents such as atomic charges and adsorp-
tion energies. It can also be used to optimise the geometry of the mod-
els. Contrastingly, Grand Canonical Monte Carlo (GCMC) is a simula-
tion technique, that within the context of CCS, is commonly employed
to evaluate the adsorption capacity across a variety of conditions. Myr-
iad calculations and simulations have been carried out in order to im-
prove the understanding of carbonaceous adsorbent functionalisation,
the SFGs beneficial for CO, adsorption, and their individual impact on
the adsorption capacity.

One of the more classical SFGs studied in the realm of CCS is the
amino group, due to its high Lewis basicity and the wide adoption of
MEA as the industrial post-combustion CCS solvent. This functionalisa-
tion has been shown to result in an uptake of 25.94 mmol g~! at 298 K
and 2 MPa, and a CO,/N, selectivity of 49. These results constitute a 5-
fold increase in the equilibrium adsorption capacity and approximately
12-fold for the selectivity, when compared to the parent nanoporous
carbon (Zhou et al., 2017). The heat of adsorption was calculated to be
34.252 kJ mol~, a significant increase from the 24.63 kJ mol~! pre-
sented by the pristine sorbent. Graphene nanoribbons have also been
studied via DFT and GCMC (Dasgupta et al., 2015). The investigation
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shed light onto the heat of adsorption at a pressure of 1 bar for the nitro
group at 11.1 kJ mol~1, and 10.52 kJ mol~for the amine group. The
CO, binding energies (E,) were calculated to be -10.74 kJ mol~! and
-14.69 kJ mol~! for the nitro and amino SFG, respectively, and 9.89
kJ mol~!for the parent carbon. Other N-containing functionalities, such
as toluene, pyrimidine, imidazole, pyridine and etc., have been simu-
lated as functionalised linkers of porous aromatic frameworks (PAFs)
over a pressure range of 0 — 60 bar and at temperatures of 0, 25, and
50°C (Fraccarollo et al., 2014). The pyrimidine-modified sorbent has
demonstrated a capacity increase of 250 % over the pristine PAF at 1
bar. Aminomethyl and tolyl SFGs also presented an improved perfor-
mance to that of the parent material. The imidazole group was less effi-
cient and demonstrated poor adsorptive properties. The positive effect
of the pyrimidine functionalisation though, reduces drastically when the
pressure is increased over approximately 10 bar, as this sorbent along
with the other simulated functionalities performed more poorly than
the unmodified material. Only the aminomethyl modification positively
impacted CO, adsorption consistently across the investigated pressure
range. Thus, pyrimidine-PAF is preferred for low pressure applications
such as post-combustion capture. For high pressure applications such as
gas storage the unmodified sorbent would be more appropriate; NH,-
CH,-PAF would constitute a compromise (Fraccarollo et al., 2014). In
the same study, variation of SFG loading and the impact on CO, adsorp-
tion uptake was also investigated. The authors demonstrated an increase
in the adsorbed amount when increasing the SFG loading in low to in-
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termediate pressure ranges i.e. below 10 to 15 bar. However, the trend
is reversed at elevated pressures, so that the absolute uptake at 100 %
substitution is much less than the 50% substitution (Fraccarollo et al.,
2014). Other nitrogen-containing functionalities such as quaternary,
pyridinic and the oxidised pyridinic-N, have been evaluated by Psarras
et al. (Psarras et al., 2016), with the latter demonstrating a remarkable
capacity for CO, adsorption i.e. 4.31 mmol g~! (CO,/N, selectivity of
138.3) compared to the 2.19 mmol g~! (CO,/N, selectivity of 24.5) of
the unmodified surface under ambient conditions.
Phosphorous-containing functional groups have also been consid-
ered in the literature (Chen et al., 2021). A -C5-P functionalised graphite
was shown to have an adsorption capacity of 12.3 mmol cm~3 at 16
kPa, whereas at 300 kPa the material adsorbed 15.3 mmol cm™3. In-
corporation of SFGs such as -C-O-PO(OH),, -C3-P and -C3-P=0, has
been shown to lead to an enhanced CO, uptake with energies of ad-
sorption of -34.42 kJ mol~1, -28.73 kJ mol~! and -26.29 kJ mol~, re-
spectively. These numbers show a greater affinity towards CO, than
that of amino-functionalised graphite (adsorption energy of -18.18 kJ
mol~1). The SFG SO3H has been shown to possess an adsorption en-
ergy of -33.78 kJ mol~!, similar to those of the P-functionalised ma-
terials. This thio-functionalisation has been widely investigated. It was
shown via GCMC simulations, that SO3H functionalisation of melamine-
based porous polyamides (MPPA) leads to an equilibrium capacity of
5.38 mmol g~! at 1 bar and 25°C, which is higher than that of fluorine,
hydroxyl, epoxy and carbonyl functionalised analogues and the parent
MPPA (Song et al., 2021). Similar improvements to the CO,/N, selec-
tivity of the sorbent were also demonstrated. Additionally, S-doping of
the framework itself has been evaluated via DFT and GCMC for its ef-
ficacy for CCS (Li et al., 2017). In this study a graphite slit pore con-
taining 33.12 % sulphur presented heats of adsorption equal to 41.01
kJ mol~'and a CO, uptake of 51 mmol mol~! (at 1 bar and 27°C), con-
stituting a 45.12 % and 39.85 % rise, respectively, when compared to a
simple graphite pore. They have also demonstrated an increased affin-
ity between CO, and the adsorbent when increasing the presence of
heteroatoms in the framework. The material with a sulphur content of
7.94 wt% presented an improved performance over the parent material
yet significantly worse than the adsorbent with the maximum doping
described in the previous sentence with respect to both heat of adsorp-
tion and capacity. Not only graphite slit pores, but also 3D covalent
organic frameworks (COFs) have been simulated via DFT and GCMC
(Yuan etal., 2021). SO3H has been denoted as the most promising SFG of
those studied (OH, OCHj3, NH,, CH,NH,, COOH and etc.) due to its large
selectivity over nitrogen, with an E, of -25.527 kJ mol~!. However, of
the investigated SFGs a rather exotic ester-carboxylic terminal group
(-O0OC-CH-(CH,),-COOH) had the highest E, -34.249 kJ mollas well
as CO, uptake. Interestingly, when reducing the ester chain to its alkyl
analogue, the affinity towards CO, dropped drastically. Additionally,
they also identified the pore volume being a limiting factor in CO, ad-
sorption at elevated pressures. Thus, “bulky”, sterically-hindered SFGs
might affect the uptake of the material rendering them useless for high
pressure applications, as their capacities are lower/comparable to that
of the bare COF. Hydroxyl functionalisation of the COF, on the other
hand, enhanced the capacity at higher pressures. A similarly-modified
AC surface has been evaluated in comparison to other O-SFGs as well
as the homogenous sorbent (Yuan et al., 2020). OH-functionalisation
increased the CO,/N, selectivity, CO, heat of adsorption and uptake
when averaged across a range of temperatures at ambient pressure by
432 %, 35.3% and 12.5%, respectively, compared to the pristine sur-
face. Additionally, both the ether and ester SFGs did not improve the
adsorptive properties, the latter actually hindered sorption due to pore
plugging. Contrastingly, carboxylic terminal groups have been demon-
strated to promote adsorption to a greater extent than the hydroxyl
group within the pressure range of 0 — 2 MPa. Furthermore, heats of
adsorption of 30.704 vs 30.339 kJ mol~'and selectivity over nitrogen of
~29 vs ~15 for carboxylic and hydroxyl SFGs, respectively at 298 K and
1 MPa for nanoporous carbons (Zhou et al., 2017). Contrastingly, the
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heat adsorption, selectivity and equilibrium CO, capacity were shown
to be inferior to that of the amino-functionalised material. A similar
trend was observed for functionalised graphene nanoribbons at 1 bar
(-COOH = 13.47 and -OH = 10.24 kJ mol~1) (Dasgupta et al., 2015).
Additionally, the E;, was calculated to be -15.74 and -12.10 kJ mol !, re-
spectively. The carboxyl-functionalisation of the graphene nanoribbons
yielded an increase in selectivity of 28% over the non-functionalised ma-
terial (Dasgupta et al., 2015), whereas a different investigation demon-
strated a drop for the functionalised adsorbents’ selectivity across all of
the investigated SFGs (-NH,, -COOH and -OH) when the molar fraction
of CO, is increased (Zhou et al., 2017). Nevertheless, oxygen-containing
species are generally considered to be beneficial for CCS, since the O
atoms of these SFGs (being more electronegative than the carbon frame-
work) have a large negative partial charge (-0.9969 for hydroxyls and
-1.047 for carbonyls (Liu and Wilcox, 2012)) and, thus, possess the high-
est potential to donate electrons to the surrounding gas molecules and
to attract the C atoms of CO,. Wang et al. (Wang et al., 2019) reported
DFT calculations that identified a synergistic effect between pyrrolic-N
and O-containing groups as a result of both electrostatic and disper-
sion interactions. Regardless of the N-moiety, N-doping typically leads
to the increase in the heat of adsorption and binding energy (Wang and
Yang, 2012, Lim et al., 2016, Saha et al., 2018). Nevertheless, adsorp-
tion is governed to a great extent by the pore width and the pore volume.
Therefore, these parameters must be considered when investigating the
most suitable surface functionality for carbon capture via carbonaceous
adsorbents. For instance, incorporation of -OH or =0 groups onto the top
graphitic layer reduces the volume of a 9.2 A pore by approximately 40%
(Liu and Wilcox, 2012). Having said this, this reduction is much less pro-
nounced for 20 A wide pores. Nevertheless, the presence of these SFGs
has a drastic effect on the orientation of the adsorbed CO, molecules. In
an ideal graphite slit pore the adsorbate is immobilised in parallel to the
surface. However, this orientation changes if the carbonyl (perpendicu-
lar for a 9.2 A pore and 60° for a 20 A pore) and hydroxyl (approximately
30° for both of the simulated pore widths) SFGs are present allowing for
more efficient “side-by-side” packing, thus, increasing the uptake of the
carbonaceous material. At low pressures the addition of a range of SFGs
has been shown to lead to enhanced adsorption regardless of the pore
size (8 - 50 ;\), whereas at high pressures and pore diameters over 10 A
the presence of surface heterogeneities had a significant impact on the
equilibrium capacity (Chen et al., 2021).

An alternative surface modification, metal doping also has been sim-
ulated using DFT and GCMC. Nanoporous carbons (NPC) have been
shown to be positively impacted when Li-ions have been added to the
sorbent (Liu et al., 2018). With a partial charge on the oxygen of the
chemically bound O-Li SFG being -0.839 comparable to hydroxyls, car-
bonyls and carboxyls but higher than the C-O-C SFG (-0.776 (Liu and
Wilcox, 2012)). A stronger affinity towards CO, of the chemically func-
tionalised (substituted in the NPC framework) Li was shown in com-
parison to the physically adsorbed Li-species, with the latter still out-
performing the parent material. At ambient temperature and pressure,
the sorbent with 6 covalently bound Li cations in the framework was
shown to adsorb 25.93 mmol g~!, approximately 10 times higher than
the simulated pristine NPC. Additionally, grafting was demonstrated to
yield better results than impregnation (when modifying with the same
number of metal ions) and an increased amount of doped Li led to en-
hanced selectivity over N,. Similar results have been acquired via DFT
and GCMC by other researchers as well, though, over a wider range
of metals (Ma et al., 2019). Their results display superior performance
of the Li-doped sorbent (approximately 12.5 mmol g~!) over the non-
functionalised material with the equilibrium capacity of the latter being
nearly 4 times smaller than that of the best modified adsorbent at am-
bient conditions. Other investigated metals also yielded favourable re-
sults of approximately 11.5 mmol g~! for Na and 8.5 mmol g~! for K at
the same conditions. Additionally, the initial heat of adsorption for the
metal-doped adsorbents was nearly twice as high as for the pristine car-
bon (46.8 kJ mol~!with the -O-Li SFG and 24.8 kJ mol~1with no SFGs).
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Figure 8. Workflow schematic of AI imple-
mentation reproduced from (Yuan et al., 2021).
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The crucial role of the electrostatic force for Me-doped carbons was high-
lighted as well. Additionally, hydroxyl functionalisation was also inves-
tigated. Though leading to a higher uptake and CO,/N, selectivity than
that of the parent NPC, the OH functional group was shown to have a
much lesser impact in comparison to the alkoxy functionalised sorbents.
Others, however, have simulated a combination of these SFGs, display-
ing a synergistic effect of such modifications (Dang et al., 2017). When
adding both the Li ions and the hydroxy radicals, such graphdiyne-based
sorbents adsorbed 4.83 mmol g1 at ambient conditions, nearly dou-
bling the uptake (and the adsorption energy) of its solely hydroxyl ana-
logue. This trend of better performance was observed below pressures
of 4 MPa, where the capacities are equal for both of these materials.
Interestingly, when metal doping an amino-functionalised C, a slight
enhancement in CO, uptake over a single -NH, SFG is only visible up
to 0.2 MPa. Above this, loss of adsorption capacity was observed. This
phenomenon was attributed to a drastic reduction in ultramicropore vol-
ume due to Li-doping of the amino-sorbent. Nevertheless, the combined
alkoxy-hydroxygraphdiyne adsorbent outperformed all other simulated
analogues across the whole pressure range. Additionally, DFT calcula-
tions and GCMC simulations were also applied to the non-metal doped
functionalised carbonaceous sorbents (Dang et al., 2017). The results in-
dicate that CO, uptake at pressures below 0.4 follow the order of -NH,
> -OH > - COOH > -F, with the latter hindering adsorption of the sor-
bent compared to the parent carbon. The uptake and H,4, at 25°C and
0.02 MPa were shown to be 1.03 mmol ~1g and 29.96 kJ mol~1, 0.66
mmol g~! and 29.76 kJ mol~!, 0.65 mmol g~! and 27.19 kJ mol~!, 0.34
mmol g~! and 23.84 kJ mol~!, respectively, for -NH, > -OH > - COOH
> -F functionalisation vs 0.51 mmol g~! and 26.71 kJ mol~! for the
pristine material. These results are to be expected, due to the stronger
Lewis basicity of the amino group than that of hydroxy and carboxyl
groups promoting adsorption and the electron-withdrawing properties
of the halogens affecting sorption of CO,. Other investigated SFGs were
the alkyne group and the phenyl ring of the graphdiyne framework.
The adsorption energy above these groups was calculated to be 3.84 kJ
mol~land 1.50 kJ mol~1, respectively, suggesting the former to be more
beneficial for carbon capture than the latter (Dang et al., 2017).

6. The Employment of Artificial Intelligence and Machine
Learning for Evaluation of Surface Functional Group Impacts on
CO, Adsorption

Artificial Intelligence (AI) and Machine Learning (ML) can also be
exploited when investigating CO, adsorption properties and the influ-
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ence of surface heterogeneities. Although work has been completed in
the field of carbonaceous adsorbents, the quantity is far smaller than
the considerable attention drawn by other and more tailorable materi-
als such as metal-organic frameworks (MOFs). The literature suggests
the separation conditions and the textural properties of the carbon-
based adsorbents to be more impactful than their chemical composition
(Zhu et al., 2020, Yuan et al., 2021). Zhu et al. (2020) evaluated a total
of 6422 data sets from 155 porous carbon materials (PCMs) for temper-
atures of 0 °C and 25 °C in a pressure range up to 1 bar with nitrogen
contents between 0.2 — 12.2 wt% using the Random Forest model. This
model was selected due to its high accuracy, insensitivity to noise and
resistance to overfitting. Of the data, 80% was selected as the training
group and the final fifth were left for results validation and evaluation.
The findings of their work elucidated to a far stronger impact of pore
volume than that of chemical composition., a stronger impact of pore.
Quantitatively this meant that the chemical composition of the sorbent
was 2.3 times less influential at 0°C and a pressure between 0.6 — 1 bar
than pore volume. The Pearson correlation coefficients of some of the
investigated parameters were: Micropore Volume = -0.034; Mesopore
Volume = -0.142; Ultramicropore Volume = 0.144; Temperature = -
0.38; Pressure = 0.796, with the negative values hindering the sorption
process (positive — promoting) and the modulus depicting the strength
of the interaction. Thus, a weakly positive correlation between mass
percentage of N (0.038) and uptake has been described. Additionally, a
well-developed ML model to correlate selectivity over N, could not be
made due to a lack of sufficient data. Nevertheless, when incorporating
SFGs onto the adsorbent surface, considerations have to be made. Mod-
elling general N-doping is not as transferrable to experimental studies as
specific functionalities and does not provide sufficient insight into the
sorption characteristics of the functionalised material (Figure 8).

In other works, Yuan et al. (2021) studied 527 data points, of which
only 334 of 42 peer-reviewed publications described heteroatom-doped
carbons at the following conditions: 0 °C and 25 °C; 0.15 bar and 1
bar. Three different tree-based models were deployed, namely, Light
Gradient Boosting (LGB), Extreme Gradient Boosting (XGB) and Gradi-
ent Boosting Decision Tree (GBDT) with the latter providing the most
accurate predictions. Of the evaluated data, 85% was used for train-
ing purposes, the remaining 15% was utilised for model validation. The
findings showed that a carbonaceous sorbent with 10 — 14 wt% of oxy-
gen and a N-content of 7 — 10 wt% should have a positive impact on
the adsorption capacity, with the latter contributing more towards en-
hanced uptake than the former. This effect was ascribed to the presence
of basic SFGs; however, this investigation also did not deal with spe-
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cific functionalities. It is, therefore, advisable, that future investigations
be focused on specific SFG impacts on the capture process in order to
identify the functionalities most suitable for CCS purposes and those that
affect CO, sorption and selectivity. The Pearson correlation matrix from
Yuan et al. (2021) is largely in agreement with the findings of Zhu et al.
(2020). The correlation strength between the amount adsorbed and the
variables follows a similar pattern: P (0.56), T (-0.52), Surface Area
(0.33), Total Pore Volume (0.29), Micropore Volume (0.27) and only
then surface heterogeneities such as N (0.16) and O (-0.064). No analy-
sis of impact of SFGs or N/O-doping was carried out.

7. Conclusion

The modification of carbonaceous adsorbents through both physi-
cal or chemical treatments is a key route to improving their associated
CO, adsorption and thus accelerating the deployment of technologies
such as adsorption based-CCS as we surmount the insurmountable chal-
lenge that is anthropogenic-induced climate change. By first considering
the routes to functional group incorporation in the context of solid car-
bon adsorbents and then discussing the influence these may have on
the adsorption of CO,, this review has given insight into both the effi-
cacy of surface modification techniques and the adsorption mechanisms
that underpin the CO, removal process. The influence that specific sur-
face functionalities may have on the adsorption of CO, can be seen not
only in the kinetic and equilibrium performance of the porous carbon
but also in the heat of adsorption. Deliberation is imperative for each
when scaling-up these processes especially when one considers the en-
ergy requirement for regeneration is heavily influenced by the strength
of the interaction between the adsorbate and adsorbent. Wider imple-
mentation of molecular simulations and artificial intelligence could fur-
ther assist the progression of adsorption-based CCS by facilitating an
accelerated understanding and prediction of adsorbate-adsorbent inter-
action. Significant attention still has to be paid to the effects gaseous
impurities present in flue gas streams such as H,O have on the per-
formance of surface modified carbonaceous adsorbents; a research area
that would benefit greatly from exploiting novel technologies such as
molecular simulation and artificial intelligence. Deployment of full-scale
adsorption-based processes relies on this comprehensive and exhaustive
understanding of the adsorbent’s characteristic performance under both
the ideal (i.e. pure CO,) and non-ideal (i.e. industrial flue gas) conditions
with or without surface functionalities.
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